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[TThe amount of eccentricity in a society has generally been
proportional to the amount of genius, mental vigour, and
moral courage which it contained. That so few now dare to be
eccentric, marks the chief danger of the time.

JOHN STUART MILL, On Liberty, 1869

We are nothing without the work of others our predecessors,
others our teachers, others our contemporaries. Even when, in
the measure of our inadequacy and our fullness, new insight
and new order are created, we are still nothing without others.
Yet we are more.

J. ROBERT OPPENHEIMER, Reith Lecture, 20 December 1953






Prologue

[A] good deal of unkindness and selfishness on the part of parents
towards children is not generally followed by ill consequences to the
parents themselves. They may cast a gloom over their children’s lives

for many years.
SAMUEL BUTLER, The Way of All Flesh, 1903

All it took was a single glass of orange juice laced with hydrochloric
acid. A few minutes later, it was clear that his digestive problems
were due to a chronic deficiency of stomach acid. For months, he had
been admitted to hospital every few weeks to be fed vitamins intra-
venously, but the doctors had no idea why his digestion was so poor.
Now, following the orange-juice experiment, a laboratory test on the
chemical contents of his stomach confirmed the conclusion that his
stomach contained far too little acid. The simple prescription of a pill
to be taken after every meal ended almost eight decades of digestive
problems. As a result, Kurt Hofer, the friend who suggested the
experiment and made the correct diagnosis, became the reluctant
health guru to Paul Dirac, one of the most revered — and strangest —
figures in the history of science.

Hofer and Dirac both worked at Florida State University but oth-
erwise appeared to have little in common. Hofer — just over forty
years of age — was a top-drawer cell biologist, a spirited raconteur
who told all comers of his early family life among Austrian mountain
farmers and his moment of cinematic glory as a well-paid extra in
The Sound of Music. Hofer’s eyes glittered when he told his stories,
his thickly accented voice swooped and surged for emphasis, his
hands chopped and shaped the air as if it were dough. Even in this
lively company, Dirac was unresponsive, speaking only when he had
a pressing question to ask or, less often, a comment to make. One of
his favourite phrases was: ‘There are always more people who prefer
to speak than to listen.’!

Dirac was one of the pre-eminent pioneers of quantum mechanics,
the modern theory of atoms, molecules and their constituents.
Arguably the most revolutionary scientific breakthrough of the
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PROLOGUE

twentieth century, quantum mechanics uprooted centuries-old preju-
dices about the nature of reality and what can, in principle, be
known for certain about the universe. The theory also proved to be
of enormous utility: it underpins the whole of modern microelectron-
ics and has answered many basic questions that had long defied
straightforward answers, such as why electricity flows easily through
wire but not through wood. Yet Dirac’s eyes glazed over during talk
of the practical and philosophical consequences of quantum physics:
he was concerned only with the search for the fundamental laws that
describe the longest strands in the universe’s fabric. Convinced that
these laws must be mathematically beautiful, he once — uncharacter-
istically — hazarded the unverifiable conjecture that ‘God is a mathe-
matician of a very high order.”

The ambitions of Kurt Hofer were more modest than Dirac’s.
Hofer had made his name in cancer and radiation research by care-
fully carrying out experiments and then trying to find theories to
explain the results. This was the conventional, bottom-up technique
of the English naturalist Charles Darwin, who saw his mind ‘as a
machine for grinding general laws out of large collections of facts’.3
Dirac, a classic example of a top-down thinker, took the opposite
approach, viewing his mind as a device for conjuring laws that
explained experimental observations. In one of his greatest achieve-
ments, Dirac used this method to arrange what had seemed an
unlikely marriage — between quantum mechanics and Einstein’s theory
of relativity — in the form of an exquisitely beautiful equation to
describe the electron. Soon afterwards, with no experimental clues to
prompt him, he used his equation to predict the existence of antimat-
ter, previously unknown particles with the same mass as the corre-
sponding particles of matter but with the opposite charge. The
success of this prediction is, by wide agreement, one of most out-
standing triumphs of theoretical physics. Today, according to the cos-
mologists’ standard theory of the early universe — supported by a
wealth of observational evidence — antimatter made up half the mate-
rial generated at the beginning of the Big Bang; from this perspective,
Dirac was the first person to glimpse the other half of the early uni-
verse, entirely through the power of reason.

Hofer liked to compare Dirac with Darwin: both English, both
uncomfortable in the public eye, both responsible for changing the
way scientists think about the universe. A decade before, Hofer was
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amazed when he heard that Dirac was to move from one of the
world’s leading physics departments, at the University of Cambridge
in England, to take up a position at Florida State University, whose
physics department was ranked only eighty-third in the USA. When
the possibility of his appointment was first mooted, there were mur-
murings among the professors that it was unwise to offer a post to an
old man. The objections ended only after the Head of Department
declared at a faculty meeting: “To have Dirac here would be like the
English faculty recruiting Shakespeare.”

Around 1978, Hofer and his wife Ridy began to pay visits to the
Diracs on most Friday afternoons, to wind down for a couple of
hours after the week’s work. The Hofers set off from their home
near the campus in Tallahassee at about 4.30 p.m. and took the
two-minute walk to 223 Chapel Drive, where the Diracs lived in a
modest, single-storey house, a few paces from the quiet residential
street. At the front of the house was a flat, English-style lawn,
planted with a few shrubs and a Pindo palm tree. The Hofers were
always welcomed warmly by Dirac’s smartly dressed wife Manci,
who laughed and joked as she dispensed sherry, nuts and the latest
faculty gossip. Dirac was painfully spare and round-shouldered,
dressed casually in an open-necked shirt and an old pair of trousers,
content to sit and listen to the conversation around him, pausing
occasionally to sip his glass of water or ginger ale. The chatter
ranged widely from family matters to local politics at the university,
and from the earnest utterances of Mrs Thatcher on the steps of
Downing Street to the most recent sermon from Jimmy Carter in the
White House garden. Although Dirac was benign and receptive dur-
ing these conversations, he was so reserved that Hofer often found
himself trying to elicit a response from him — a nod or a shake of the
head, a few words, anything to make the conversation less one-
sided. Just occasionally, Dirac would be moved to contribute a few
words about one of his private enthusiasms — Chopin’s waltzes,
Mickey Mouse and any television special featuring Cher, the brassy
chanteuse.

During the first two years or so of these visits, Dirac showed no sign
of wanting to talk about himself or of having any deep feelings, so
Hofer was ill prepared when, one Friday evening in the spring of
1980, Dirac’s vacuum-packed emotions burst into the open. ‘I remem-
ber it well. It was pretty much like all my other visits except that I was

3



PROLOGUE

alone,” Hofer says. ‘My wife decided not to come as she was tired,
heavily pregnant with our first child.” At the beginning of the visit,
Dirac behaved normally and looked alert and ready to absorb the
conversations around him. After the customary pleasantries, the
Diracs took Hofer by surprise when they ushered him through the for-
mal front room — where they always talked during their Friday chats
— to the less formal family room at the rear of the house, adjoining the
kitchen and overlooking the garden. The Diracs’ pre-war taste was
reflected in the decor of this room, dominated by the wood of the
floorboards, the panelling on all four walls, and the huge 1920s side-
board covered with framed photographs of Dirac in his prime. A
mock-Baroque chandelier hung from the ceiling and, on most of the
walls, there were paintings with no trace of modernity.

As usual, Manci and Hofer chatted convivially while the frail
Dirac sat motionless in his favourite old chair, occasionally looking
through the glass sliding doors to the garden. For the first half an
hour or so of the conversation, he was, as usual, mute but came
vibrantly to life when Manci happened to mention his distant French
ancestors. Dirac corrected one of Manci’s historical facts and began
to speak about his family origins and his childhood in Bristol, talking
fluently in his quiet, clear voice. Like a well-rehearsed actor, he spoke
confidently, in carefully articulated sentences, without pausing or
correcting himself. ‘T was startled — for some reason, he had decided
to take me into his confidence,” Hofer says. ‘I’d never seen him talk
so eloquently in private.’

Dirac described his roots in the rural villages of Bordeaux, in west-
ern France, and how his family migrated to the Swiss canton of
Valais at the end of the eighteenth century. It was in Monthey, one of
the region’s industrial towns, that his father was born. As soon as
Dirac began to talk about his father, he became agitated, and he
turned away from his wife and Hofer, adjusting his pose so that he
was staring straight into the fireplace. Hofer was now looking
directly at the profile of the top half of Dirac’s body: his hunched
shoulders, his high forehead, his straight and upward-pointing nose,
his white smudge of a moustache. The air conditioning and television
were switched off, so the room was silent except for the occasional
rumblings of traffic, the barking of neighbourhood dogs, the rattling
of the lid on the simmering casserole in the kitchen. After spelling out
his ancestry with the precision of a genealogist, Dirac reached the
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part of his story where his father arrived in Bristol, married Dirac’s
mother and started a family. His language remained simple and
direct, but, as he began to talk about his childhood, his voice tight-
ened. Hofer, watching Dirac’s silhouette sharpen with the fading of
the early evening light, was transfixed.

‘I never knew love or affection when I was a child,” Dirac said, the
normally neutral tone of his voice perceptibly tinged with sorrow.
One of his main regrets was that he, his brother and younger sister
had no social life but spent most of their time indoors: ‘we never had
any visitors’. The family was dominated, Dirac recalled, by his father,
a tyrant who bullied his wife, day in, day out, and insisted that their
three children speak to him in his native French, never in English. At
mealtimes, the family split into two: his mother and siblings would eat
in the kitchen and speak in English, while Dirac sat in the dining room
with his father, speaking only in French. This made every meal an
ordeal for Dirac: he had no talent for languages, and his father was an
unforgiving teacher. Whenever Dirac made a slip — a mispronuncia-
tion, a wrongly gendered noun, a botched subjunctive - his father
made it a rule to refuse his next request. This caused the young Dirac
terrible distress. Even at that time, he had digestive problems and
often felt sick when he was eating, but his father would refuse him
permission to leave the table if he had made a linguistic error. Dirac
would then have no option but to sit still and vomit. This did not hap-
pen just occasionally, but over and over again, for years.

Hofer was aghast, scarcely able to believe his ears. ‘I felt extremely
embarrassed, like I was witnessing a friend pouring out his most ter-
rible secrets to his psychiatrist,” he recalls. ‘Here he was, a man
famous for equability and his almost pathological reticence, openly
talking of the demons that had haunted him for nearly seventy years.
And he was as angry as if these awful events had happened yesterday.’

Manci barely stirred, except once to bring nibbles and alcohol, and
to slow down the preparations for dinner. She knew that on the very
rare occasions her husband chose to tell his story, it was best to keep
well out of his way and to let him get it off his chest. As the evening
turned colder, she brought him a blanket and draped it over his legs,
covering him from his lap down to his ankles. Hofer braced himself as
Dirac resumed and explained why he was so quiet, so ill at ease with
normal conversation: ‘Since I found that I couldn’t express myself in
French, it was better for me to stay silent.’
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Dirac then moved on to talk about other members of his family: ‘I
was not the only one to suffer,” he said, still agitated. For thirty-seven
years, his mother was locked in a disastrous marriage to a man who
treated her like a doormat. But it was Dirac’s brother who felt the
brunt of their father’s insensitivity: ‘It was a tragedy. My father bul-
lied him and frustrated his ambitions at every turn.” In what
appeared to be a change of tack, Dirac mentioned that his father
always appreciated the importance of a good education and that he
was respected by his colleagues as a conscientious, hard worker. But
this was only a brief respite. Seconds later, Dirac was struggling to
control his rage when he spelt out the conclusion he eventually
reached about the extent of his debt to his father: ‘I owe him
absolutely nothing.” That final rasp made Hofer flinch; he could not
help but grimace. Dirac hardly ever spoke an unkind word about
anyone, but here he was, denouncing his own father with a vehe-
mence most people reserve for the cruellest abusers.

Dirac stopped talking abruptly, just after nightfall. His monologue
had lasted over two hours. Hofer knew that any words from him
would be inappropriate, so he said his subdued goodbyes and walked
home, numb and drained. Soon to be a father himself, he reflected on
his own youth as part of a close and loving family: ‘I simply could
not conceive of any childhood as dreadful as Dirac’s.”> Time tends to
embellish, distort and even create childhood memories: could it be
that Dirac — usually as literal-minded as a computer — was exaggerat-
ing? Hofer could not help asking himself, over and again: “Why was
Paul so bitter, so obsessed with his father?’

Later that night, after talking with his wife Ridy about Dirac’s
account of his young life, Hofer made up his mind to find out more
about it. ‘I thought he might open up again during our later get-
togethers.” But Dirac never mentioned the subject again.



One

English home life to-day is neither honorable, virtuous, wholesome,
sweet, clean, nor in any creditable way distinctively English. It is in
many respects conspicuously the reverse [. . .].

GEORGE BERNARD SHAW, Preface to Getting Married, 1908

As Kurt Hofer had seen, the elderly Paul Dirac was fixated on his
father Charles. But most of Dirac’s acquaintances knew nothing of
this: at home, he allowed no photographs of his father to be dis-
played, and he kept his father’s papers locked in his desk. Dirac
examined them from time to time and talked with distant relatives
about his father’s origins, apparently still trying to understand the
man he believed had blighted his life.!

Dirac knew that his father had endured a childhood no less miser-
able than his own. By the time Charles Dirac was twenty, in 1888, he
had done three stints of national service in the Swiss army, dropped
out of university in Geneva and left home, without telling his family
where he was heading.? He became an itinerant teacher of modern
languages — the subject he had studied at university — and held posts
in Zurich, Munich and Paris, before he fetched up two years later in
London. English was one language that he did not speak well, so it is
not clear why he chose to live in Britain; perhaps it was because it
was the world’s wealthiest economy, with plenty of teaching jobs at
relatively high salaries.

Six years later, Charles Dirac had acquired a sheaf of complimen-
tary references. One, written by the headmaster of a school in
Stafford, stated that Monsieur Dirac ‘is possessed of very great
patience combined with firmness [. . .] I believe he is much liked both
by his colleagues and pupils.” His employer in Paris had praised ‘his
capacity to analyze and generalize, which enabled him to point out
my mistakes and help me to ascertain scientifically why they were
mistakes’. Charles settled in Bristol, a city famous for the high qual-
ity of its schools, and he became Head of Modern Languages at the
rapidly expanding Merchant Venturers’ School on 8 September
1896, contracted to teach thirty-four hours a week for an annual
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salary of one hundred and eighty pounds.? He stood out among the
teachers because of his conscientiousness, his thick Swiss-French
accent and his appearance: a short, stocky, slow-moving man with a
drooping moustache, a receding hairline and a face dominated by a
huge forehead.

Mellowest of British industrial cities, Bristol was known for the
friendliness of its people, its mild and wet climate and the hilly roads
that wend their way down to the moorings on the river Avon, eight
miles from the coast. Bristol was then a thriving manufacturing centre,
producing Fry’s chocolate, Wills’s cigarettes, Douglas motorcycles and
many other commodities. Together, these industries had eclipsed the
declining trade in shipping, which had been the city’s main source of
wealth for centuries, some of it based on the slave trade.* Most of the
city’s wealthiest maritime figures were members of the Merchant
Venturers’ Society, a secretive group of industrialists with a strong phil-
anthropic tradition. It was the generosity of the Society that had made
possible the founding of Charles’s school together with the high stan-
dard of its workshop and laboratory facilities.?

During a visit to the Central Library a few months after his arrival
in Bristol, Charles met Florence Holten, the guileless nineteen-year-
old librarian who would become his wife. Though no beauty, she was
attractive and possessed features that she would later pass on to her
most famous child: her oval face was framed by dark, curly hair, and
a firm nose darted out from between her dark eyes. Born into a fam-
ily of Cornish Methodists, she was brought up to believe that Sunday
should be a day of rest, that gambling was sinful and that the theatre
was decadent and best avoided.® She had been named after the nurse
Florence Nightingale, whom her father Richard met during the
Crimean War, where he served as a young soldier before becoming a
seaman.” He was often away for months at a time, leaving behind his
wife and six children, of whom Flo was second eldest.?

Flo Holten and Charles Dirac were an odd couple. She was twelve
years younger than him, a daydreamer uninterested in pursuing a
career, whereas Charles was strong-minded and industrious, devoted
to his job. The couple had been raised in different, scarcely compati-
ble religions. She was from a family of devout Methodists and so had
been raised to frown on alcohol, whereas Charles had been brought
up in a Roman Catholic home and liked a glass of wine with his
meals. Catholicism had been the cause of riots in Bristol and other
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English cities, so Charles may at first have kept his religious beliefs to
himself. If he did disclose them, his relationship with the young Flo
would have raised eyebrows in her circle.”

Despite the possible sectarian tensions, by August 1897 Charles
and Flo were engaged, though Flo was feeling sore. Charles had cho-
sen to ‘break the spell’ of their relationship to visit his mother Walla,
a dressmaker in Geneva, leaving his fiancée to sulk in Bristol’s inces-
sant rain. His father had died the year before. He had been a highly
strung junior schoolteacher and later a stationmaster at Monthey
station in south-west Switzerland but was dismissed for repeatedly
being drunk on duty, leaving him plenty of time to pursue his inter-
est in writing romantic poetry.'? The Swiss stretch of the Rhone val-
ley had been home to the Dirac family since the eighteenth century,
when — according to family lore — they moved from the Bordeaux
area in western France. The names of many of the towns in this
region and its vicinity end in -ac, such as Cognac, Cadillac and the
little-known village, about ten kilometres south of the Angouléme,
called Dirac.!! Charles believed his family had originated there, but
there is no evidence for this among the family records, now stored in
the town hall of Saint Maurice (near Monthey), where the colourful
Dirac coat of arms — featuring a red leopard with a three-leaf clover
in its right paw, below three downward-pointing pine cones — is one
of many painted on the walls.!?

Uneven postal delays caused Charles’s letters from Switzerland to
arrive out of order, infuriating Flo, who wished that ‘letters went
by electricity like tram cars’; a century would elapse before long-
distance lovers benefited from the type of communication she was
vaguely envisioning — electronic mail.'? Lonely and disconsolate, she
repeatedly read Charles’s notes and, when her family was not look-
ing over her shoulder, replied with newsy letters of how they could
not resist teasing her about her pining for ‘my own boy’. Struggling
to put her longing into words, she sent him a poem full of ardour; in
return, he sent a posy of Alpine flowers which she hung round his
photograph.

Almost two years later, Flo and Charles were married ‘according
to the rites and ceremonies of the Wesleyan Methodists’ in Portland
Street Chapel, one of the oldest and grandest of Bristol’s Methodist
churches. The couple moved into Charles’s residence in 42 Cotham
Road - probably in rented rooms — a short walk from Flo’s family
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home in Bishopston, in the north of the city. Following custom and
practice, Flo stopped doing paid work and stayed at home to do the
housework and read about the first skirmishes of Britain’s latest
imperial venture, the Boer War in South Africa. Soon, she had other
things on her mind: the Diracs’ first son Felix was born on the first
Easter Sunday of the new century.!* Nine months later, the country
mourned the passing of an era when Queen Victoria, having reigned
for an unprecedented sixty-three years, died in the arms of her
grandson, Kaiser Wilhelm II. Soon after a period of national grief,
mitigated only by relief at the ending of the war, the family prepared
for a new beginning of its own. In July 1902, they moved into a slot
in one of the new terraces on Monk Road, to a roomier, two-storey
home that Charles named after his native town of Monthey. The
Diracs would soon need extra space as Flo was again pregnant, with
only a few weeks to go before the birth.!’

On Friday, 8 August 1902, Bristol’s eyes were on London, where King
Edward VII was to be crowned on the following day. Thousands took
the train from Bristol to the capital to see the coronation procession,
but the celebrations were a sideshow in the Dirac household. On that
Friday morning, Flo gave birth at home to a healthy six-pound boy,
Paul Adrien Maurice Dirac. He was, as his mother later recalled, a
‘rather small’, brown-eyed baby, who slept contentedly for hours in
his pram in the patch of the front garden.'® His mother worried that
he ate less food than most children, but the family doctor reassured
her that Paul ‘was OK, perfectly proportioned’.!” His parents nick-
named him ‘Tiny’.

When Felix and Paul were young, they resembled each other, each
a quiet, round-faced cherub with a thick bonnet of black, curly hair.
Flo dressed them stylishly in thick woollen waistcoats topped with
stiff, white-lace Eton collars that reached out to their shoulders, like
the wings of a huge butterfly. From family letters and Flo’s later tes-
timony, it appears that the boys were close and liked to be with their
father, whose top priority was to encourage them to learn. With the
virtual absence of visitors and opportunities to mix outside their
immediate family, Paul and Felix probably did not appreciate they
were being brought up in a singularly unusual environment, a hot-
house of private education overseen by a father who would speak to
them only in French and a mother who would talk only in English.
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According to one witness, the young Paul Dirac believed that men
and women spoke different languages.'?

But Paul and Felix were let off the leash occasionally. Their mother
sometimes took them to the Bristol Downs so that they could play on
the vast expanse of grassy parkland stretching from the cliffs of the
Avon Gorge to the edges of the city’s suburbs.!® From their favourite
spot on the Downs, the Dirac boys had an excellent view of the
Clifton Suspension Bridge, one of the most famous creations of
Isambard Kingdom Brunel, the charismatic engineer who also left
Bristol with its Floating Harbour and Temple Meads railway station,
two of the city’s finest monuments.

In the summer, the family would take a bus trip to the beach at
nearby Portishead, where the boys learned to swim. Like most families
of their modest means, the Diracs rarely took vacations, but, in 1905,
they went to Geneva to visit Charles’s mother, who had an apartment
a stone’s throw from the lake and ten minutes’ stroll from the railway
station.”? The brothers spent hours by the lakeside statue of the
philosopher Jean-Jacques Rousseau, playing together and watching the
artificial geyser shoot its jet of water ninety metres towards the sky.
When the seventy-year-old Dirac told this story, one of his earliest
memories, he liked to point out that his first trip to Switzerland took
place at the same time as Einstein was having his most successful spurt
of creativity in Berne, only a short train journey from Geneva. That
year, Einstein wrote four papers that changed the way people think
about space, time, energy, light and matter, laying the foundations of
quantum theory and relativity. Twenty-three years later, Dirac would
be the first to combine the theories successfully.

There exist two vivid snapshots of life in the Dirac household in the
summer of 1907, shortly before Paul started school, a year after the
birth of his sister Betty. The first is the correspondence between
Charles Dirac and his family when he was in Trinity College,
Cambridge, attending the International Esperanto Congress. Earlier
in the year, Charles had qualified to teach the language, which he
championed in Bristol for the rest of his life.>! When Charles was
away, his family showered him with loving notes. Flo’s affectionate
gusto was almost as intense as it had been in the heat of their passion,
ten years before. Up to her ears in the chaos of having to look after
the three children - taking them for walks, feeding the pet mice,
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cooking Paul his favourite jam tarts — she had the undivided atten-
tion of her boys: ‘It is very quiet without you, the boys are sticking to
me for a change.” She assured her husband that his family at home
‘all had a nice dinner, mutton, peas, junkets [a sweet dessert]’. The
boys missed Charles terribly, Flo told him, just as she did: ‘I shall
miss you in the bye-bye [i.e. bed] tonight.”?? Flo enclosed in her let-
ters to Charles notes from Felix and from Paul, who wrote in stick-
letter capitals of the welfare of the mice and, most importantly, his
love for him: ‘Tiny hopes Daddie has not forgotten little Tiny’ and ‘I
love you very much. Come home soon to your own Tiny Dirac
xxxxx.” Charles replied with a postcard, written mainly in English
but with a little French, promising to bring home some Esperanto
chocolate and concluding, ‘T would not go out if I did not have to.’

Nothing in this loving correspondence bears any sign of the terri-
ble home life that Dirac described to Kurt Hofer. Charles’s use of
English words appears to be inconsistent with the French-only lin-
guistic regime that Paul claimed his father practised, and his father’s
tone bears no sign of the heartlessness that Paul remembered.

It is clear that Charles was as keen as any other father to keep a
photographic record of his children. At about this time, he pur-
chased a camera — probably one of the fashionable Kodak box
Brownies — to take pictures of his children, many of them showing
Felix, Paul and Betty reading avidly. Charles also wanted a portrait
of his family to be taken by a professional and for the result to be
printed on postcards for family and friends. The photograph, the
only surviving image of the entire family, was taken on 3 September
and gives us the second impression of the Diracs in 1907.23 Flo
looks demure and serious, her long hair tied up at the back, baby
Betty on her lap. Felix is leaning towards her, smiling broadly and
looking directly into the camera like Paul, whose left arm rests on
his father’s right leg, apparently seeking reassurance. Charles leans
forward to the camera, eagerly, his alert eyes shining. He steals the
picture.

This photograph of a happy family is subverted by Dirac’s later
memories of trauma and unhappiness. In one stinging memory, his
parents bawled at each other in the kitchen while he and his siblings
stood in the garden, frightened and uncomprehending. He once
remarked in an interview that his parents ‘usually ate separately’,
though twenty years later friends wrote that he told them he ‘never’
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saw his parents have a meal together — apparently a rare example of
his being caught exaggerating.>* The rift between his parents was,
according to Dirac, responsible for his dining-table ordeals. Three
times every day, the tinkling of cutlery, the clatter of saucepans on the
gas stove, the waft of cooking smells through the house presaged the
ritual that he loathed. In none of the surviving accounts of the dining
arrangements did he explain why he alone sat with his father, while
his brother and sister ate with their mother in the kitchen. The only
partial explanation that Dirac ever gave was that he could not sit in
the kitchen because there were insufficient chairs.?’ But this says
nothing about the mystery of why Charles singled out him, not Felix
or Betty, for special treatment.

The dining ritual was particularly harrowing on winter mornings,
Dirac remembered. He would sit at the table with his father in the
silent room, warmed by the burning coal in the fireplace and lit by a
few oil lamps. Charles would be dressed in his three-piece suit, ready
to cycle to the Merchant Venturers’ School, always anxious not to be
late for Assembly. His wife, scrambling and disorganised in the
kitchen, made his anxieties worse by serving breakfast — usually large
portions of piping-hot porridge — much too late for comfort. While
he was waiting for his breakfast, Charles gave his first French lesson
of the day to his younger son. Quite apart from Dirac’s hatred of
these arrangements, he grew to dislike eating mainly because his par-
ents insisted, even when his appetite had been sated and he felt sick,
that he must eat every morsel of food on his plate.?®

For the young Dirac, this was normality. In his early thirties, he
wrote to a close friend of the sourness of his home life: ‘I did not
know of anyone who liked someone else — I thought it did not hap-
pen outside novels.”?” In another letter, he wrote: ‘I found it to be the
best policy as a child [. . .] to make my happiness depend only on
myself and not on other people.’?® According to Dirac, his best
defence against the unpleasantness and hostility he perceived all
around him was to retreat into the bunker of his imagination.

Dirac first experienced the company of children outside his family
shortly after his fifth birthday, when he started at the small and inti-
mate Bishop Road Junior School.?” This was his first opportunity to
socialise, to get a sense of other children’s lives, of other domestic
customs and practices. But he apparently made no attempt to talk to
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other children: he remained silent and continued to live in his own
private world.

The school was round the corner from his home, so close that he
could hear its bell ringing at the start of the day. Despite the daily
hurry of the breakfast routine, he and his brother always arrived on
time.3Y Dirac’s class typically consisted of about fifty children
crammed into a room about twenty-five feet square, the pupils sitting
in rows of identical wooden desks, learning in an atmosphere that
was, by today’s standards, extremely disciplined and competitive.3!
At the end of their time at school, children had to compete for schol-
arships that would help to pay for their senior education. Success
meant that the child’s parents would have to pay little or nothing;
failure often meant that the child would be sent out to work.

Paul and Felix were recognisably brothers, but Felix had a rounder
face, was a few inches taller and was more heavily built.’> He was
placid and well behaved, though given to lapses of concentration, as
his headmaster pointed out when he wrote across his school report:
‘The boy appears to me to be a perpetual dreamer. He must wake
up!’ Felix appears to have taken the advice, as he soon improved and
did well in most subjects, especially drawing.33

From Dirac’s later descriptions of his early life, we might expect
him to have been an unhappy child, but there are no signs of this in
the extant descriptions of him at the time. Twenty-seven years later,
when his mother wrote a short poem about him for her own amuse-
ment, she described him as ‘a cheerful little schoolboy’, and added
that he was ‘contented’ and ‘happy’.3* In official reports written
when he was eight, teachers at Bishop Road do not comment on his
demeanour, saying only that he was ‘well behaved’, ‘an intelligent
boy’ and ‘a very steady worker’. But there are indications that Dirac
was not performing to his potential. A few teachers allude to this,
most notably the Headmaster, who, on seeing that Dirac had only
just managed to be ranked in the top third of the class, wrote on his
report in November 1910, ‘I expected to find you higher.’3’

Among the boys Dirac did not get to know at Bishop Road School
was Cary Grant, then known as Archie Leach and living in poverty
about half a mile from Monk Road. In the classrooms and play-
ground of the Bishop Road School, Dirac acquired the distinctively
warm Bristol accent, which sounds slightly hickish to other native
English speakers, evocative of farmers in the south-west of the
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country. Like other young natives of Bristol, Dirac and Grant added
an L to the pronunciation of most words that end in the letter A, a
practice that is now dying out, though many English people still
recognise Bristol as the only city in Britain to be able to turn ideas
into ideals, areas into aerials.?® Cary Grant shed this accent when he
emigrated to the United States, but Dirac kept it all his life. He spoke
with a gentle intonation and an unassuming directness that would
surprise the many people who expected him to talk like the plummy-
voiced English intellectual of popular caricature.

Like his brother, Dirac’s ranking in the class gradually improved.
He was good though not exceptional at arithmetic, and he did well in
most subjects that did not involve his meagre practical skills. Soon
after his eighth birthday, his teacher described him as ‘An intelligent
boy, but must try hard with his hand-work’, drawing attention to his
poor marks for handwriting (45 per cent) and drawing (48 per cent).
His disappointed teacher commented that he should have done bet-
ter than thirteenth in the class. Two years later, Dirac was consis-
tently at or near the top of his class, his overall grade occasionally
lowered by his relatively weak performance in history and brush-
work.3” At home, he pursued his extra-curricular hobby of astron-
omy, standing in his back garden at night to check the positions of
the visible planets and constellations and, occasionally, to follow the
track of a meteor hurtling across the sky.38

The school did not teach science but did give classes in freehand
drawing and also technical drawing, a subject that provided Dirac
with one of the foundations for his unique way of thinking about
science. His mother later drew attention to his ‘most beautiful
hands’, suggesting that his long and bony fingers equipped him well
to be an artist.>® Technical drawing, used by engineers to render three-
dimensional objects on a flat piece of paper, is now taught at very few
English junior schools, and rarely at senior level. Yet, in the early
twentieth century, it was a compulsory subject for half the pupils: for a
few lessons each week, the class would split into two: the girls studied
needlework, while the boys were taught technical drawing. In these
classes, Dirac learned to make idealised visualisations of various
manufactured products by showing them from three orthogonal points
of view, making no allowance for the distortions of perspective.*’

Britain was among the slowest of the wealthier European countries
to introduce technical drawing into its schools and did so only in the
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wake of the Great Exhibition in 1851. Although the Exhibition was a
great popular success, the most perceptive of its 6.2 million visitors
saw evidence that mass technical education in Britain would have to
improve substantially if the country were to retain its economic hege-
mony against growing competition from the USA and Germany. The
Government agreed, enabling the Great Exhibition’s prime mover Sir
Henry ‘King’ Cole to change the technical curriculum of English
schools so that boys were taught technical drawing and given an
appreciation of the beauty of manufactured objects as well as natural
forms.*! There was, however, a backlash to this practical notion of
beauty in the form of the Aesthetic Movement, which flourished in
England from the mid-1850s. The movement’s leader in France was
the flamboyant poet and critic Théophile Gautier, a weight-lifting
habitué of the Louvre’s Greek galleries.** His phrase ‘Art for art’s
sake’ became the motto of the English aesthetes, including Oscar
Wilde, who shared Gautier’s belief that formal, aesthetic beauty is the
sole purpose of a work of art. This view would later be distantly
echoed in Dirac’s philosophy of science.

Sir Henry Cole’s reforms endured: the guidelines set out by him
and his associates were being used in Bishop Road School when
Dirac began his formal schooling. In 1909, the educationist F. H.
Hayward summarised the prevailing philosophy that underlies the
contemporary teaching of art: ‘drawing aims at truth of conception
and expression, love of beauty, facility in invention, and training in
dexterity [. . .] nature study and science lessons cannot proceed far
without it.’*> Hayward urged that students should practise their
drawing skills by trying to represent accurately both natural and
manufactured objects, including flowers, insects, tables, garden sheds
and penknives. In autumn 1912, Dirac was asked to draw a
penknife, and he did it competently enough — like all his other draw-
ings, it includes not a line of embellishment.**

The school took pains to teach its pupils how to write legibly,
according to textbook rules that Dirac and his brother apparently
studied closely.*> They developed a similar style of handwriting —
consistent with the rules set out in the books they studied — neat, easy
to read and virtually devoid of flourishes, except for the unusual
forming of D, with a characteristic curl at the top left. Dirac did not
change this calligraphy one iota for the rest of his life.

In the early summer of 1911, school inspectors noted that ‘the
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boys who are particularly bright and responsive are being carefully
trained in habits of self-reliance and industry.” Nearly three years
later, when Dirac was in his final year at the school, the inspectors
visited Bishop Road again and wrote warmly of this ‘progressive’
school and the practical education it offered: ‘a keen, vigorous and
thoughtful head [teacher]. Staff [are] earnest, painstaking [. . .]
Drawing is well taught and handwork is resourceful, the boys make
a number of useful models and are allowed considerable freedom in
their choice while the work is so taken as to train them in habits of
self reliance, observation and careful calculation and measure-
ment.’4°

Bishop Road School wanted to give its pupils the skills they needed
to get good jobs. But, for Dirac, the most important consequence of
this practical approach was that it helped to shape his thinking about
how the universe works. As he was sitting at his desk in his tiny
Bristol classroom, producing an image of a simple wooden object, he
had to think geometrically about the relationships between the
points and lines that lie in a flat plane. In his mathematics classes, he
also learnt about this type of Euclidean geometry, named after the
ancient Greek mathematician who reputedly discovered it. So, Dirac
studied geometry using both visual images and abstract mathemati-
cal symbols. Within a decade, he would transfer this geometric
approach from concrete technological applications to the abstrac-
tions of theoretical physics — from an idealised, visual representation
of a wooden fountain-pen stand to an idealised, mathematical
description of the atom.

Later in life, Dirac would say that he never had a childhood. He
knew nothing of the rites of passage of most other young boys — long
weekend afternoons spent stealing eggs from birds’ nests, scrumping
from nearby orchards, dashing out in front of trams. In many ways,
as a child he seems to have behaved much as Newton had done. ‘A
sober, silent, thinking lad [. . .] never was known scarce to play with
the boys abroad’ was how one of Newton’s friends described him:
the description applies equally well to Dirac as an infant.*”

Dirac was not interested in sport, with the exception of ice-skating,
which he learned with Betty and Felix at the nearby Coliseum rink,
the talk of Bristol when it opened in 1910.*% Decades later, his
mother recalled that he would sit quietly, reading books that he had
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placed neatly around him and learning long poems that he would
recite to his family.*’ She shed some light on his sheltered child-
hood when she spoke to reporters in 1933: ‘[his father’s] motto has
always been to work, work, work, and if the boy had showed any
other tendencies, then they would have been stifled. But that was
not necessary. The boy was not interested in anything else.”>° There
is little doubt that Charles Dirac impressed his sedulous work ethic
on his younger son, who later wrote admiringly of his father’s consci-
entiousness:

One day while cycling [to school, my father fell off his bike], trying to avoid
a child who ran out in front of him, and broke his arm. He was very consci-
entious, so he continued to the school and continued with his teaching, in
spite of the broken arm. Eventually, the head master found out about it and
sent him home, and told him not to come back until he was better.’!

Paul was also aware that his father was exceptionally careful with
money. In April 1913, Charles took the biggest financial decision of
his life by purchasing a more expensive and more spacious home.
The family moved from the cramped terrace of Monk Road to a neat
semi-detached residence a few minutes’ walk away in a slightly more
salubrious part of Bristol, at 6 Julius Road. The Diracs now had a
home befitting Charles’s status in the community, with separate
rooms for their two boys so that Dirac now had a place to escape, a
private place where he could work alone. The family still kept them-
selves to themselves, inviting no visitors into their home, apart from
Flo’s family, her guests — all female — at a monthly afternoon tea party
and the steady stream of pupils who took private language lessons
from her husband.*?

Like many parents, Charles entered all his children for scholarship
exams.’> When Felix was nine years old, he failed one of these
exams, leading his father to demand an explanation from his teach-
ers; Betty also failed the exam a few years later. Paul had no such
problems: he passed every scholarship exam with flying colours and,
thus, unlike Felix and Betty, ensured he was educated at minimal
expense to his parents.

Dirac could see new technology making its imprint on Bristol. The

city centre was a patchwork of centuries-old buildings and brand-
new ones, many of them emblazoned with advertisements for new
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services and products.’* Open-topped motor cars vied for space on
the roads with horse-drawn carriages, bone-shaking bicycles and the
trams that made their jerky way round the city. When a programme
of road construction began, in the early years of the century, cars
began to dominate the city. In late 1910, Dirac had witnessed the
beginnings of the Bristol aviation industry, one of the first and largest
in Britain. The leading figure in this new Bristol industry was the
local entrepreneur Sir George White, who founded the British and
Colonial Aeroplane Company and supervised the building of some of
the earliest aircraft in a tram shed in Filton, a few miles north of the
Diracs’ home. Long afterwards, Dirac told his children that he would
rush out into the back garden to see aeroplanes precariously taking
off from the new airfield less than a mile away.>’ It seems that he
wanted to find out more about this new technology: among the
papers he kept from his youth were details of a programme at a local
technical college, beginning in December 1917: “Ten Educational
Lectures on Aeronautics’.’®

Dirac and his brother stood out among the boys in Bishopston as
they both spoke good French even before they started school.
According to one report, local boys would stop the Dirac brothers on
the streets and ask them to speak a few sentences of French.’” This
knowledge of French was also obvious to the students at their next
school, where the language was taught by the school’s most feared
disciplinarian — their father.
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Two

In the world of commerce,
In the crafts and arts,
Sons of her are honour’d
Nobly bear their parts;
While in sports and pastimes
They have made a name,
Train’d to wield the willow,
Learn’d to ‘play the game’.
Verse of the Merchant Venturers’ School song!

On 4 August 1914, when Dirac was preparing to start at senior
school, he heard that Britain was at war — the first conflict to involve
every industrialised country in Europe. “The European War’, which
would claim more British lives than any other, was to be the back-
drop to the whole of his secondary education at the Merchant
Venturers’ School.

Like most other British cities in the UK, Bristol quickly prepared
for the war, the urgency of the preparations heightened by the state-
ment by the Boer War hero Lord Kitchener that the conflict would
be decided by Britain’s last million men. On the last day of August,
in his capacity as Secretary of State for War, Kitchener sent a
telegram to the Bristol Citizens’ Recruiting Committee asking them
to form a battalion of ‘better class young men’, and within a fort-
night some 500 professional men had volunteered for the ‘Twelfth
Gloucesters’, part of ‘Kitchener’s Army’.> Within a few weeks, the
focus of the city’s industries had changed from making money to
supplying the military with everything from boots and clothes to
cars and aircraft. Even the Coliseum ice-rink was commandeered as
a site to assemble warplanes.

The first casualty lists were published barely a month after the dec-
laration of war. The Bristol newspapers reported that the Allies had
contained the initial German onslaught and that the battle lines had
hardened to form a series of linked fortifications that stretched from
the Franco-Belgian border on the coast right through to the Franco-
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Swiss border, close to where Charles Dirac had been brought up.
After Parliament passed the Aliens Registration Act, Bristol was one
of the UK cities to be declared a ‘prohibited area’. Charles had to reg-
ister with the authorities as a foreigner, although he was hardly a
threat to British security. By the time his elder son arrived at the all-
boys Merchant Venturers’ Secondary School, Charles had spent
almost a third of his forty-eight years as its Head of French, doing
more than any other teacher to extend the school’s reputation for
excellence beyond its established forte of technical subjects to mod-
ern languages.

It took Charles about fifteen minutes to cycle from his home to the
school in Unity Street, in the heart of the city. The building was round
the corner from the Hippodrome, Bristol’s newest and swankiest
music hall, where the young Cary Grant secured his first job, as a
trainee electrician helping to operate the lighting rigs — soon after Paul
started at the school. The school’s Edwardian-Gothic building had
been opened in April 1909, after the previous school on the site had
burnt down. Everyone in the vicinity of the new school heard the clat-
ter and rumblings from the basement workshops. The vibrations were
so violent that the school’s near-neighbour, Harvey’s wine merchants,
complained of the incessant disturbance to their cellars.?

The behaviour of Charles Dirac, whose pupils nicknamed him
‘Dedder’, emerges clearly in the testimonies of several of his fellow
teachers and his students obtained by the Oxford University physicist
Dick Dalitz in the mid-1980s. One of Dirac’s fellow students, Leslie
Phillips, gave a sense of the reputation of Monsieur Dirac:

He was the disciplinarian in the school, precise, unwinking, with a meticu-
lous, unyielding system of correction and punishments. His registers, in
which he recorded all that went on in the class were neat and cabalastic; no
scholar could possibly understand their significance. Later, as a senior, I
began to realize the humanity and kindness of the man, the twinkle in the
eyes. But to us in the junior school, he was a scourge and a terror.*

Dedder was well known for his old-fashioned, strictly methodical
approach to teaching and for springing random tests on his students,
so that they always had to be prepared. If he caught them cheating in
these tests or in their homework, he punished them with four half-
hour periods of detention on Saturday afternoons. ‘You never wrote
this. Saturday at four for cribbing,’ he told Cyril Hebblethwaite, later
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Lord Mayor of Bristol. Most teachers routinely meted out corporal
punishment by whacking errant boys across their backsides with a
slipper or cane with an enthusiasm that bordered on the sadistic. But
there is no record that Charles was fond of this form of chastisement,
either at school or at home.

It is easy to imagine Monsieur Dirac’s terrified pupils looking at
Paul and Felix and wondering, probably out loud, “What’s he like at
home?’ Their father’s strict classroom regime did, however, bring the
benefit of a supply of comics that he had confiscated and brought
home for his children.® The young Dirac read these cheap ‘penny
dreadfuls’, black-and-white comics full of slapstick cartoons, juve-
nile jokes, detective stories, sensational tales of soldierly adventure
and even the occasional topical reference to the build-up of the
German military.® This one concession to popular culture in the
Dirac home gave the young Paul an enduring taste for comics and
cartoons.

The boys” mother also inflicted her share of pain on them by keep-
ing their hair in tight curls and making them wear knickerbockers
long after they were fashionable. They wore short breeches and
garters so tight that, when they were removed, they each left an
angry red line around the boys’ legs. Dirac long remembered the
taunts of his fellow pupils for being what nowadays would be
damned as ‘uncool’.” Such was his induction into that most charac-
teristic of English anxieties, embarrassment.

Like all parents at that time, Charles and Flo worried that their
children would catch tuberculosis, then responsible for one in every
eight deaths in the UK.® It was particularly brutal in culling adult
males: it accounted for more than one death in three among men
aged fifteen to forty-four. The Dirac children were all born during the
first decade of a government-funded anti-tuberculosis campaign that
urged all citizens to get out into the open air, to take plenty of out-
door exercise and thus to get plenty of fresh air into their lungs. This
philosophy may have encouraged Charles to decline to pay for his
sons’ tram fares to and from school and therefore to force them to
walk there and back twice a day (they had lunch at home). Paul later
resented what he believed was his father’s meanness, though it prob-
ably led him to acquire a taste for taking long walks, soon to become
one of his obsessions.’
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It took only weeks for Dirac to establish himself as a stellar pupil at
the Merchant Venturers’ School. Except for history and German, he
shone at every academic subject and so was usually ranked as the top
student of his class.!® The curriculum was wholly practical, with no
room for music nor — to Dirac’s relief — Latin and Greek. Instead, the
school focused on subjects that would equip its boys to take up a
trade, including English, mathematics, science (though not biology),
some geography and history. What made the education at this school
special was the high quality of the teaching of technical skills such as
bricklaying, plasterwork, shoemaking, metalwork and technical
drawing. For the previous fifty years, government inspectors had
praised the school for giving one of the best technical educations
available to any child in the country.!!

In the school’s laboratories, Dirac learned how to fashion pieces of
metal into simple products, how to operate a lathe, how to cut and
saw, how to turn a screw thread. Away from the clatter of machinery,
the puddles of oil and the coils of swarf, he learned more of the art of
technical drawing. These lessons built on the introductory classes at
Bishop Road and showed Dirac how to produce plans for more com-
plicated objects, developing his ability to visualise them from differ-
ent angles. In his ‘geometric drawing’ classes, Dirac considered
cylinders and cones, and he learned how to see in his mind’s eye what
happens when they are sliced at different angles and then viewed
from various perspectives. He was also taught to think geometrically
about objects that are not static but moving, and he learned how to
draw the path of, for example, a point on the outside of a perfect cir-
cle as it rolls along a straight line, like a speck of dust on the outside
of a wheel rolling along a road. To students who first encounter these
shapes — curved, symmetrical and often intricate — they are a source
of delight. If, as is likely, Dirac wondered how to describe these
curves mathematically, his technical-drawing teachers would proba-
bly have been unable to enlighten him as they were usually former
craftsmen with little or no mathematical expertise.

Although Dirac focused intensely on his college work, he was well
aware of the scale of the war. All day long, convoys of trucks passed
through Bristol with their supplies for the soldiers at the front, and
huge guns were towed through the streets, shaking nearby buildings.
At night, the streetlamps were extinguished to make the city a diffi-
cult target for the expected convoys of German airships, although
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they never arrived. The city’s rapidly expanding aviation industry
was on a war footing, so the threat of aerial bombing was clear to
Dirac, who passed a busy aircraft factory every time he walked to
and from school.!?

Unreliable news of the conflict trickled back from the battlefronts
through newspapers and by word of mouth. The Government’s cen-
sorship policy prevented journalists from reporting on the full extent
of the carnage, but readers could form a broad picture of the conflict
and its ramifications. In February 1916, the Germans began their
campaign to try to wear down the French Army at Verdun, and in
July the British Army attacked on the Somme. Casualty figures
soared, although the battle lines changed only slowly. In April 1917,
the Germans introduced unrestricted U-boat warfare, aiming to cut
supplies of food and other resources to the UK and thereby to force
the enemy to the conference table. This brought the United States
into the war, and Bristol celebrated by giving its schoolchildren a
half-day holiday on 4 July, Independence Day.'® Meanwhile, Russia
was in turmoil, with the fall of the monarchy in February followed
nine months later by Lenin’s Bolshevik revolution.

Every day, the Dirac family read about these events in the local and
national newspapers. The inside pages of the Bristol Evening News
showed head shots of uniformed teenage soldiers, with a few lines
that listed their regiment, when they fell and whom they left behind.
Despite the depressing regularity of these reports, the recruitment
campaigners maintained a constant flow of army volunteers, many of
them younger than the minimum legal age of eighteen. Some of the
boys shipped out to the killing fields were only a year older than
Dirac. The nearest he came to military service was a brief stint in the
Cadet Corps in 1917, but around him there was plenty of evidence
of the experiences of less fortunate young men. He would certainly
have seen legions of wounded and maimed soldiers hobbling around
the city, having returned from France for treatment.!

But the war was a boon for Dirac’s education.! The exodus of
the school’s older boys depleted the higher classes and enabled
Dirac and other bright children to fill the gaps and therefore make
quick progress. He excelled at science, including chemistry, which
he studied in a silence that he broke on one occasion, a fellow stu-
dent later remembered, when the teacher made an error, which
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Dirac gently corrected.!® In the foul-smelling laboratories, Dirac
learned how to investigate systematically how chemicals behave and
learned that all matter is made of atoms. The famous Cambridge
scientist Sir Ernest Rutherford gave an idea of the smallness of
atoms by pointing out that if everyone in the world spent twelve
hours a day placing individual atoms into a thimble, a century
would elapse before it was filled.!” Although no one knew what
atoms were made of or how they were built, chemists treated them as
if they were as palpable as stones. Dirac learned how to interpret the
reactions he saw in the laboratory test tubes simply as rearrange-
ments of the chemicals’ constituent atoms — his first glimpse of the
idea that the way matter behaves can be understood by studying its
most basic constituents.'®

In his physics lessons, he saw how the material world could be
studied by concentrating, for example, on heat, light and sound."
But the mind of young Dirac was now venturing far beyond the
school curriculum. He was beginning to realise that underneath all
the messy phenomena he was studying were fundamental questions
that needed to be addressed. While the other boys in his class were
struggling to get their homework done on time, Dirac was sitting at
home, reflecting for hours on the nature of space and time.?? It
occurred to him that ‘perhaps there was some connection between
space and time, and that we ought to consider them from a general
four-dimensional point of view’. 2! He appears to have shared much
the same opinion as the Time Traveller in the 1895 novel The Time
Machine by H. G. Wells, whose science-fiction novels he read:
‘There is no difference between Time and any of the three dimen-
sions of Space except that our consciousness moves along it.”>?> Such
an opinion had wide currency at the end of the nineteenth century,
and Dirac may have read the Traveller’s words when he was a
child.?? In any case, the young Dirac was mulling over the nature
of space and time before he had even heard of Einstein’s theory of
relativity.

Dirac’s teacher, Arthur Pickering, gave up on teaching him with the
rest of the boys and sent him to the school library with a book list.
Pickering once set the prodigy a set of tough calculations to keep him
busy at home that evening, only to hear from Dirac on his way home
that afternoon that he had already done them.?* And Pickering
opened up another new vista to Dirac when he suggested that he look
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beyond simple geometry to the theories of the German mathemati-
cian Bernhard Riemann, who had proposed that the angles of a tri-
angle do not always add up to exactly 180 degrees.?® Just a few years
later, Dirac would hear how Riemann’s geometric ideas — superfi-
cially without relevance to science — could shed new light on gravity.

Charles Dirac understood as well as anyone that his younger son
had an exceptionally fine mind coupled with formidable powers of
concentration. By imposing a rigorous educational regime at home,
Charles had produced a workaholic son in his own image, as he pre-
sumably intended. What Charles did not apparently appreciate as
acutely as other people was Paul’s odd behaviour. The young Dirac’s
fellow students certainly regarded him as strange. In testimonies
given sixty years later, several of them described him as a very quiet
boy; two accounts speak of ‘a slim, tall, un-English-looking boy in
knickerbockers with curly hair’, and ‘a serious-minded, somewhat
lonely boy [who] haunted the library’.2¢ Even at that time, he had a
monomaniacal focus on science and mathematics. Games did not
appeal to him and, when he was obliged to play, his participation
seems to have been superfluous: one of his fellow schoolboys later
remembered that Dirac’s style of holding a cricket bat was ‘peculiarly
inept’. As an old man, Dirac attributed his dislike of team games to
his having to play soccer and cricket with the older and bigger boys
on the Merchant Venturers’ playing fields.?”

His appreciation of literature was also extremely limited. He never
understood the appeal of poetry, though he did read novels written to
appeal to young boys, including adventure stories and tales of great
battles, scrutinising each text with the care of a literary critic.’® As a
nine-year-old, Bishop Road School had awarded him a prize of
Daniel Defoe’s Robinson Crusoe, a novel that always strikes a chord
with those who are happy to be away from the crowd — almost, but
not quite, alone.?’

It was the mathematics and science lessons that did most to shape
Dirac’s way of thinking. Decades later, when his history teacher Edith
Williams renewed contact with him, she told him that, when he was a
student in her class, she ‘always felt you were thinking in another
medium of form and figures’.3° By every account of Dirac’s behaviour
in his mid-teens, he had the same personality characteristics as today’s
pasty-faced technophiles who prefer using the latest software and
gadgets to mixing with other people and who are happiest sitting
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alone at their computer screens. From a modern perspective, the
young Dirac was an Edwardian geek.

At the Merchant Venturers’ School, the class sizes shrunk and the
range of lessons narrowed. When Dirac began at the school in
September 1914, there were thirty-seven boys in his class; by the time
he left in July 1918, four months before the end of the war, there
were eleven. At the Speech Day, July 1918, he received a prize — as he
had done every year — and heard the Headmaster announce that
ninety-six boys had been killed and fifty-six wounded in the year
1916-17.3! For the rest of his life, he would remember these litanies
of death.

Nor was there any respite at home from the gloom. In Dirac’s
eyes, when his father returned home from school, his persona
changed from the school’s fair-minded and respected disciplinarian
to bullying tyrant. He still imposed his linguistic regime at the din-
ner table, where wartime shortages and rationing had made Flo’s
meals simpler and less abundant. By the beginning of 1918, there
were long, morale-sapping queues for bread, margarine, fruit and
meat. The price of a chicken rose to a guinea, a week’s wages for a
manual labourer.3? The shortages encouraged many families, includ-
ing the Diracs, to cultivate fruit and vegetables, and it was mainly
for this reason that Paul Dirac took up gardening, though the hobby
would also have given him another reason to escape the atmosphere
inside the house.?3

Another source of unhappiness in the Dirac family was that
Charles and Flo each had a favourite child: Paul was his mother’s,
Betty her father’s, with Felix left out in the cold.?* As a student, Felix
had done almost as well as his younger brother at Bishop Road, but
the gap between their abilities at senior school became so wide that it
began to cause serious friction between them. The two brothers no
longer walked around together but were continually bickering. In his
later life, Dirac was uncharacteristically forthright about the reason
for the rift: ‘having a younger brother who was brighter than he was
must have depressed him quite a lot’.3’ This is a telling remark. Dirac
was never socially sensitive and, as an old man, was exceptionally
modest and given to understatement, so he was probably making
light of how painful Felix found the experience of being academically
outclassed by his younger brother.
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As he came to the end of his studies at the school, Felix had set his
heart on becoming a medical doctor. His father, however, had other
ideas: he wanted Felix to study engineering. This subject was popular
among young people, just as Bernard Shaw had foreseen in his novel
The Irrational Knot: a new class of engineer-inventors would go ‘like
a steam roller’ through the effete boobies of the aristocracy.3¢ The
future appeared to be in the hands of H. G. Wells’s ‘scientific samurai’.
It certainly seemed sensible for Felix to use his practical skills to take
a course that would virtually guarantee him employment. As Charles
probably realised, for Felix to train to be a doctor would entail six
expensive years of training, with little prospect of the costs being off-
set by Felix winning one of the scarce scholarships to medical school.
Felix tried to stand firm, but Charles forced him to climb down, doing
more harm to their relationship than he probably realised.”

The cheapest and most convenient place for Felix to study was at
the university’s Faculty of Engineering, housed in the Merchant
Venturers’ Technical College, which shared the same premises and
facilities as the Merchant Venturers’ School.?® Probably with a good
deal of resentment, Felix began his course in mechanical engineering
there in September 1916, his studies funded by a City of Bristol
University Scholarship.3?

Paul never contemplated studying anything other than a technical
subject.*® He could have taken his pick from dozens of science
courses, and seriously considered taking a degree in mathematics,
but decided against it after he learned that the likely outcome would
be a career in teaching, a prospect that held no appeal for him.*! In
the end, in the absence of a strong preference of his own, he decided
to follow his brother — and, apparently, their father’s advice — by
studying engineering at the Merchant Venturers’ College, supported
by a generous scholarship.*?

In September 1918, Felix was preparing to begin the final year of
his engineering course, which he had been finding hard going -
throughout, he had languished near the bottom of his class. At the
same time, Paul, aged only sixteen, was about to join the ranks of the
engineering students — two years younger than the other students in
his class. Felix must have known that others were comparing his tal-
ent with his brother’s and that he would not emerge well from the
comparison.
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A report by the Bristol Advisory Committee, working in conjunction
with the Employment Exchange, issued early in 1916, threw light on
the effect of the war on the labour of young people in the preceding
year. It stated that boys were almost generally fired by the ambition to
become engineers |[. . .]

GEORGE STONE and CHARLES WELLS (eds), Bristol and

the Great War, 1920

On the overcast morning of Monday, 11 November 1918, Dirac set
off from his home as usual to walk to the Merchant Venturers’
College. It was the beginning of his seventh week at the college, and
appeared to be like any other day. But when he arrived, he found that
all lectures had been cancelled. He soon heard the reason: suddenly
and unexpectedly, the war had ended.

By midday, the centre of Bristol had become the site of a vast, anar-
chic carnival. During a day of noisy jubilation not seen before in
living memory, English reserve was abandoned. Church bells rang out,
businesses shut down, everyone felt licensed to drape themselves in the
national flag, to march the streets, to bash empty biscuit tins and dust-
bin lids and anything that would make a lot of noise.! All over the city,
Union Jacks hung from windows, lamp posts and from the hundreds
of trams and motor vehicles that had been commandeered for the day
without demur from the police. Among the groups of marchers
repeatedly singing ‘Rule Britannia’ was a group of American soldiers
on the way to war, each of them holding a corner of the Union Jack.
Nearby, a group of grammar-school students carried an effigy of the
Kaiser, once a resident of Bristol.2 Dirac’s fellow Merchant Venturers’
students caroused around the city, singing the song they had com-
posed for the occasion. Dirac long remembered the chorus they sang
at the top of their voices: “We are the boys who make no noise,” fol-
lowed even more loudly by ‘Oo-ah, oo-ah-ah.”

The Prime Minister David Lloyd George spoke that day in the
House of Commons of the curious mixture of regret and optimism in
the country after ‘the cruellest and most terrible War that has ever
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scourged mankind. I hope we may say that thus, this fateful morning,
came an end to all wars.” Fate, however, had yet more cruelty in
store: the Spanish Flu pandemic that broke out towards the end of
the conflict cost even more lives than the war. To try to slow the
spread of the virus, Bristol’s schools had been closed, leaving thou-
sands of children wanting to spend the afternoons laughing at new
film comedians such as Fatty Arbuckle, but they were thwarted by
the closing of the cinemas during school hours by the local Council’s
Malvolios.*

The novelist and poet Robert Graves remarked perceptively that
before August 1914, the country was divided into the governing and
governed; afterwards, although there were still two classes, they had
changed into ‘the Fighting Forces [. . .] and the Rest, including the
Government’.> The new divisions were clear at the Merchant
Venturers’ College after the war: Dirac saw young men returning
from the battlefront suddenly outnumber the original intake of stu-
dents, whose closest brush with the enemy had been through read-
ing newspaper reports. The soldiers had returned to a brief
welcome, but they had to settle down quickly to normal life, encum-
bered by disfigurement and by shell shock and other psychological
damage. These men, most of them still in uniform, brought a new
grittiness and pragmatism to the lecture rooms. Dirac later
observed: ‘the new students had a more mature outlook on life, and
in the Engineering Faculty they were especially eager to learn results
of practical importance and [they]| did not have much patience with
theory.’®

The returning soldiers were among the thousands who flocked to
that year’s Christmas treat in Bristol: the opportunity to see and take
a tour around the inside of a captured German submarine U86. It
was moored in the docks, the Union Jack flag fluttering on one of its
masts above the German naval ensign. Everyone knew the signifi-
cance of the display: the tank, the machine gun, the aircraft, radio
and poison gas had all played their part in the war, but none had
seemed more menacing than the submarine. Now this most feared
weapon was impotently on show, like a dead shark.

Engineering was evidently not the subject best suited to the talents of
the young Dirac. The course at the Merchant Venturers’ College was
more practical than theoretical and therefore exposed his limited

30



NOVEMBER T9T8-SUMMER T92T

manual skills while not making the most of his mathematical gifts.”
True to form, Dirac strode ahead in mathematics and was ‘a student
who got all the answers exactly right, but who had not the faintest
idea of how to deal with apparatus’.® Not only was he maladroit, his
mind was on other things: he spent much of his time in the physics
library, reflecting on the fundamentals of science.” With no money
and nothing else to do during the day, Dirac would walk down from
his home in Julius Road to the college and work in the libraries six
days a week.!” He did, however, make his first friend among the
other thirty-one students in the class: Charlie Wiltshire, another soli-
tary young man with a mathematical bent.

They were taught mathematics by Edmund Boulton, nicknamed
‘Bandy’, as his gait gave the impression that he had just dismounted a
mare. Not a strong academic, Bandy showed his class how to tackle
textbook mathematical problems in orthodox ways, only for Dirac
repeatedly to proffer simpler and more elegant solutions. Soon Dirac
and Wiltshire were segregated so that they could work at a pace that
would not shame everyone else. Poor Wiltshire may have felt better if
he had stayed behind, as he found the task of keeping up with his
friend’s mathematical progress ‘utterly hopeless’. Within a year, they
had completed the mathematical content of their degree, but Wiltshire
was permanently scarred. Over thirty years later, he wrote that the
experience of trying to stay abreast of Dirac had left him with a ‘pro-
nounced inferiority complex’.!!

Mathematics was only a small part of Dirac’s curriculum: he spent
most of the time fumbling in the laboratories with Wiltshire or trying
to stay alert during lectures. Unlike most students, he did not like to
be spoon-fed and preferred to learn in private, ideally alone in the
library, where he would flit back and forth between passages in
books and journals, making his own links and associations. One
course of lectures that did keep Dirac on his toes was given by the
hard-driving head of the electrical-engineering department, David
Robertson, a theoretically minded engineer who had been confined
to a wheelchair after contracting polio.'? Dirac admired Robertson
for arranging his life methodically and for the way he used clever
labour-saving initiatives to help overcome his disability. It was diffi-
cult for Robertson to deliver standard chalk-and-blackboard presen-
tations, so he used a precursor of digital presentation software: a
continuous series of lantern slides lit — none too reliably — by a flick-
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ering carbon arc lamp.!3 Robertson rushed through his commentary,
giving no quarter to the intellectual limitations of his audience or to
their need to write legible notes. Dirac’s favourable opinion of him
was not shared by the great majority of his students, who were left
trailing in frustration and despair.!'#

Robertson ensured that the electrical-engineering course was built
on solid theoretical foundations. Dirac and his colleagues specialised
in electrical engineering only in their final year, after they had been
given a grounding in physics, chemistry, technical drawing and other
types of engineering — civil, mechanical and automotive. No one
could reasonably accuse the course of being out of touch with busi-
ness: Dirac was taught the elements of management, contract law,
patents, bookkeeping and accountancy. He even learnt about income
tax.1

The course was based in the engineering laboratories. Dirac spent
many hours every week there, working with Wiltshire, learning
about the mechanical structures and machinery that underpinned
industry, including bridges, pulleys, pumps, internal combustion
engines, hydraulic cranes and steam turbines. He measured the
strength of materials by stretching them until they snapped and by
observing how much they bent under stress. The course on electrical
engineering was extremely thorough, and Dirac learned about the
subject from its roots — simple experiments in electricity and magnet-
ism — through to the minutiae of the design and operation of the lat-
est hardware of the electricity-supply industry. H. G. Wells could not
have asked for a more thorough training for a future leader in his
technocratic utopia.

The university Engineering Society organised trips to local facto-
ries, partly to give the students a sense of the noise and grime in
which most of them would soon be working. A posed photograph
taken on one of these trips in March 1919 shows the physical
appearance of Dirac and his fellow students, all of them male. Each
of them is wearing a tie, a hat and an overcoat, several of them have
a stick, and a few are still in military uniform. The sixteen-year-old
Dirac is standing at the front, hands in his pockets, looking blankly
at the camera with a hint of adolescent rebelliousness. It is the first of
many photographs of him as a young man to show confidence and
resolve shining out of his eyes.!®
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Six Julius Road was a cold and unloving refuge to Dirac, but for
many local people he seemed to be part of an admirable home. The
reputation of Charles Dirac was still on the rise: he had become one
of the ‘Big Four’ housemasters at the Merchant Venturers’ School,
and his private language classes were thriving at home. A few min-
utes after the beginning of each tutorial, in the small study overlook-
ing the front garden, Flo knocked on the door to bring Charles and
his student a pot of tea and a plate of biscuits — part of the attentive
service students took for granted at that address. She spent most of
her time running the house but liked to while away afternoons read-
ing romantic novels and the poetry of Robert Browning, Robert
Burns and Rudyard Kipling. In an exercise book, she wrote out
some of her favourite verse and a collection of aphorisms that indi-
cated her penchant for traditional virtues: ‘Control, give, sympa-
thise: these things must be learnt and practised: self-control, charity
and sympathy.’”

The Diracs’ daughter Betty was as timid as her brothers. Most
such girls of her generation began a menial job straight after leaving
junior school, but Charles and Flo wanted her to continue her educa-
tion at the nearby Redlands Girls’ School, where she studied without
special enthusiasm or achievement. It was convenient for her father
to accompany her to school after 1919, when his school relocated to
Cotham Lawn Road, ten minutes’ walk from the Diracs’ home. The
move was unpopular with its teachers, though it was made palatable
for Charles by a sweetener — promotion to the more lucrative post of
Associate University Lecturer. His colleagues in the staffroom
respected him as one of the most effective teachers in Bristol, though
many regarded him as odd. He did nothing to shed this reputation
when he told one of them that he had been trepanned: presumably a
surgeon had drilled a tiny hole into his head, intending to let out evil
spirits.!8

To some of Charles’s fellow teachers, there was a whiff of fraudu-
lence about him: they found out that the letters B. és. L.
(Baccalauréat-es-Lettres) that he almost always put after his name
signified only that the University of Geneva had pronounced him
able to embark on higher education. He had spent only a year at the
university, as an auditeur, taking notes but not a degree. One of his
colleagues later chuckled as he recounted the minor staffroom scandal
involving Charles: as he was not eligible to wear the full academic
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dress, he bought a gown and asked his wife to make him a hood in
red, white and blue. She knew nothing of the deception and only
found out about it several years later.!’

In the spring of 1919, for reasons that are not clear, Charles Dirac
sought British nationality for the first time. He wrote urgently to the
Swiss authorities, saying that after teaching in the UK for thirty
years, ‘professional reasons’ made it essential that he renounce his
Swiss nationality.?? When he submitted his application to the British
authorities, he said he wanted the right to vote after the government
had withdrawn it, following the recent amendment to the Aliens
Registration Act, which also denied Flo — as the wife of a ‘foreign
national’ — the right to vote in future general elections (she had voted
for the first time six months before, in common with other British
women over thirty years of age). Perhaps, too, he wanted his daugh-
ter and elder son to be eligible for the scholarships available only to
British citizens? Whatever his motivation, Charles swore allegiance
to George V in front of a justice of the peace in Bristol on 22 October
1919.2! On that day, his children also became Britons, having previ-
ously been classed as Swiss, a status that, according to Betty’s later
recollections, caused her to be teased in the playground for being
‘one of those Europeans’.?? Paul Dirac was no longer a foreigner, but,
to many British eyes, he would always have the air of one.

In the early summer of 1919, when Paul’s first-year results confirmed
his potential as a top-flight student, Felix became the first person in
his extended family to be awarded a degree, though only with third-
class honours. The disparity between the brothers’ academic talents
had never been so stark, so it is probably no coincidence that the rela-
tionship between them became seriously troubled at about this time.
In the pained and elliptical comments Dirac made later about Felix, he
remarked they would often ‘get into a row’, though he gives no details
of the arguments.?> One possibility is that they were seeded by Felix’s
jealousy and sense of inferiority, nourished by Paul’s lack of empathy
with his brother and by his inability to muster tactful words that were
sorely needed to preserve Felix’s sense of self-worth. Among his col-
leagues in his later career, Paul Dirac was famous for not understand-
ing the feelings of others and for his lack of tact. It is unlikely that he
was any different when he was a young man.

After Felix had taken his degree, he left home and moved about
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a hundred miles away to Rugby, which was rapidly changing from
one of the West Midlands’ sleepy market towns into a booming cen-
tre of the new electrical technology. Felix took a three-year student
apprenticeship at the British Thomson-Houston Company, on a
starting wage of a pound a week, giving him a measure of financial
independence. Meanwhile, his penniless brother continued to study
engineering — while moonlighting in physics — at the Merchant
Venturers’ College. As he had already chomped his way through the
mathematics part of the course, he seemed destined to spend the
remaining two years of his engineering degree fumbling his way
through his laboratory exercises and listening to his lecturers drone
their way through the syllabus. When especially bored, he amused
himself in the library by hunting down the longest German words in
the technical dictionaries (hyphens barred) and reading about the
subject that most interested him, physics.?* His scientific imagination
was ripe for a challenge, and, a few weeks after he began his second
year at university, it arrived.

No event in Dirac’s working life ever affected him as deeply as the
moment when relativity ‘burst upon the world, with a tremendous
impact’, as he remembered nearly sixty years later.?’ Einstein became
a media figure on Friday, 7 November 1919, when The Times in
London published what appeared to be just another post-war edi-
tion, including the news that the King supported the proposal of an
Australian journalist for two minutes’ commemorative silence on the
anniversary of Armistice Day. On page 12, the sixth column featured
a 900-word article that most readers probably passed over, unless the
headline, ‘Revolution in Science’, captured their attention. Yet this
was a momentous piece of journalism, and it helped to propel
Einstein from relative obscurity in Berlin to international celebrity;
soon, his moustachioed face and frizzled mane of black hair were
familiar to newspaper readers all over the world. The unsigned arti-
cle reported the apparent verification of a theory by Einstein that
‘would completely revolutionize the accepted fundamental physics’
and thereby overturn the ideas of Isaac Newton that had held sway
for over two centuries.?® The observations were made by two teams
of British astronomers who had found that the deflection by the Sun
of distant starlight during the recent solar eclipse was consistent with
Einstein’s theory but not Newton’s. When he was an old man, Dirac
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remembered this as a time of special excitement: ‘Suddenly Einstein
was on everyone’s lips [. . .] [E]veryone was sick and tired of the war.
Everyone wanted to forget it. And then relativity came along as a
wonderful idea leading to a new domain of thought.’?”

Dirac, Charlie Wiltshire and their fellow students were fascinated
by Einstein’s new theory and tried to find out what the fuss was
about. This was not an easy task. Their teachers, like most academ-
ics in the UK, were no more knowledgeable than their students
about this alleged scientific revolution. Apart from occasional arti-
cles in scientific journals such as Nature, the primary sources of
knowledge about the new theory of relativity were newspapers and
magazines, whose editors gave commentators thousands of column
inches to speculate — usually facetiously — about the new theory and
its apparent defiance of common sense. On 20 January 1920, Punch
featured an anti-Semitic poem that exemplified popular puzzlement
with the theory that had originated behind the lines of the UK’s
bitter enemy:

Euclid is gone, dethroned,

By dominies disowned,

And modern physicists, Judaeo-Teuton,
Finding strange kinks in space,

Swerves in light’s arrowy race,

Make havoc of the theories of Newton.

The pages of the newspapers and magazines were replete with adver-
tisements for scores of half-baked accounts of Einstein’s work
churned out only months after the theory came to public attention.?®
At that time, there were no science journalists, so Dirac and his
friend Wiltshire had to rely on popular articles written by scientists,
notably Arthur Eddington, the Quaker astronomer and mathemati-
cian at the University of Cambridge and the only person in Britain to
have mastered the theory. He had even got his hands dirty in one of
the eclipse expeditions that produced crucial support for the theory.

In a stream of entertaining articles and books, Eddington deployed
witty, down-to-earth analogies that made even the most complex
abstract ideas accessible and arresting. His skill is exemplified in the
account he gave in 1918 of Einstein’s famous equation E = mc?.
Other authors could only crank out a dreary and barely comprehen-
sible explanation of the equation’s neat connection between the
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energy E equivalent to a mass m1, and the speed of light in a vacuum
(symbolised by the letter ¢). Eddington knew better. In his explana-
tion, he used the equation to do a calculation that he knew would
interest his readers: he worked out the total mass of the light that the
Sun shines onto the Earth and then used the result to comment on the
controversial question of whether to keep daylight-saving time:

the cost of light supplied by gas and electricity companies works out at
something like £10,000,000 an ounce. This points the moral of Daylight
Saving: the Sun showers down on us 160 tons of this valuable stuff every
day; and yet we often neglect this free gift and prefer to pay £10,000,000 an
ounce for [light of] a much inferior quality.?’

Eddington and other writers fuelled Dirac’s interest in understanding
how the material universe works. But he spent most of his time
studying for his engineering degree, struggling to concentrate in lec-
tures, mastering the theoretical concepts, doing experiments and
writing them up in immaculate accounts that feature scarcely a single
crossing-out. To the modern eye, they almost look as if they had been
printed by machine in a special typeface that successfully mimics
ordinary human handwriting, with every repeated letter reproduced
identically.3°

Charlie Wiltshire was one of the very few people who glimpsed the
human side of Dirac. To most people, he looked like a cold-hearted
solipsist, uninterested in human contact, engaged only by mathemat-
ics, physics and engineering. Even in those repressed times, Dirac
appeared to be exceptionally narrow-minded and inhibited.3!

Soon after his eighteenth birthday, Dirac had to spend time away
from his sheltered environment for the first time. He travelled to
Rugby, where his brother Felix was one of the small army of young
apprentices in the local factories, to spend the summer as a trainee
engineer, and, perhaps, to see whether he was suited to factory work.
By the end of his month-long stay, the answer was clear.

Dirac worked in the British Thomson-Houston electrical goods
factory, located on a ninety-acre site next to the railway station. The
factory dominated the town. It was said that everyone who lived in
Rugby either worked there or knew someone who did. Certainly,
everyone in the town was familiar with the saw-tooth profile of the
factory’s roofs, one of them bearing the sign ‘Electrical Machinery’.
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And everyone, wherever they stood, could see the smoke billowing
from two chimneys that pointed to the sky like a pair of smouldering
lances.

Dirac arrived in Rugby sporting a new wristwatch, a device that
had a decade before been regarded as effeminate for men (and outré
for women) but had become respectable after soldiers in the war had
found them useful.>?> He lodged above a draper’s shop on a street cor-
ner, precisely midway between the factory’s two entrances, a few
minutes’ walk away. Dirac was one of about a hundred vacation stu-
dents who provided menial labour, mainly in the relatively quiet test-
ing laboratories well away from the turbine-construction area, when
many of the workers were on holiday. It was a slow-news summer,
enlivened only by the dramatic lockout of the Electrical Trades
Union and by a local polo match in which one of the players was the
Secretary of State for War, Winston Churchill.33

Flo regularly wrote to Paul, the first of several hundred letters that
she sent him between then and her death. It seems that he kept all of
them. These first letters were warm and newsy, telling him of Betty’s
new dog, how ‘Daddy missed you when he had all the grass to cut’
and of the new overcoat she was going to have done up for him (‘I
showed it to Pa & he wants it for himself’). Flo repeatedly com-
plained that he was not telling the family enough about what he was
doing. ‘Do you ever come across Felix?’ she asked.?* The answer was
that the two brothers did pass each other on the streets of Rugby, but
they did not exchange a word.3® Their relationship had deteriorated
into a state of cold hostility; Paul apparently offered his brother the
same expressionless stare that he gave almost everyone else. Either
their mother did not know of her sons’ falling out, it seems, or she
was too blinkered to notice.

Dirac’s employers in Rugby gave him the only poor report he
would receive in his entire life. David Robertson later showed him
the damning comments and disclosed that he was the only vacation
student from Bristol ever to receive an unfavourable report. It judged
Dirac to be ‘a positive menace in the Electrical Test Department’, to
‘lack keenness’ and to be ‘slovenly’, making it clear between the lines
that Dirac would be unwise to seek a future on the factory floor.3¢

In late September 1920, Dirac returned to Bristol to prepare for
his final undergraduate year, when he specialised in electrical engi-
neering. His passion, however, was the theory of relativity. One of
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his frustrations was that he could not find an accessible technical
account of the theory that would explain, step by step, how Einstein
had developed his ideas. Of the academic disciplines that con-
tributed the reams of piffle Dirac read about relativity, none was
more prolific than philosophy. One commentator wrote: ‘A philoso-
pher who regards ignorance of a scientific theory as insufficient rea-
son for not writing about it cannot be accused of complete lack of
originality.’3” The writer of those words was one of the most tal-
ented young philosophers working in Britain, Charlie Broad. Having
originally wanted to be an engineer, he trained in both philosophy
and science at Cambridge and acquired more expertise in relativity
theory than the great majority of physicists, many of whom knew
next to nothing about Einstein and his work. In the autumn of 1920,
soon after Broad was appointed as the Professor of Philosophy at the
University of Bristol, he gave a series of lectures for final-year science
students on scientific thought, billed to include a description of
Einstein’s theory.?® Dirac and several other engineering students sat
in on these lectures, though few of them were sitting alongside Dirac
to the end, as the going quickly became tough and the material had
little to do with engineering. For Dirac, the course was a memorable
experience, as it was for Broad, who wrote thirty years later in his
autobiography:

there came to these lectures one whose shoe-laces I was not worthy to
unloose. This was Dirac, then a very young student, whose budding genius
had been recognized by the department of engineering and was in the
process of being fostered by the department of mathematics.3’

Broad was a wonderfully idiosyncratic lecturer. He always appeared
with a carefully prepared script, and he read every sentence twice,
except for the jokes, which he delivered three times. Although he
spoke drearily, his content was compelling, jargon-free and spiked
with witty references to Charles Dickens, Conan Doyle, Oscar Wilde
and other literary figures. Trenchancy was one of his strongest suits.
During a warning about the snake oil of most popular accounts of
relativity, he counselled that ‘popular expositions of the Theory are
either definitely wrong, or so loosely expressed as to be dangerously
misleading; and all pamphlets against it — even when issued by emi-
nent Oxford tutors — are based on elementary misunderstandings.’ 4

Broad’s treatment of relativity in his course was unconventional to
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the point of quirkiness. He taught Einstein’s first theory and his more
general version together, taking a unified approach and concentrat-
ing on the basic ideas rather than on the mathematics. Broad’s aim
was to make it clear that the theories give ‘a radically new way of
looking at Nature’.*! The first of Einstein’s theories is usually dubbed
the ‘special theory’ because it deals only with observers who move in
straight lines at constant speeds with respect to one another; for
example, passengers on two trains moving smoothly on parallel
tracks. Einstein based his theory on just two simple assumptions:
first, that when each of the observers measures the speed of light in a
vacuum, they will always find the same value, regardless of their
speed; and, second, that measurements made by the observers will
lead them to agree on all the laws of physics. Einstein’s great insight
was to see that if these assumptions were followed to their logical
conclusion, a new understanding of space, time, energy and matter
emerged.

A casualty of Einstein’s theory was the widely accepted belief that
the universe is pervaded by an ether, which Broad argued had
become superfluous:

there was supposed to be a peculiar kind of matter, called Ether, that filled
all Space. On these theories the Ether was supposed to produce all kinds of
effects on ordinary matter, and it became a sort of family pet with certain
physicists. As physics has advanced, less and less has been found for the
Ether to do.*?

Contrary to the theory, the existence of such a substance would
imply that there is a uniquely privileged frame of reference, so rela-
tivity implies that the ether is an unnecessary assumption and may
well not exist, unless experiments say otherwise. Einstein also noted
that measurements of space and time are not, as almost everyone else
thought, independent but are inextricably linked, leading to the idea
of a unified space-time, a concept introduced by his former teacher
Hermann Minkowski, a German mathematician. Finally, Einstein
showed that an inevitable consequence of this new way of thinking
was his equation E = mc?, implying that the mass of a small coin is
equivalent to the vast energy needed to run a city for days or indeed
to raze it. An apocalyptic vision of this power had already been pre-
sented by H. G. Wells, shortly before the outbreak of the First World
War, in his novel The World Set Free.
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For most purposes, the predictions of Einstein’s special theory
were extremely similar to the corresponding ones made by Newton’s
theory. The two sets of predictions, however, were noticeably differ-
ent at speeds approaching the speed of light in a vacuum: Einstein
claimed that, under these conditions, his theory was more accurate,
though it would be several decades before the superiority was con-
vincingly demonstrated by experimenters. In the meantime,
Einstein’s reasoning made it possible to amend the description of
anything given by Newton’s theory and produce a ‘relativistic’ ver-
sion — one that agreed with the principles of the special theory of
relativity. Two years later, Dirac took up a new hobby, aiming to
produce relativistic versions of Newtonian theories — an activity he
pursued like an engineer upgrading tried-and-tested designs to ones
that perform to a higher specification: “There was a sort of general
problem one could take, whenever one saw a bit of physics expressed
in a non-relativistic form, to transcribe it to make it fit in with spe-
cial relativity. It was rather like a game, which I indulged in at every
opportunity.’*3

Einstein’s second theory of relativity applied to all observers,
including ones who are accelerating; for example, observers who fall
freely under the action of gravity. In this ‘general theory of relativity’,
Einstein proposed a geometric picture of gravity, replacing Newton’s
concept that an apple and every other mass is subject to a force of
gravity by a radically new way of describing the situation. According
to Einstein, every mass exists in a curved space-time — roughly analo-
gous to a curved sheet of rubber — and the motion of the mass at every
point in space-time is determined by the curvature of space-time at
that point. Because the theory is relativistic, information cannot be
transmitted faster than light, and all energies contribute to mass (via
E = mc?) and therefore to gravity. It turns out that, in the Solar
System, where almost all matter has comparatively low density and
travels much more slowly than light, the predictions of Einstein’s
theory of gravity are in extremely good agreement with Newton’s.
But, in some situations, they can be distinguished, and one of the most
straightforward ways of doing so involved measuring the bending of
starlight by its gravitational attraction to the Sun during a solar
eclipse: Einstein’s theory predicted that this deflection would be twice
Newton’s value. This was the prediction that Eddington and his col-
leagues believed they had verified in their solar-eclipse experiments.
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It was during one of the early lectures in Broad’s course that Dirac
had a revelation about the nature of space and time. Broad was talk-
ing about how to calculate the distance between two points. If they
lie at the sharpest corners of a right-angled triangle, then every
schoolchild knows that the distance between the points (the
hypotenuse) is given by Pythagoras’s Theorem: the square of this dis-
tance is equal to the sum of the squares of the lengths of the other
two sides. In the space-time of the special theory of relativity, things
are different: the square of the distance between two points in space-
time is equal to the sum of the squares of the spatial lengths minus
the square of the time. Dirac later recalled ‘the tremendous impact’
on him of Broad’s writing down that minus sign.** This dash of chalk
on Broad’s blackboard told Dirac that his schoolboy ideas about
space and time were wrong. He had assumed that the relationship
between space and time could be described using the familiar
Euclidean plane geometry, but if that had been true, every sign in the
formula for the distance between two points would have been posi-
tive. Space and time must be related by a different kind of geometry.
Pickering, Dirac’s mathematics teacher at the Merchant Venturers’
School, had already introduced him to the Riemannian geometry
that Einstein had used to describe curved space-time. In this way of
looking at space and time, the angles of a triangle may not add up to
180 degrees as they do in ordinary Euclidean space. In Einstein’s gen-
eral theory of relativity, matter and energy are linked with the space
and time in which they exist: matter and energy determine how much
space-time is curved, and the curvature of space-time dictates how
matter and energy move. Thus, Einstein offered a new explanation of
why the apple in the tree in Newton’s garden fell: it was not the grav-
itational pull of the Earth that was responsible but the planet’s curva-
ture of space-time in the region of the apple.*

Inspired by Broad’s lectures, and by Eddington’s semi-popular
book Space, Time and Gravitation, Dirac soon taught himself the
special and general theories, another early sign of his special talent as
a theoretician. The mathematical complexities of Einstein’s general
theory so terrified most physicists that they found excuses not to
bother with it, whereas Dirac — an engineering undergraduate, not a
registered student of physics — studied it voraciously. While other
nineteen-year-olds were seeking beauty in the flesh, he sought it in
equations.
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Broad was sceptical of the contribution philosophy can make to
advance the understanding of the natural world (he called it ‘aimless
wandering in a circle’), but his lectures persuaded Dirac that the sub-
ject was worth pursuing. One text he took out of the library was
John Stuart Mill’s A System of Logic, which the young Einstein had
studied some fifteen years before.*® Mill had been the nineteenth cen-
tury’s pre-eminent British philosopher, the most cogent voice of
empiricism, the belief that human beings should ground every con-
cept in verifiable experience.*” His approach to ethics was largely
utilitarian, believing that the ultimate good is one that brings the
most happiness to the greatest number of people and that the right-
ness of any human action should be judged according to its contribu-
tion to public happiness. Mill was influenced by other empiricists,
notably by his friend Auguste Comte, the French pioneer of the pos-
itivist belief that all true knowledge is scientific, including knowledge
about ‘sociology’, a word that Comte coined. Mill had no time for
the Kantian ‘intuitionist’ view that some truths are so exalted that
they transcend experience: he dismissed as meaningless many unver-
ifiable statements made by bishops, politicians and others he
regarded as airy-fairy moralists. Mill’s views and his feet-on-the-
ground public spiritedness were enormously influential among
Victorians and have become the essence of the liberal English consen-
sus. He influenced Dirac, and many others, more than they knew.

A System of Logic, published in 1843, is a plain-spoken if labori-
ous account of how empiricism can shape every aspect of human
life.*® The book features Mill’s agenda for science, which assumes
that there is an underlying ‘uniformity of nature’. The aim of scien-
tists should be to explain more and more observations in terms of
fewer and fewer laws, every one of them grounded in experience and
induced from it. For Mill, the agreement between an experimental
measurement and a corresponding theoretical prediction does not
imply that the theory is correct, as there may well be many other the-
ories that give equally good agreement. He argued that scientists
have the never-ending task of finding theories that are in ever-better
agreement with empirical observations.

In a memoir he wrote in his seventies, Dirac said he gave ‘a lot of
thought’ to philosophy, trying to understand what it could contribute
to physics. He recalled that he read A System of Logic ‘all through’,
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which we can safely interpret to mean that he read and pondered
almost every word of it, his usual practice.*’ Although he found it
‘pretty dull’, it introduced to him the important idea that the dis-
parate scientific observations and theories he had learned about had
an underlying unity. Furthermore, science should seek to describe
this unity using the fewest possible laws of nature, each of them for-
mulated in the simplest possible way. Although this probably influ-
enced the thinking of the young Dirac, he concluded that philosophy
was not an effective way of finding out what makes nature tick.
Rather, as he put it in an interview in 1963, ‘it’s just a way of talking
about discoveries which have already been made’.’°

The best way of understanding nature’s regularities, he was coming
to believe, was through mathematics. Dirac’s lecturers in the engineer-
ing classes had drummed into him that mathematical rigour is un-
important; mathematics is simply a tool to obtain useful answers that
are correct or, at least, accurate enough for the purpose in hand. One
exponent of this pragmatic approach to the mathematics of engineer-
ing was Oliver Heaviside, an acid-tongued recluse who had invented
a battery of powerful techniques that made it easy to study the effects
of passing pulses of electric current through electrical circuits. No one
quite understood why these methods worked, but he didn’t care: what
mattered to him was that they gave correct results, with a speed more
rigorous methods could not match and without generating inconsis-
tencies with other parts of mathematics. Engineers prized Heaviside’s
methods for their usefulness, but mathematicians mocked them for
their lack of rigour. Heaviside had no time for pedantry (‘Shall I refuse
my dinner because I do not understand digestion?>>!) and rejected the
attacks of his detested opponents. He even entitled his autobiography
after them: Wicked People I Have Known.>?

Dirac studied Heaviside’s techniques and later remarked that there
was ‘some sort of magic’ about them.’? Another of the engineers’
clever tricks that impressed Dirac concerned the calculation of the
stresses exerted on materials; for example, by a gymnast balancing on
a beam. Engineers routinely calculate these stresses using special dia-
grams that generate correct answers much more quickly than the
mathematicians’ rigorous techniques. In his classes, Dirac used this
method to represent stresses in this way and saw its power; within a
few years, he would use similar techniques in a different context, to
understand atoms.>*
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One of the lessons he learned in his engineering classes was the
value of approximate theories. In order to describe how something
works, it is essential to take into account the quantities that do most
to affect its behaviour and to single out the quantities unimportant
enough to be ignored. David Robertson taught Dirac a lesson he later
regarded as crucial: even approximate theories can have mathemati-
cal beauty. So, when Dirac studied electrical circuits, the stresses on
revolving shafts in engines and the windings of the rotors in electric
dynamos, he was aware that the underlying theories had, like
Einstein’s general theory of relativity, a mathematical beauty.

It was probably Dirac’s reflections on Einstein’s theory that first led
him to believe that the goal of theoretical physicists should be to find
equations that describe the natural world, but his studies of engineer-
ing were the source of a proviso: that the fundamental equations of
Nature are only approximations.’® It was the job of scientists to find
ever-better approximations to the truth, which always lies tantalis-
ingly beyond their reach.

Apart from the embarrassing report Dirac had been given in Rugby,
his record during his degree was almost flawless: only once in three
years did he fail to top his class in every subject (the spoilsport was
the assessor of a Strength of Materials course who ranked him sec-
ond).’® But it was clear that his real talents were in theoretical sub-
jects and mathematics. Early in 1921, within a few months of
completing the degree, his father suggested that he set his sights on
studying at Cambridge.’” Early in February, Charles wrote to St
John’s College, almost certainly acting on the advice of Ronald
Hassé, head of Bristol University’s mathematics department and a
member of Cambridge University’s network of talent-spotters.
Hassé was a graduate and research student of the college, notable
as the first person in Cambridge to speak of Einstein’s ‘theory of rel-
ativity’.%8

Charles enquired whether the college would let him have details of
‘any open scholarship in mechanical science or mathematics’ that his
son could apply for.’? The college responded swiftly and arranged for
Dirac to make his trip to Cambridge in June 1921, to sit the college’s
entrance examination.®? Dirac’s application to the college, made
when he had just turned nineteen, is the earliest extant example of his
adult handwriting. It shows that he wrote with the precision and
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clarity of a calligrapher, each letter standing upright with some of the
capitals decorated unobtrusively with a tiny curlicue.®!

Dirac passed the entrance examination handsomely, winning an
annual exhibition (a minor exhibition) of £70, which was disap-
pointingly short of the minimum of £200 a year that he needed to
live in Cambridge.®? Charles argued that it was ‘out of the question’
to give his son the additional money as he earned only £420 a year
and had no other income, neglecting to mention his lucrative private
tuition. Bristol council refused to help because Charles and Paul had
become British citizens only two years before and were therefore
ineligible for financial assistance. Disappointed, Charles later wrote
to Cambridge asking to be kept informed if any other opportunities
should arise for his son. He concluded, ‘T am sorry to trouble you,
but I believe the boy has an exceptionable [sic] head for mathematics
and I am trying to do my best for him.’®3 When an official at St John’s
College offered tactfully to advise him further if he would provide
more information about his family’s finances, Charles did not reply.®*

Although Paul’s Cambridge application had stalled, by July he had
a first-class honours degree in engineering, a qualification that he and
his father hoped would all but guarantee him employment. However,
his graduation coincided with the worst depression in the UK since
the industrial revolution: unemployment soared to two million. To
every job application, Dirac drew a blank. Thus, the most talented
graduate Bristol had ever produced found himself unemployed. But
this turned out to be a stroke of luck.
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Mathematics [. . .] does furnish the power for deliberate thought and
accurate statement, and to speak the truth is one of the most social
qualities a person can possess. Gossip, flattery, slander, deceit all
spring from a slovenly mind that has not been trained in the power of
truthful statement.
S. T. DUTTON, Social Phases of Education in the School and the
Home, London, 1900

What might have happened to Dirac if he had got one of the jobs he
applied for, perhaps in the burgeoning aviation industry? Might the
loss to physics have been offset by a commensurate gain for aeronau-
tics? That these are questions of virtual history is due to the mathe-
matician Ronald Hassé, who deftly steered Dirac’s career from
engineering to science. Things could easily have worked out quite
differently. In September 1921, when Dirac was at a loose end and
looking for jobs, David Robertson suggested to Dirac that, rather than
hang around doing nothing, he should do an electrical-engineering
project.! Dirac dabbled in some experiments, but, after a few weeks,
Hassé wooed him back to the lecture theatres in the mathematics
department, having arranged for him to do a full mathematics degree
free of charge and for him to skip the first year’s work so he could
complete it in two years.

Dirac’s fellow mathematics students were struck by his punctual-
ity. For the first lectures of the day, beginning at 9 a.m., he was
always the first to arrive, silently occupying a seat in the front row
and showing no interest whatever in his fellow students. He spoke
only when spoken to and talked only in clipped, matter-of-fact sen-
tences that bore no trace of emotion. One of the students later
recalled that no one even knew the name of the ‘tall, pallid youth’ or
showed much interest in him until the results of the Christmas
examination results revealed that the new student ‘P. A. M. Dirac’
was top of the class.

Some of the students resolved to make some enquiries about their
mysterious colleague. They were surprised to learn that although he
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was eighteen months younger than anyone else in the class, he
already had a degree in engineering. One of his characteristics was
that although he was preternaturally silent, he did stir if he spotted a
serious scientific error. In one such incident, after a lecturer had filled
two and a half blackboards with symbols and left almost all the stu-
dents frantically scribbling as they tried to keep up with him, he
realised that he had made a mistake. He stood back from the black-
board and turned to Dirac: ‘T have gone wrong, can you spot it?’
After Dirac identified the error and explained how to put it right, the
lecturer thanked him and resumed his exposition.?

In Dirac’s first year of his new course, he studied pure mathemat-
ics — the branch of mathematics pursued with no concern for its
applications — and applied mathematics, employed to solve practical
problems. One of his lecturers was Peter Fraser, a farmer’s son from
the Scottish Highlands, a bachelor who lived much of his life in a
reverie and liked to tramp the countryside while contemplating the
higher truths of mathematics. He did no original research and never
wrote a research paper but channelled all his intellectual energy into
his teaching. Dirac believed he was the best teacher he ever had.?

Shortly before 9 a.m. on Mondays, Wednesdays and Fridays, Dirac
was in his seat, awaiting the next episode of Fraser’s teaching of a spe-
cial type of mathematics, known as projective geometry, largely a
French invention derived from studies of perspective, shadows and
engineering drawing. One of its founders was Gaspard Monge, a
draughtsman and mathematician who much preferred to solve math-
ematical problems using geometric ideas rather than complicated
algebra. In 1795, Monge founded the descriptive geometry that Dirac
had used in the first technical drawings he made in Bishop Road
School, representing objects in three orthogonal points of view. Jean-
Victor Poncelet, an engineer in Napoleon’s army, built on Monge’s
ideas to set out the principles of projective geometry when he was a
prisoner in Russia in 1812. His ideas and their consequences were to
become the mathematical love of Dirac’s life.

When most students come across projective geometry, they find it an
unusual branch of mathematics because it primarily taxes their powers
of visualisation and does not feature complicated mathematical formu-
lae. What matters in projective geometry is not the familiar concept of
the distance between two points but the relationships between the
points on different lines and on different planes. Dirac became
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intrigued by the techniques of projective geometry and by their ability
to solve problems much more quickly than algebraic methods. For
example, the techniques allow geometers to conjure theorems about
lines from theorems about points, and vice versa — ‘that appealed to
me very much’, Dirac stressed forty years later.* To him, an impres-
sionable young mathematician, this was a powerful demonstration of
the power of reasoning to probe the nature of space.’

Fraser also persuaded Dirac of the value of mathematical rigour —
an uncompromising respect for logic, consistency and completeness
- something he had, as an engineering student, been taught to wink
at.® In Dirac’s studies of applied mathematics, he learned how to
describe electricity, magnetism and the flows of fluids using power-
ful equations that yielded neat solutions, all consistent with experi-
mental observations. He also used Newton’s laws of mechanics to
study the contrived examples that inform the education of every
applied mathematician: rigid ladders resting against walls, spheres
rolling down inclined planes, and beads sliding around circular
hoops.” Dirac filled several exercise books with his answers, most of
them flawless. He did most of this work in his bedroom, his escape
from the family he perceived to be unloving and a refuge from
Betty’s yapping dog. Betty was developing into an unambitious, self-
deprecating young woman, in awe of her brother Paul’s intelligence,
content to while away hours doing nothing. Her father doted on her,
as Bishopston local Norman Jones remembered sixty years later
when he said that his main recollection of Charles Dirac was ‘seeing
him always carrying an umbrella, struggling up the hill [. . .] often
with his daughter, of whom he was very fond’.?

Dirac saw Felix only occasionally, at weekends, when he returned
from his lodgings in the Black Country of the Midlands, near
Wolverhampton. The brothers were still not on speaking terms.

In the final year of his course, Dirac should have been given the
choice of specialising in either pure or applied mathematics. He
wanted to take the pure option but did not get his way. His fellow
student on the honours mathematics degree programme, Beryl Dent
— the strong-minded daughter of a headmaster — had the upper hand
because she was paying for her tuition, unlike Dirac. She expressed a
firm preference for studying applied mathematics, and her wishes
carried the day, perhaps partly because it was easiest for the lecturers
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to teach the same courses to the two students. So, for the first time
since he began senior school, Dirac had to work alongside a young
woman, but his relations with her were strictly formal; they seldom
spoke.’

Dirac spent the 1922-3 academic year with his head down, build-
ing on the applied mathematics that he had learned the year before.
One bonus for him was that his course included a few lectures on the
special theory of relativity, though he probably knew more about the
subject than his lecturer.!® By the time he had finished, he had
acquired considerable expertise in Newtonian mechanics. Although
he knew that Einstein had found fault with Newton’s laws of
mechanics, they worked extremely well for all real-world applica-
tions, so it made good sense to master them, as tens of thousands of
other students — including Einstein himself — had done before.

During his mathematics degree, Dirac encountered the ideas of
William Hamilton, the nineteenth-century Irish mathematician and
amateur poet. He was a friend and correspondent of William
Wordsworth, who served science well by helping to persuade
Hamilton that he would do better to spend his time on mathematics
rather than on poetry. Among his discoveries, Hamilton was most
enamoured with his invention of quaternions, mathematical objects
that behave peculiarly when they are multiplied together. If two ordi-
nary numbers are multiplied, the same result emerges regardless of
their order of multiplication (for example 6 X 9 has the same value
as 9 X 6). Mathematicians say that such numbers ‘commute’. But
quaternions are different: if one quaternion is multiplied by a second,
the result is different from the result obtained if the second is multi-
plied by the first. In modern language, quaternions are said to be
‘non-commuting’.!! Hamilton believed that quaternions have many
practical applications, but the consensus was that they are mathe-
matically interesting but scientifically infertile.

Dirac also heard about Hamilton’s reformulation of Newton’s
laws of mechanics. Hamilton’s approach largely dispensed with the
idea of force and, in principle, enabled scientists to study any mate-
rial thing — from a simple pendulum to cosmic matter in outer space
— much more easily than was possible using Newton’s methods. The
key to Hamilton’s technique was a special type of mathematical
object that comprehensively describes the behaviour of the thing
under study, the Hamiltonian, as it became known. Hamilton’s
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methods became another of Dirac’s fixations and were to become his
favourite way of setting out the fundamental laws of physics.

The mathematics degree did not present a sufficient challenge to keep
Dirac occupied, so Hassé encouraged him to take as many of the under-
graduate physics courses as his timetable allowed. Once again, Dirac
chose to study fundamental subjects which were not covered in his syl-
labus. In one course, he studied the electron, the particle discovered
twenty-five years before in the Cavendish Laboratory in Cambridge by
J. J- Thomson, a man equally adept at investigating nature theoretically
and — despite his ham-fistedness — experimentally. Several of Thomson’s
colleagues thought he was joking when he argued that the electron was
smaller than the atom and was a constituent of every atom; to many
scientists, the idea that there could exist matter smaller than the atom
was inconceivable. Yet he was proved right, and, by the time Dirac first
became acquainted with the electron, textbooks routinely ascribed elec-
tric current to the flow of Thomson’s electrons.

Dirac also attended lectures in atomic physics given by Arthur
Tyndall, a kindly and articulate man with a keen eye for scientific tal-
ent. Tyndall introduced Dirac to what was to prove one of the cen-
tral insights of twentieth-century physics: the idea that the laws of
‘quantum theory’, which describe nature on the smallest scale, are
not the same as the scientific laws that describe everyday matter.
Tyndall illustrated this by describing how the energy of light arrives
not in continuous waves but in separate, tiny amounts called quanta.
At first, this idea was not taken seriously, as virtually all scientists
were convinced that light behaves as waves. Their faith rested on the
unarguable success of the theory of light published several decades
before by the Scottish physicist James Clerk Maxwell, the Cavendish
Laboratory’s first professor. According to this theory, checked by
many experiments, the energy of light and all other types of electro-
magnetic radiation is delivered not in lumps but continuously, like
water waves lashing against a harbour wall.

Quantum theory had been discovered — largely by accident — by
Max Planck, the Berlin-based doyen of German physics. He hap-
pened on the idea of quanta when he was analysing the results of
some apparently obscure desktop experiments that investigated the
radiation bouncing around inside the reflecting walls of ovens at
steady temperatures (the experiments aimed to help German industry
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improve the efficiency of lighting devices).'> The quantum emerged
stealthily from the darkness of those ovens through the ingenuity of
Planck, who brilliantly guessed a formula for the variation in the
intensity of the radiation with its wavelength, at every temperature
setting of the oven. In the closing weeks of 1900, Planck found he
could explain the formula for the ‘blackbody radiation spectrum’
only if he introduced a concept that seemed completely contrary to
Maxwell’s theory: the energy of light (and every other type of radia-
tion) can be transferred to atoms only in quanta.

The conservative Planck did not view this quantisation as a revo-
lutionary discovery about radiation but as ‘a purely formal assump-
tion’ needed to make his calculations work. Einstein first recognised
the true importance of the idea in 1905, when he took the concept of
radiation quanta literally and demonstrated that the reasoning
Planck had used to derive his black-body radiation spectrum formula
was hopelessly flawed. The challenge was to do better than Planck by
finding a logical derivation of the formula.

When Planck discovered the quantum of energy, he also realised
that its size is directly determined by a new fundamental constant,
which he denoted / and others dubbed Planck’s constant. It figures in
almost every equation of quantum theory, but nowhere in the previ-
ously successful theories of light and matter, retrospectively labelled
‘classical theories’. The minuscule size of the constant means that the
energy of a typical quantum of light is tiny; for example, a single
quantum of visible light has only about a trillionth of the energy of
the beat of a fly’s wing.

In these lectures, Tyndall introduced Dirac to a new way of think-
ing about light, to new physics. But although Tyndall was admired
for his clear presentations, quantum physics was then vague, provi-
sional and messy, so it was impossible for him to present to Dirac the
kind of tidy, well-reasoned course that he preferred, underpinned by
clear principles and concise equations. This may explain why, if
Dirac’s later recollections are correct, his first course in quantum
theory made virtually no impact on him. His main interest remained
relativity.

Despite his earlier setback, Charles Dirac had not lost hope of sending
Paul to Cambridge. Late in March, Ronald Hassé wrote to the applied
mathematician Ebenezer Cunningham, one of the Fellows of St John’s
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College, reminding him of Dirac’s failure to win a local scholarship
that would have enabled him to take up the place that he had won
two years earlier. Hassé pointed out that he was ‘certain to get first
class honours in June’, and that he was ‘an exceedingly good mathe-
matician’, interested mainly in ‘general questions — relativity, quan-
tum theory etc., rather than in particular details, and is, I think, very
keen on the logical side of the subject’. Among his perceptive com-
ments, Hassé did include some provisos about the young Dirac’s char-
acter: ‘He is a bit uncouth, and wants some sitting on hard, is rather
a recluse, plays no games, is very badly off financially.” Those minor
points aside, Hassé warmly recommended that the college should
accept Dirac if he could find the funds to eke out a living.!3

This time, Paul Dirac was successful. In August, after he heard that
he had won a place at Cambridge, he asked to study relativity with
Eddington’s Congregationalist colleague Cunningham, who had intro-
duced an unusual version of Einstein’s special theory of relativity to the
UK shortly before the Great War.!* At that time, Cunningham and
Eddington were streets ahead of the majority of their Cambridge col-
leagues, who dismissed Einstein’s work, ignored it or denied its signifi-
cance.!” But Cunningham was not available: he had given up
supervising graduate students after the war, when he had been pilloried
as a conscientious objector, most woundingly by authorities who pre-
vented him from working in schools on the grounds that he ‘was not a
fit person to teach children’.'® The supervisor chosen for Dirac was
another mathematical physicist, Ralph Fowler, a generous-spirited
man with the build of Henry VIII and the voice of a drill sergeant. He
was not a master of relativity but the foremost quantum theorist in the
country and an expert in linking the way materials behave to the en-
masse behaviour of their atoms. For Dirac, wanting above all to study
relativity, this was not encouraging news.

Two scholarships — one of £70 per year from St John’s College, the
other from the Government’s Department of Scientific and Industrial
Research for £140 per year — were sufficient to fund Dirac’s first year
in Cambridge, provided he lived frugally, as was his wont.!” The
arrangements seemed to have fallen into place, but, in September, he
received bitter news: the university required students to settle their
bills at the beginning of term, but his government grant was going to
arrive too late. He feared that he would again have to forgo his place,
all for the sake of £5.
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But his father came to the rescue by handing him the money he
desperately needed to be sure of solvency in Cambridge. Dirac was
touched. This was a crucial act of compassion, he later said, and it
minded him to forgive his father for the browbeatings round the din-
ner table and all the other earlier miseries.!® Charles Dirac did not
seem so bad after all.
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[...] Icould behold

The antechapel where the statue stood

Of Newton with his prism and silent face,

The marble index of a mind for ever

Voyaging through strange seas of Thought, alone.
WILLIAM WORDSWORTH, The Prelude,
Book III, ‘Residence at Cambridge’, 1805

Cambridge has never been the most welcoming place. Visitors who
first arrive by rail are often surprised when they realise that the sta-
tion is almost a mile from the town centre. This rebuffing nudge was
quite intentional. Four decades before the station opened in 1845,
the authorities had helped to fight off proposals to link the town to
London with a canal, but pressure to make Cambridge part of the
emerging railway network was irresistible. They did, however, ensure
that the station was about twenty minutes’ walk from the nearest
college so that students would be less tempted to flit off to London
and that outsiders would think twice about invading the town’s pri-
vacy. In 1851, the Vice Chancellor of the university complained to
the directors of the railway company that ‘they had made arrange-
ments for conveying foreigners and others to Cambridge at such
fares as might be likely to tempt persons who, having no regard for
Sunday themselves, would inflict their presence on the University on
that day of rest’.!

As soon as Dirac — and every other new, luggage-laden student —
emerged from the station, he had to trek to the city centre or join
the queue for one of the few buses that took passengers to Senate
House Hill. On Monday, 1 October 1923, when he walked into St
John’s College through the Tudor Great Gate, he entered an unfa-
miliar world of tradition, camaraderie and privilege.? He would
have been greeted by college porters — resplendent in their liveries
and silk hats — each of them charged with keeping an eye on the stu-
dents and with an obligation to report any errant behaviour. The
college admitted only men, many of them in jodhpurs and flat caps

55



OCTOBER 1923-NOVEMBER 1924

and talking in voices that advertised their breeding. Dirac’s social
standing was given away by his cheap suit — purchased from the
Bristol Co-Op - his gauche manners and, on the odd occasion when
he spoke, his accent. There was also something out of the ordinary
about his appearance. A small and well-tended black moustache lay
above his snaggled top teeth, his wan face topped with a thatch of
black curly hair and dominated by his assertively pointed nose. Not
quite six feet tall and recognisably his father’s son, Dirac had bright
eyes, a large forehead that revealed a receding hairline and, already,
the slightest of stoops.

The sense of tradition in the college is most powerfully expressed
in its architecture. Some of it was four centuries old, its construction
funded by the posthumous largesse of Henry VIII’s bookish paternal
grandmother, Lady Margaret Beaufort. The enduring presence of
these buildings reminds students that their academic home will
remain long after all but the most talented of them have been forgot-
ten. Dirac arrived there with no great ambition, and he was unaware
of his academic standing relative to his fellow science students,
though he had already decided to do only the most challenging fun-
damental research. This tradition dates back to Galileo, the founder
of modern physics, who took the first steps to cast what he called ‘the
book of nature’ in the language of mathematics. He did this at the
turn of the seventeenth century, almost a hundred years after the
completion of the first buildings of the college. In this sense, St John’s
is older than physics.

College life reflected the origins of British academia. The earliest
scholars had been monks, all wearing the same clothes, and all going
about their contemplative lives within an agreed set of timetables
and rules. In 1923, all the official students of the college and the rest
of the university were male, each of them required to wear a gown
and mortarboard in public. Any student who went into town incor-
rectly attired knew he ran the risk of being nabbed by one of the uni-
versity’s private policemen (proctors or ‘progs’) or their assistants
(‘bulldogs’), who roamed the streets after dusk.? A transgression of
the dress code was punished by a fine of 6s 8d, no laughing matter
for any young man keen to preserve his spare money, though not
nearly as serious as the penalty for being caught with a woman in
his room.*

The students were waited on hand and foot. By 6 a.m., the invari-
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ably female bed-makers (‘bedders’) were hanging around the stone
staircases, ready to begin their morning’s work. The gyps — man-
servants — were available all day to clean, wash up and run errands
for the students and for the Fellows (also known as ‘dons’). Such
service was not, however, available to young Dirac in his first year.
He spent it in a cold and damp shoebox of a room in a four-storey
Victorian house, a fifteen-minute walk from St John’s, sharing with
two other lodgers. At a cost of almost £15 a term, the landlady Miss
Josephine Brown delivered coals and wood for their fires, supplied
gas for the lamps that lit their musty little rooms, provided them with
crockery and cleaned their boots. Like all the other landladies
approved by the university, Miss Brown was obliged to keep a record
of any failure of Dirac’s to return home by 10 p.m. Always early to
bed, he would not have given her any trouble.’

Dirac had his first experience of grand dining in Hall, where he
took his meals.® The room is magnificently appointed, with an elab-
orately decorated wooden ceiling, Gothic stained-glass windows and
dark-wood panels hung with portraits of some of the college’s most
distinguished alumni, including William Wordsworth. The formali-
ties began at 7.30 p.m. with the arrival of the procession of Fellows
and other senior members of college at their long table, under the
calm gaze of Lady Margaret, whose portrait in oils hung above them.
The students were already seated in their gowns along the six rows of
benches, either side of three long rows of tables, each of them set
with crisp white linen tablecloths, the college coat of arms worked
into the damask.

It was expected that every head should be dutifully cocked, every
pair of hands solemnly crossed in silence as one of the students read
the Latin grace from a tablet. The moment he finished, a hundred
conversations surged to fill the hall.

The menus, written by hand in French, described the three courses
in a style that would meet the approval of a Paris gourmet. The meal
might begin with scalloped cod or lentil soup, move on to a main
course of jugged hare or boiled tongue and end with gooseberry pie
and cream or a plate of cheese with cress and radishes, or even sar-
dines on toast.” Much of this rich food was wasted on Dirac, whose
poor digestion made him favour more basic fare, which he ate slowly
and in only modest quantities.

Dirac’s fellow diners consisted mainly of the young men of the
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Brideshead generation (in Evelyn Waugh’s novel, Charles Ryder and
Sebastian Flyte were then beginning their final year over in Oxford).
Many of them had been privately educated at schools such as Eton,
Harrow and Rugby, where they had learned Latin and Greek and the
art of discoursing easily about the fashionable topics of the day, such
as T. S. Eliot’s modernist poetry, or of passing supercilious judgement
on Shaw’s latest provocation. Dirac was ill equipped to join them.

Every night, alcohol circulated up and down the dinner table in
Hall, loosening the students’ tongues, freeing them to shout ever
more loudly to make themselves heard over the din. Amid the
cacophony, Dirac sat impassively, a teetotaller in the Methodist tra-
dition, silently sipping water from his glass. He had left Bristol never
having consumed a cup of tea or coffee, so his first sampling of these
drinks was an event for him.® Neither much appealed to him, though
he did have the occasional weak and milky tea, its caffeine dose
scarcely exceeding homoeopathic levels. Decades later, he told one of
his children that he drank coffee only to give himself courage before
giving a presentation.’

Dirac’s manner at the dinner table became the stuff of legend. He
had no interest in small talk, and it was common for him to sit
through several courses without saying a word or even acknowledg-
ing the students sitting next to him. Too diffident even to ask some-
one to pass the salt and pepper, he made no demands at all on his
fellow diners and felt no obligation to maintain the momentum of
any dialogue. Every opening conversational gambit would be met
with silence or with a simple yes or no. According to one story still in
circulation in St John’s College, Dirac once responded to the com-
ment ‘It’s a bit rainy, isn’t it?’ by walking to the window, returning to
his seat, and then stating ‘It is not now raining.’!® Such behaviour
quickly persuaded his colleagues that further questioning was both
unwelcome and pointless. Yet he did prefer to eat in company and to
hear intelligent people talking about serious matters, and it was by
listening to such conversations that Dirac slowly learned about life
outside science.

He was fortunate to go up to Cambridge at this time. The colleges
had just seen the departure of the last students in military uniform,
which took precedence over academic dress until the students were
officially demobilised.!! Now that Britain was under no threat of
another international conflict, this was an optimistic time, and the
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next generation of students was anxious to get back to academic
work. Dirac was studying in the university’s largest department,
mathematics, famous for its high standards and its competitiveness.
Among the students, the highest cachet was reserved for those who
both excelled in their studies and who competed successfully in
sport, which is why Hassé had thought it relevant to remark in his
reference for Dirac that he ‘played no games’. Most students took at
least some part in the social life in Cambridge — chatting in the new
coffee bars, singing in choirs, slipping out in the evening to the cin-
ema or to see an ancient Greek play.!?> None of this interested Dirac.
Even by the standards of the most ambitious swot, he was exception-
ally focused on his work, though dedication is no guarantee of suc-
cess, as thousands of students find out every year. He had been
consistently top of the class in the academic backwater of Bristol, but
he had no idea whether he would be able to compete with the best
students in Cambridge. From the moment Dirac and his colleagues
arrived, the dons were watching every one of them, always on the
lookout for a student of truly exceptional calibre — in Cambridge
parlance, ‘a first-rate man’.!3

It did not take long for the extent of Dirac’s talent to become clear
to his supervisor, Fowler, who took a brisk interest in his progress,
giving him carefully chosen problems to tackle, constantly encourag-
ing him to hone his mathematics. Students who brought Fowler a
good piece of work were rewarded with his favourite exclamation,
‘Splendid!’, and, more often than not, a pat on the back. He was an
inspirational presence in the department, but sometimes unpopular:
by spending much of his time working at home or on trips to the
Continental centres of physics, he often frustrated the students who
yearned for the succour of his advice. But Dirac was not so depend-
ent; he was content to be lightly supervised, to work alone and to
generate many of his own projects. Soon, he realised that he had been
lucky to have been allocated the most effective supervisor of theoret-
ical physics in Cambridge.

Fowler’s manner was unique in the mathematics department. The
prevailing culture was intensely formal, and the academics — every
one of them male and dressed like a banker — kept their heads down
in their offices and college rooms. The use of first names was all but
forbidden: even the friendliest of colleagues referred to each other by
their surnames and, outside the common room, conversations rarely
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lasted longer than politeness deemed necessary. Opportunities for
them to meet outside the college were minimal as there was no tradi-
tion of communal tea and coffee breaks and no programme of semi-
nars. Nor was there any of the staff-student socialising now almost
de rigueur in modern university life. Apart from Fowler’s guidance,
Dirac was left to his own devices. He soon settled into a private rou-
tine that would have rendered him invisible among the thousands of
his fellow students. With no room of his own in the department, he
worked on problems that Fowler set him, read recommended books
and the latest journals and reviewed the notes he had made during
the lectures. He relaxed only on Sundays. If the weather was fine, he
set off in the morning for a few hours’ walk, dressed in the suit he
wore all week, his hands joined behind his back, both feet pointing
outwards as he made his way around the countryside in his metro-
nomic stride. One of his colleagues said he looked like ‘the bride-
groom in an Italian wedding photograph’.!#

Dirac would put his calculations firmly at the back of his mind,
aiming to clear his head so that he could approach his work fresh on
Monday morning. Pausing only to eat his packed lunch, he looked
every inch the city gent inspecting the local terrain: to the north,
there was the winding valley of the river Great Ouse and to the east,
the geometrical network of fenland drains and Tudor-style buildings
with their Dutch gables.!> He would return in time for dinner at St
John’s and then walk back to his digs through the foggy backstreets
of Cambridge, most of them unlit. On Monday morning, he was
ready for another six days’ uninterrupted study.

Dirac’s reserve did not prevent him from meeting many of the
country’s most famous scientists soon after he arrived. Among them
was the man who had introduced him to the technicalities of relativ-
ity theory, Arthur Eddington. He was a young-looking forty-year-
old, always neatly dressed in his three-piece suit, the knot of his dark
tie poised just below the top button of his starched shirt. For some-
one so eminent, he was surprisingly lacking in confidence — he often
sat with his arms crossed defensively, weighing his words carefully.
His unique strength as a scientist lay in his hybrid skills as a mathe-
matician and astronomer, giving him the ideal qualifications to play
a leading role in tests of the general theory of relativity. He was one
of the few scientists who could work on the experiments because, as
a Quaker, he was registered as a conscientious objector. Unknown to
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most of his colleagues, Eddington had used his reputation to contrive
the media hullabaloo that followed the announcement in November
1919 that the solar eclipse results supported the prediction of
Einstein’s theory rather than Newton’s.!®

Dirac attended his lectures and, like most people who first
encountered him through his dazzling prose, was disappointed to
find that he was an incoherent public speaker who had the habit of
abandoning a sentence, as if losing interest, before moving on to the
next one.!” But Dirac admired Eddington’s mathematical approach
to science, which would become one of the most powerful influences
on him. There was no love lost between Eddington and the other
great figure of Cambridge science, the New Zealand-born Ernest
Rutherford. The two men had sharply contrasting personalities and
diametrically opposed approaches to physics. Whereas Eddington
was introspective, mild-mannered and fond of mathematical abstrac-
tion, Rutherford was outgoing, down to earth, given to volcanic tem-
per tantrums and dismissive of grandiose theorising. ‘Don’t let me
catch anyone talking about the universe in my department,” he
growled.!$

Unlike Eddington, Rutherford did not look in the least like an intel-
lectual.’ By the time Dirac first felt his surprisingly limp handshake,
Rutherford was a burly fifty-two-year-old, with a walrus moustache,
staring blue eyes and given to filling his pipe with a tobacco so dry
that it went off like a volcano when he lit it. Everyone knew when he
was in a room as he spoke more loudly than anyone else. To the peo-
ple who saw him waddling down Trumpington Street, he had the
brash, confident air of a man who had done well out of life by run-
ning a chain of betting shops. But his appearance was deceptive: he
was the most accomplished experimental scientist alive, as he was the
first to confirm. His most famous discovery, the atomic nucleus, fol-
lowed after he suggested to two of his students that they should inves-
tigate what happens when they fired subatomic particles at a thin
piece of gold foil. After he heard that a few of the particles were
deflected backwards, Rutherford imagined his way into the heart of
the atom and concluded that the core of every atom is positively
charged and occupies only a tiny fraction of its space, ‘like a gnat in
the Albert Hall’, as he put it.?? He first identified the existence of
atomic nuclei in the summer of 1912, when he was working at the
University of Manchester, eight years before he moved to Cambridge

61



OCTOBER 1923—-NOVEMBER 1924

to become J. J. Thomson’s successor as Director of the Cavendish
Laboratory. Soon after he arrived there, he made one of his bold pre-
dictions about atomic nuclei by proposing that most of them are
made not only of protons, each positively charged, but also of hith-
erto-unidentified particles with about the same mass but no electrical
charge. Rutherford encouraged his colleagues to hunt for these ‘neu-
trons’, but their desultory experiments drew a blank.

The mid-1920s were not a productive time for Rutherford as he
was no longer making ground-breaking discoveries but was devoting
his prodigious energy to directing the Cavendish Laboratory, which
he ruled like an absolute but benevolent monarch. The laboratory
was tucked away in Free School Lane, a side street that was a few
minutes’ walk from the mathematicians’ offices, but a world apart.
Built in 1871, the Victorian Gothic fagade of the laboratory was
much the most impressive part of the building. After walking
through the front door, visitors found themselves in a dingy corridor
next to a hall half-filled with haphazardly parked bicycles. To the
modern eye, the laboratories look like the kind of functional work-
shops Heath Robinson might have set up in his garage: bare brick
walls and wooden floors, pedal-operated lathes, hand-operated
vacuum pumps, glass-blowing equipment, sturdy benches covered
with greasy tools and some pieces of equipment so primative that
they would be hard to sell from a junk shop. The authorities in
Cambridge had worried whether an environment like this was wor-
thy of a university for gentlemen, but they acknowledged that it had
established itself as an exceptionally productive centre for physics
research, and at only modest cost. In 1925, the total budget of the
laboratory, including all salaries and equipment, was £9,628.%!

Although Rutherford was disdainful of mathematical physicists —
or pretended to be — he welcomed tame theorists who would do dif-
ficult calculations for him, such as his son-in-law and golfing partner
Fowler, the only theorist to have his own office in the Cavendish.
Visiting theoreticians had nowhere to sit except in the squalid,
unheated library, a shabby tearoom that reeked of congealed milk
and stale biscuits.??> Many of the older theoreticians reciprocated
Rutherford’s disdain by having nothing to do with activities at the
Cavendish, but some of the younger students accepted Rutherford’s
invitations to attend the laboratory’s regular Wednesday afternoon
seminars, preceded by tea — often poured by Lady Rutherford — and,
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sometimes, Chelsea buns.23 At the Cavendish, Dirac came to know
two of Rutherford’s ‘boys’, who were to become his closest friends:
the Englishman Patrick Blackett and Russian Peter Kapitza. Both had
been trained as engineers, but their personalities were quite different,
exemplifying the two extremes that Dirac liked most: shy introverts
like himself (Blackett) and boisterous extroverts (Kapitza).>* In their
different ways, these two men would powerfully influence Dirac,
drawing him out of his shell in his early years at Cambridge, keeping
him at the hub of experimental activity, introducing him to dozens of
new acquaintances he would not otherwise have made and to a field
that had previously been of no interest to him: politics.

Blackett and Kapitza had recently turned up at the Cavendish, like
jetsam thrown up by the war. Blackett had arrived first, in January
1919, when he was twenty-one years old and still in his navy uni-
form. He had been given a first-rate technical education at a naval
college and, days after graduating, went to war, aged sixteen. On 31
May 1916, the first day of the battle of Jutland, the most violent
naval conflict of the war, he was at one of the twin fifteen-inch tur-
rets of HMS Barbam, relentlessly bombarded by German warships
too distant to see. By the end of the day, he was walking on the deck
— the air thick with TNT fumes and disinfectant — among the charred
corpses, some with their limbs blown off.?’

Three weeks after arriving in the Cavendish, he resigned his com-
mission and took a degree in natural sciences to prepare himself for
a life in experimental physics. He cut a suave, romantic figure: six
feet two inches tall, slim, handsome as a movie star, yet with the
haunted demeanour of a midshipman who had seen his mates die in
agony in front of his eyes. In the laboratory, he quickly proved to be
an ingenious experimenter, with the scientific virtues of imagination
and scepticism. One colleague noted that he was ‘not easily con-
vinced even by his own ideas’.?

In almost any other laboratory, Blackett would have stood out as
the finest student of his generation. However, in that exceptional
phase in the history of the Cavendish, he had plenty of competition,
especially in the chunky form of Kapitza, who had earlier beaten
Blackett to the scholarship for the university’s best laboratory stu-
dent, one of several small victories that helped to fuel Blackett’s
resentment of him. Kapitza had settled in the UK in 1921 looking —
as one of his Trinity colleagues observed — ‘like a tragic Russian
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prince’, insecure and depressed after the deaths of four members of
his close family within a few months at the end of 1919: scarlet
fever took the life of his infant son, shortly before his father, wife
and baby daughter fell victim to Spanish Flu.?” In the summer of
1921, after braving an initial rejection, he persuaded Rutherford to
take him on as a student in the Cavendish. Kapitza idolised
Rutherford for his straightforwardness, his energy and his uncanny
ability to ask nature the right questions to make it yield its deepest
secrets. When Rutherford was out of earshot, Kapitza referred to
him as ‘the Crocodile’, the young Russian’s favourite creature:
Kapitza collected poems about crocodiles and even welded a metal
model of one to the radiator of his open-topped Lagonda.?®
Kapitza’s name for his boss may have been an unconscious reference
to the reptile that appeared prominently in books by the Soviet
Union’s most popular children’s writer, Korney Chukovsky. Like
most parents in Russia, Kapitza had probably read his children the
famous stories of the crocodile who swallows people and dogs but
who good-naturedly disgorges them unharmed. Chukovsky encour-
aged his readers to regard the crocodile with a mixture of fear and
admiration, just as Kapitza saw Rutherford.?’

By the time Dirac arrived in Cambridge, Kapitza was one of the
town’s most colourful characters. Although he did not speak any lan-
guage well — even, it was said, his own — he loved to talk, words tum-
bling incessantly out of one side of his mouth. He chatted merrily in
his high-pitched voice, delighting his colleagues with his card tricks
and the amusing stories he told in ‘Kapitzarene’, a language that
seemed to consist of Russian, French and English in roughly equal
parts. He returned to the Soviet Union every year to see his family
and to advise on the programme of industrialisation being pushed by
Lenin’s successor, Joseph Stalin. He was playing a dangerous game,
as the economist John Maynard Keynes told his wife in October
1925 after Kapitza mentioned that he was planning to visit Russia to
advise Trotsky on their country’s electrification programme, having
secured a firm promise that he could return to Cambridge: ‘I believe
that they will catch him sooner or later [. . .] he is a wild, disinter-
ested, vain, and absolutely uncivilized creature, perfectly suited by
nature to be a Bolshie.’3°

Dirac had no such reservations. Near the end of his life, in a nos-
talgic account of his early days with Kapitza, Dirac wrote that he was
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immediately taken with his boldness and self-confidence.3! They
shared a passion for science and engineering, but much divided them:
Kapitza delighted in chit-chat, whereas Dirac ignored it; Kapitza
loved literature and theatre, whereas Dirac had little time for either;
and Kapitza was sceptical of the abstractions of theoretical physics,
which were meat and drink to Dirac.

On Kapitza’s first day in the Cavendish, he was surprised by one of
Rutherford’s first instructions, forbidding him to spread Communist
propaganda in the laboratory.3? Kapitza worked sedulously at his
bench but in his spare time never made any secret of his support of
Lenin’s politics and pleasure at the defenestration of Russia’s land-
owning aristocracy during the 1917 revolution. As he wrote later,
although he never joined the Communist Party, he always supported
its goals: ‘I am in complete sympathy with the socialist reconstruc-
tion directed by the working class and with the broad international-
ism of the Soviet Government under the guidance of the Communist
Party.”33

In the early 1920s, the British Government was worrying about
the stability of the country’s institutions, concerned that Communists
would infiltrate and subvert them.3* It is hardly surprising that, only
two years after he arrived in Cambridge, an anonymous informer
had tipped off the Government’s Security Service MI5 with a report
‘to the effect that Kapitza is a Russian Bolshevist’.3’ In collaboration
with the Metropolitan Police Special Branch, they kept him under
surveillance, anxious that he did not suspect for a moment that he
was being watched.

It was probably Kapitza who introduced Dirac to Soviet ideology,
a subject that would later become a crucial ingredient of their friend-
ship. In the mid- to late 1920s, such beliefs were not in vogue in
Cambridge, as the great majority of students and dons were not seri-
ously interested in politics.>® The only prominent Marxist don was
the economist Maurice Dobb, who, like Kapitza, was based at
Trinity College. The tenor of political conversations in its senior
common room was the soul of moderation, equilibrium being guar-
anteed by moderates such as Rutherford and by a bevy of conserva-
tives that included the poet and classicist A. E. Housman and Charlie
Broad, who had moved to Cambridge and was living in the rooms
once occupied by Newton.
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Kapitza liked to compare himself to Dickens’s Mr Pickwick, and it
was an apposite comparison: each, with winning brio, had founded
a club whose members had elected him to be their permanent presi-
dent. In setting up the Kapitza Club in October 1922, he had shaken
his postgraduate colleagues out of their lethargy and persuaded them
to attend a weekly seminar on a topical subject in physics. The talks
usually took place in Trinity College on Tuesday evenings, after a
good dinner. The speakers, normally volunteers from the club’s
members, spoke with the aid only of a piece of chalk and a black-
board mounted on an easel and had to be prepared for a series of
interruptions, mediated by Kapitza with the quick wit and élan of a
modern-day game-show host.3”

The rules of the club were that a student could become a member
only by giving a talk and that his membership would be withdrawn
if he missed a few meetings. Soon after Dirac’s arrival in Cambridge,
he started going to the club and joined the less frequent, more theo-
retically inclined V2V Club, named after a common symbol in math-
ematical physics. This club — the nearest the theoreticians came to
having a seminar programme — was attended by dons as well as stu-
dents, so its proceedings were more in keeping with the stiff ambi-
ence of the mathematics department. Rutherford attended them only
rarely, scoffing that theorists ‘play games with their symbols, but we

in the Cavendish turn out the real facts of nature’.38

Despite all these new experiences, the postcards Dirac sent home did
little more than confirm he was still alive:

Dear Father and Mother

I am coming home next Thursday. I expect I shall arrive by a late train.
Love to all
Paul?’

All his postcards were like this. They each bore a sepia photograph
of a Cambridge scene and about a dozen sterile words, consisting
entirely of facts and brief summaries of the weather. His mother set
the pace of the correspondence by writing to him almost weekly let-
ters that continued until the middle of Dirac’s career, giving her
view of life in 6 Julius Road and her relationship with Charles. At
this stage, the letters give no sign that the family was unusual:
chatty and steeped in maternal affection, they continually stress how
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much he was missed — an emotion that Dirac never reciprocated.
Charles Dirac apparently did not write to him, though Flo went out
of her way to underline that his father was ‘very anxious’ to know
how he was getting on.*?

Flo told her son how excited the family was by its new toy, a radio.
The Diracs were in the first generation of families to buy a receiver,
scarcely a year after they first became available in 1922. Their home
did not yet have a mains supply of gas or electricity, so Charles had
to walk down to the local tram station to charge up the radio’s accu-
mulator (its battery). It was worth the inconvenience: the new device
livened up 6 Julius Road, replacing the day-long silence with a
soundtrack of programmes from the new British Broadcasting
Corporation, including talks, concerts and news. The Diracs would
gather round the radio each night to hear the newsreader orate as if
he were addressing a funeral. On 22 January 1924, they heard that
Ramsay MacDonald had been appointed Britain’s first Labour Prime
Minister. The party that had begun as the creature of the trade
unions was in Downing Street, its agenda and rhetoric moderate
enough to avoid panicking the British public, always wary of rapid
change.*! Flo reported to Dirac that his father was ‘pleased that the
Labour government have got in at last. It is the best for teachers’
salaries.’*?

In Flo’s letters, she hardly mentions Felix. In the spring of 1924,
still based near Wolverhampton, he was earning a modest wage as a
draughtsman and was cycling home to Bristol during his short vaca-
tions.* Stooped over his drawing board, his rimless eyeglasses
perched on his nose, he spent his days making technical drawings for
a manufacturer of heavy machinery and advising engineers in the
workshops. A steady worker, he was admired for his politeness and
reliability by his colleagues, who knew — as he must have done — that
he could look forward to nothing more in his professional life than
mediocrity. In private, he began to pursue interests that set him apart
from his parents and brother: he became a Buddhist and dabbled in
astrology, seeking help from a guru, the Revd. Sapasvee Anagami
Inyom, based in south-west London. To judge from his communica-
tions to Felix, this counsellor was a theosophist, someone who
sought knowledge of God through a mixture of Hindu and Buddhist
teachings.** His letters — long on generalities, short on specifics —
each began with a florid salvo (‘Greetings in the Glorious Love, Joy

67



OCTOBER 1923-NOVEMBER 1924

and Peace in the Three Gems’) and continued with pages of windy
reassurance. By embarking on this spiritual path, Felix was aban-
doning both the Methodism of his mother’s family and his father’s
Catholicism, and by following astrology he was perhaps goading
his brother, who, like every other scientist, will have dismissed the
notion that local stars and planets influence human fortunes as
fatuous.

Unlike his brother, Felix showed an interest in the opposite sex. He
acquired a girlfriend, and the relationship became serious enough for
his father to suggest that Felix and his girlfriend should visit the fam-
ily home when Paul was present so that the whole family could meet
her. He may well have been disappointed by his mother’s rejection of
the idea, and it appears that his brother was miffed. In the first pub-
lic interview Paul gave about his family life, almost forty-five years
later, he laughed when he quoted the words his mother used to veto
the request — ‘Oh no, she mustn’t, she might go after Paul’ — and,
unusually, gave his description of the incident a dab of colour by
commenting on his mother’s protectiveness: ‘I rather resented it.’*
He said nothing about whether he would have accepted the invita-
tion to meet the young woman but implied that — in this isolated case
— his father behaved much more reasonably than his mother. Paul’s
account of her behaviour appears to be the only criticism he ever
made of her in public or private, perhaps a sign of the anger she
caused him by her possessiveness towards him and the insensitivity
she showed to his brother. This is a rare example of his recalling
empathy with his brother or anyone else.

After his arrival in Cambridge, Dirac realised that if he was to work
on truly fundamental research, he had some catching up to do. The
University of Bristol had given him an excellent technical training
and a basic grounding in mathematics, but there were several gaps in
his education. Among the most serious was his ignorance of the uni-
fied theory of electricity and magnetism set out fifty years before by
James Clerk Maxwell. This theory, with Darwin’s theory of evolu-
tion, was the most important scientific advance of the Victorian era
and did for electricity and magnetism what Einstein’s general theory
of relativity would later do for gravity. Maxwell described electricity
and magnetism in a handful of equations and used them to predict
successfully that visible light consists of electromagnetic waves (or
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‘electromagnetic radiation’). Such light waves fall within the small
range of wavelengths that human eyes can see. Electromagnetic
waves with shorter wavelengths than visible light include ultraviolet
radiation and X-rays; waves with longer wavelengths include
infrared radiation and microwaves.

Dirac first learned about Maxwell’s equations in lectures given by
Ebenezer Cunningham, who found the precocious Bristol engineer-
mathematician to be assertive and quick to ask questions about
physics that he did not understand.*® Maxwell’s equations must have
been thrilling to Dirac: in just a few lines of mathematics, they could
explain the results of every experiment on electricity, magnetism and
light that he had ever done in Bristol, and much else besides. When
he heard about the equations, he saw why Einstein’s light quanta
had, until a few years before, been so widely ridiculed: the idea flatly
contradicted the accepted Maxwellian view that light consisted of
waves, not particles. However, nine months before Dirac arrived in
Cambridge, news from Chicago suggested that Einstein might be
right: the American experimenter Arthur Compton had found that,
in some circumstances, electromagnetic radiation — including, pre-
sumably, visible light — really can behave not as waves but as discrete
particles.*” He had scattered X-rays from free electrons and found
that he could explain his measurements only if each scattering is due
to a collision between two particles, like a pair of snooker balls strik-
ing one another. This is just as Einstein had suggested — the radiation
and the electrons were both behaving as particles — in contradiction
to the wave picture. Many physicists refused to believe these results,
but Dirac was one of the few who took them in his stride, unencum-
bered by years of familiarity with the deceptive success of Maxwell’s
theory.

One of the scientists who dismissed the new photon picture of light
as nonsense was the Danish theoretician Niels Bohr. He had made his
name in 1913, when he built on Rutherford’s suggestion that every
atom contains a tiny nucleus. Rutherford’s picture could not explain
the experimental discovery that atoms emit and absorb light with
certain definite wavelengths (each type of atom that gives out visible
light, for example, emits only light with a particular set of colours).
It is as if each atom has its own ‘song’, composed of light, not sound
— instead of musical notes, each played with a characteristic loud-
ness, every atom can give out light with its own set of colours, each
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colour with a characteristic brightness. Scientists had, somehow, to
understand the composition of every atomic melody. Bohr came up
with his idea soon after he heard that the colours of the light emitted
by hydrogen — the simplest atom, containing only one electron — had
an extremely simple pattern, first spotted in 1885 by Johannes
Balmer, a Swiss schoolteacher. He happened on a simple but mysteri-
ous formula that accounted for the colours of the light given out by
these atoms, a mathematical encapsulation of hydrogen’s signature
tune. Every other atom was more complicated and much harder to
understand. Bohr’s achievement was to take the cue from the hints in
this pattern, to build a theory of the hydrogen atom and then to gen-
eralise it to every other kind of atom.

Bohr’s atom had a positively charged nucleus, which has most of
the atom’s mass, orbited by negatively charged electrons which are
tethered by the attractive force between the opposite charges. In
much the same way, the planets are held in their orbits around the
Sun by the attractive force of gravity. He imagined that the electron
in a hydrogen atom could move around in its nucleus in only certain
circular orbits — called by others ‘Bohr orbits’ — each of them associ-
ated with a particular value of energy, ‘an energy level’. Each of these
orbits had its own whole number, known as a quantum number: the
orbit closest to the nucleus was labelled by the number one, the next
orbit by the number two, the next orbit by three, and so on. Bohr’s
innovation was to imagine that the atom gives out light when it
jumps (or, in other words, makes a transition) from one energy level
to another of a lower energy, simultaneously emitting a quantum of
radiation that has an energy equal to the difference between the ener-
gies of the two levels. Bohr was saying, in effect, that matter at the
atomic level behaves very differently from everyday matter: if the
apple that fell in Newton’s garden were able to lose energy by
descending down a set of allowed energy values, it would not have
fallen smoothly but would have made its way jerkily to the ground,
as if bumping its way down an energy staircase. But the energy val-
ues of the apple are so close together that their separation is negligi-
ble and the fruit appears to slide smoothly down the staircase. Only
in the atomic domain are the differences between energy values sig-
nificant enough for the transitions to be jerky.

Bohr’s theory offered a simple understanding of Balmer’s mysteri-
ous formula. In just a few lines of undemanding high-school algebra,
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any physicist could derive the formula using Bohr’s assumptions,
leaving the satisfying impression that the pattern of hydrogen’s
colours was comprehensible. Yet Bohr’s theory was only a qualified
success: according to the laws of electromagnetism, it was absurd.
Maxwell’s theory said that the orbiting electron would shine — con-
tinuously give out electromagnetic radiation — and thus gradually
radiate its energy away. So it would not take long before the orbiting
electron would spiral to its doom in the nucleus, with the result that
the atom would not exist at all. The only way Bohr could counter
this was to assert, by fiat, that orbiting electrons do not give off such
radiation, that Maxwell’s theory did not work on the subatomic
scale.

With a remarkable sureness of intuition, Bohr extended his ideas
to all other atoms. He suggested that each atom has energy levels and
that this helped to explain why the different chemical elements
behaved so differently — why, for example, argon is so inert but
potassium is so reactive. Einstein admired the way Bohr’s ideas
explained Balmer’s formula and the insights they gave into the differ-
ences between each type of atom, hinting at an understanding of the
very foundations of chemistry. As Einstein remarked in his autobio-
graphical notes, Bohr’s theory exemplified ‘the highest form of musi-
cality in the sphere of thought’.*8

But no one properly understood the relationship of Bohr’s atom to
the great theories of Newton and Maxwell. These theories came to
be described as ‘classical’, to distinguish them from their quantum
successors. A fundamental question was, how, precisely, does the
theory of the very small merge into the theory of the comparatively
large? To answer this, Bohr developed what he called the correspon-
dence principle: the quantum description of a particle resembles the
classical theory more and more closely as the particle’s quantum
number becomes larger. Similarly, if a particle vibrates rapidly and
therefore has a very small quantum number, quantum theory must be
used to describe it; classical theory will almost certainly fail.

This principle was too vague for Dirac: he preferred theoretical
statements to be expressed in an equation with a single, lapidary
meaning, not to be set out in words that philosophers could dispute.
But he was fascinated by Bohr’s theory of the atom. He had not heard
of it in Bristol, so Fowler’s lectures on the theory were an eye-opener.
Dirac was impressed that Bohr had come up with the first tractable
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theory of what was going on inside atoms. Dirac spent long after-
noons in the libraries studying his notes from Fowler’s lectures and
poring over the classic textbook Atomic Structure and Spectral Lines,
by the Munich theoretician Arnold Sommerfeld. Required reading
for every student of quantum theory, the book set out Bohr’s picture
of the atom and showed how it could be refined and improved.
Sommerfeld gave a more detailed description in which the possible
orbits of the electron are not circular (as Bohr had assumed) but
elliptical, like the path of a planet round the Sun. He also improved
on Bohr’s work by describing the motion of the orbiting electron not
using Newton’s laws but using Einstein’s special theory of relativity.
The result of Sommerfeld’s calculation was that the measured energy
levels should differ slightly from the levels predicted by Bohr, a con-
clusion supported by the most sensitive experiments. Bohr knew as
well as everyone else in atomic physics that his theory was fatally
flawed and therefore only provisional; what was unclear was
whether the theory that succeeded it would be based on a few tweaks
to Bohr’s ideas or on a radically new approach.

At the same time as he was learning and applying Bohr’s theory,
Dirac was immersed in geometry, which he studied privately and at
weekly tea parties held on Saturdays by the mathematician Henry
Baker, a close friend of Hassé’s. Now approaching his retirement,
Baker was an intimidating man with the thick moustache which was,
in those days, almost mandatory. His parties took place at four
o’clock on Saturday afternoons in the Arts school, a grim Edwardian
building only a short walk from the Cavendish. Apart from the
porter and a few cleaners, the School was as lifeless as a museum at
midnight until Dirac and fifteen or so other aspiring scholars of
geometry arrived and knocked on the front door. Baker regarded
these meetings as his opportunity to promote his love of geometry to
his most able students. The subject needed him: for almost a century,
it had been the most fashionable branch of mathematics in Britain,
but its popularity was waning as fashion began to favour mathemat-
ical analysis and the study of numbers.*’

The parties — better described as after-hours classes for devotees —
were friendly but tense with formality and protocol. Each gathering
began promptly at 4.15 p.m., and, in the time-honoured way at
English universities, could not begin until everyone had been served
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a cup of tea and a biscuit. The only students allowed to be late were
the sportsmen — rowers, rugby players and athletes who would arrive
red-faced and settle down hurriedly after depositing their knapsacks
full of sweaty kit. Each week, Baker arranged in advance for one of
the students to give a talk to the party before submitting to a grilling
by the audience, most of them writing with one hand and smoking
with the other. Baker was a spirited teacher, a no-nonsense mediator
but a stern host — he had no compunction about berating any student
whose attention showed the slightest sign of wandering. For several
of the young men, the parties were a chore, but they were a highlight
of Dirac’s week: ‘[they] did much to stimulate my interest in the
beauty of mathematics’. He learned that it was incumbent on math-
ematicians to express their ideas neatly and concisely: ‘the all impor-
tant thing there was to strive to express the relationships in beautiful
form’.%0

It was at one of these parties that Dirac gave his very first semi-
nar, about projective geometry. From his fellow students and Baker,
he also became acquainted with a branch of mathematics known as
Grassmann algebra, named after a nineteenth-century German
mathematician. This type of algebra resembled Hamilton’s quater-
nions, as they are both non-commuting: one element multiplied by
another gives a different result if the two are multiplied in a differ-
ent order. Some applied mathematicians jeered that Grassmann’s
ideas were of little practical use, but such concerns did not trouble
Baker. He warned his students to expect no public recognition for
anything they achieved in pure mathematics, whereas ‘if you dis-
cover a comet you can go and write a letter to “The Times” about
iv.5!

Baker was the type of don Cambridge academics called ‘deeply
civilised” — a subject specialist whose enthusiasms were grounded in
high culture. One of his hobbies was the culture of ancient Greece,
and he was fascinated by the Greeks’ love of beauty, which he
believed was as good a stimulus to a scientific life as any. This may be
one reason why Dirac drew attention to the aesthetic appeal of
Einstein’s theory of gravity in a talk he gave at one of Baker’s gather-
ings, having pointed out that its predecessor, Newton’s law of grav-
ity, ‘is of no more interest — (beauty?) — to the pure mathematician
than any other inverse power of distance’.’> This is Dirac’s first
recorded mention of ‘beauty’. In Bristol, he had been encouraged to
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take an aesthetic view of mathematics; now, in Cambridge, he had
found again that the concept of beauty was in vogue. The popularity
of the concept was at least partly due to the enduring success of
Principia ethica, published in 1903 by the philosopher George
Moore, one of Charlie Broad’s colleagues in Trinity College. Writing
with a refreshing absence of jargon, Moore made the incisive sugges-
tion that ‘the beautiful should be defined as that of which the admir-
ing contemplation is good in itself’.>3 Soon the talk of intellectuals,
Principia ethica was admired by Virginia Woolf and her colleagues in
the Bloomsbury Group and declared by Maynard Keynes to be ‘bet-
ter than Plato’. Over a century before, Immanuel Kant had rendered
the subject of beauty too complex and intimidating for most philoso-
phers, but Moore made it accessible again in a way that commanded
respect.>* Although Principia ethica did not consider the aesthetics of
science, Moore’s common-sense approach to beauty probably influ-
enced his scientific colleagues at Trinity, including Rutherford and
the college’s most eminent pure mathematician, G. H. Hardy: both
often talked about the beauties of their subject. Kapitza, too, looked
on experimental physics not as ‘business’, as it was to several of his
colleagues, but as a kind of ‘aesthetic enjoyment’.>®

Although Dirac was not interested in philosophy, this fascination
with the nature of beauty had powerful resonances for him. Like
many theoreticians, he had been moved by the sheer sensual pleasure
of working with Einstein’s theories of relativity and Maxwell’s theory.
For him and his colleagues, the theories were just as beautiful as
Mozart’s Jupiter Symphony, a Rembrandt self-portrait or a Milton
sonnet. The beauty of a fundamental theory in physics has several
characteristics in common with a great work of art: fundamental
simplicity, inevitability, power and grandeur. Like every great work
of art, a beautiful theory in physics is always ambitious, never tri-
fling. Einstein’s general theory of relativity, for example, seeks to
describe all matter in the universe, throughout all time, past and
present. From a few clearly stated principles, Einstein had built a
mathematical structure whose explanatory power would be ruined if
any of its principles were changed. Abandoning his usual modesty, he
described his theory as ‘incomparably beautiful’.’¢

Dirac was extremely hard to read. Usually, he looked blank or wore
a thin smile, whether he was making headway with one of his scien-
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tific problems or depressed by his lack of progress. He seemed to live
in a world in which there was no need to emote, no need to share
experiences — it was as if he believed he was put on Earth just to do
science.

His belief that he was working solely for himself led to one of his
rare spats with Fowler. Soon after Dirac began in Cambridge, Fowler
gauged the ability of his new student by asking him to tackle a non-
trivial but tractable problem: to find a theoretical description of the
breaking up of the molecules of gas in a closed tube whose tempera-
ture gradually changes from one end to the other.>” Some five months
later, when Dirac found the solution, he wanted to file it away and
forget it, a suggestion that dismayed Fowler: ‘if you’re not going to
write your work up, you might as well shut up shop!>*® Dirac suc-
cumbed and forced himself to learn the art of writing academic arti-
cles. Words did not come easily to him, but he gradually developed
the style for which he was to become famous, a style characterised by
directness, confident reasoning, powerful mathematics, and plain
English. All his life, Dirac had the same attitude to the written word
as his contemporary George Orwell: ‘Good prose is like a window
pane.”>’

That first paper was a piece of academic throat-clearing, of little
consequence and unrelated to the fundamental theories of physics
that Dirac loved. In his next three papers, however, he was on the
more congenial ground of relativity. In his first paper on the subject,
he clarified a point in Eddington’s mathematical textbook on
Einstein’s general theory of relativity, and in the next two applied the
special version of the theory first to atoms jumping between energy
levels and then to soups of atoms, electrons and radiation. It was not
until the end of 1924 that he produced an outstanding piece of work,
an exploration — using Bohr’s atomic theory — of what happens to the
energy levels of an atom when the forces acting on it change slowly.
Although Dirac came to no startling conclusions, his paper attested
to his mastery of Bohr’s theory and of Hamilton’s mathematical
methods. Yet Dirac was starting to believe that such exercises were
hollow. The more he thought about the Bohr theory, the more dissat-
isfied he was with its weaknesses. Others shared this dissatisfaction:
physicists all over Europe feared that a logical theory of the atom
might simply be beyond the human mind.
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Six

My grief lies all within,

And these external manners of lament

Are merely shadows to the unseen grief

That swells with silence in the tortured soul.
WILLIAM SHAKESPEARE, Richard 11,
Act 1V, Scene 1

Towards the end of Dirac’s graduate research, Ebenezer Cunningham
described him as ‘quite the most original student I have met in the
subject of mathematical physics’ and ‘a natural researcher’.! By the
time he returned to Bristol for Christmas in 1924, he had every rea-
son to be pleased with himself: he had written five good papers — well
above the average for even a strong graduate student — with little
help from Fowler or any other senior colleague. He was certain to get
his Ph.D. But Dirac knew that his work had so far involved mainly
tidying up loose ends in other people’s projects and that he had not
done nearly enough to deserve a place with Bohr and Einstein at the
forefront of theoretical physics. For the moment, Dirac was biding
his time in the green room, awaiting inspiration, before he could step
out on the international stage.

Throughout the preceding year, Dirac may have noticed that his
mother’s letters indicated her deepening unhappiness and that she
was manoeuvring him into the position of a confidant. Early in the
summer, she had complained of having little money of her own, a
theme that was to become a leitmotif of her correspondence with
him. Charles earned a respectable salary and supplemented it by
giving private tuition but was always worried about money and
had - like many a husband at that time — no compunction about
giving his wife only enough to run the house. Too proud to turn to
her friends or siblings, she was reduced to asking Paul for money:
‘[Pa] is grousing about the bills just now especially the grocer’s, so
I am wondering if you will be able to spare a few shillings a week
next time you are home?’? Though Dirac does not appear to have
responded in writing, it is reasonable to suppose that he was dis-
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turbed by it as he was living frugally on his grant and had no addi-
tional income from teaching. To give his mother money would
reduce him to penury.

In June, he had moved out of his digs into one of the grandest
buildings in the college, the neo-classical New Court, built in the
early nineteenth century.? In his rooms in the west wing of the build-
ing, he had for the first time the benefits of being able to work in
complete private, disturbed only by the cleaner and bed-maker.
Many well-off students put their individual stamp on their own
patch of the college by bringing their own furniture, oriental rugs,
paintings and trinkets. Dirac’s room was as bare as a jail cell, but the
accommodation gave him all he needed: peace and quiet, regular
meals and warmth. The only irritation for him was the regular ring-
ing of the chapel bell: a few years later, he told a friend that it ‘gets
on my nerves sometimes’ — so much so that ‘I am a little afraid of
[it].# But his mother knew that he was happier in Cambridge than he
was in Bristol, and she feared that he would no longer be content in
the modest and ill-kept family home now that he had gone up in the
world. Shortly before he returned to Bristol for the Christmas vaca-
tion, she prepared his bedroom, beating the carpet and scrubbing the
floor, ‘the best I can do to such a shabby room’.’

Felix had settled in Birmingham, living in lodgings in the south-
west of the city and working in the machine-testing laboratory of a
factory. With no sign that his career was about to move up a gear, it
may have been hard for him to hear his parents talk about the suc-
cesses of his younger brother in Cambridge. Felix had good reason to
be envious: he was still tethered to a stool in a drawing office, plying
a trade that brought him little money and, it seems, little satisfaction.
Still regretting that his father had refused to let him study medicine,
Felix volunteered for the Ambulance Corps, evening work that gave
him glimpses of the doctor’s life he had longed for. He was sharing
none of this with his brother — they lived separate lives, all fraternal
affection spent.

Early in the cold and dreary January of 1925, Felix snapped. He
left his job, though he took care to remain on good terms with his
employer, the technical manager in the Testing Machine Department,
who certified that he always found Felix ‘to be obliging, courteous,
and painstaking in his work’.® He stopped writing to his parents and
sister and did not tell either them or his landlady what he had done
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or that he was living off his savings. He pretended still to be at work,
leaving his digs in the morning and returning for his evening meal,
sometimes attending classes at the nearby Midland Institute.

By the end of winter, his savings ran out. His landlady did not sus-
pect that anything was wrong until the first Thursday evening in
March, when he did not return for dinner.”

The chilly, overcast morning of 10 March began like any other term-
time Tuesday for Paul Dirac. There was a hint of spring in the air. As
usual, before beginning his day’s work, he walked across the stone
courts of St John’s to the Porter’s Lodge to see if there was any mail
in his pigeonhole. He found a tiny envelope — small enough to fit in
the palm of his hand - postmarked in Bristol late on the previous
night, though it was not the weekly note from his mother. He opened
the folded letter and saw that it was from his mother’s sister Nell. She
began uneasily, asking him to bear up for the news that she was
about to convey because his ‘parents are so greatly upset’. Felix was
dead.®

His body had been discovered four days before under a holly bush
on the edge of a field two miles south of the Shropshire village of
Much Wenlock. Smartly dressed in a suit and bow tie, Felix had a
spanner in one of his pockets and was still wearing his bicycle clips,
though his cycle was nowhere to be seen. The people who found him
assumed that he had killed himself by taking poison, as an empty
glass bottle lay next to his corpse. He carried no identifying papers
and left no final message; the only clue to his identity was the case of
his glasses, which bore the name of an optician in Wolverhampton.’

Not so long ago, Dirac had loved his brother and looked up to
him, shared the same bedroom and the same handed-down comics,
ran with him on the Bristol Downs and followed him to university.
They had been split by arguments, resentments and jealousies, all of
them now rendered pathetically insignificant by grief. Now, the act of
suicide had made reconciliation impossible.

Dirac’s feelings about all this are not known, as there is no docu-
mentary evidence of his reactions. If he behaved according to type, he
will have received the news with the calm of a statue and told no one
in Cambridge about it, apart, perhaps, from Fowler. But it is possible
to speculate on his emotions from the testimonies of the few close
family members with whom he shared his pain decades later, if only
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for a few moments.!? If we extrapolate the feelings he showed then
back to 19235, it is reasonable to conclude that the passing of Felix
left his brother with a tapeworm of anger, sadness and guilt gnawing
inside him.

The news of Felix’s death had been all over Bristol late on the
Monday afternoon: the Evening News announced the death in a
front-page article under the headline ‘Dead in a Field’.!! A report on
the following day noted that Felix’s death had caused ‘a profoundly
painful sensation in the city’, hinting that the tragedy was all the
more incomprehensible because the deceased was ‘the son of one of
the most respected gentlemen connected with education in this
city’.!? Charles and Flo did not read the report when it was published
as they were in Shropshire to identify their son’s body and attend the
first stage of the inquest. Dirac had just received his aunt’s letter and
may have wondered why his parents had not wired him as soon as
they heard the news. Did they really believe that he would not want
to be among the first to hear of his brother’s death? Four decades
later, Dirac told friends that he was shocked by his parents’ distress.
The death of his brother was ‘a turning point’ for him: ‘My parents
were terribly distressed. I didn’t know they cared so much. [. . .] I
never knew that parents ought to care for their children, but from
then on I knew.’!3

If these and his other recollections of his early family life are accu-
rate, they indicate the extent of his emotional detachment. He
appears to have been unaware of many of the experiences that do
most to shape the lives of children — the fondness of their parents, the
importance of family rituals, the day-to-day entanglements of family
life. Nor does he ever even allude to the possibility that the coldness
of the Dirac household could have been due at least in part to his
own insensitivity. These are among the strongest clues that he suf-
fered from what amounted to a kind of emotional blindness.

From Dirac’s portrayals of his father’s cold-hearted tyranny and
his mother’s overweening maternalism, it would be natural to
expect that the suicide of Felix would have hurt his mother much
more than his father. But it was the other way round. Charles was
poleaxed. This was no ordinary grief: his doctor advised him to rest
for a year; his family feared for his sanity and even worried that he
might take his own life.!* Flo, by contrast, took it all in her stride,
though she was distressed that she had misunderstood Felix and
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had not seen the disaster as it approached. In a memorial poem to
him she wrote thirteen years later, she wrote, ‘He had dropped the
mask.’!?

On a bitterly cold Sunday, two weeks after Charles and Flo first
heard of their son’s death, they attended a memorial service for him
at a nearby church. When Flo returned home, she wrote to Dirac
with a mother’s firmness: ‘Mind you meet Pa on Thursday & _stick to
him all the time after the inquest, there’s a dear boy, & bring him
home safely whatever he may hear.”'® Dirac did as she requested: a
few days later, he travelled to the enquiry, held within a mile of the
hills where Felix had been found, a part of the country finely etched
into the English imagination by Housman’s bitter, nostalgic poetry.
At the enquiry, Dirac and his heartbroken father sat next to each
other when they listened to the coroner read his report. He began by
noting that the body had been found on Friday 6 March. The corpse
was of a man about twenty-five years old, five feet nine inches tall,
with thin features, dark hair, a slight moustache and good teeth. Felix
had taken his life, the coroner concluded, by ‘taking cyanide of
potassium whilst of unsound mind’.!”

Witnessing Charles Dirac’s grief taught his son a lesson: no matter
how painful life might become, he would never commit suicide,
because the price paid by his family would be too great.'® Betty was
no less affected: in her later life, she never spoke about the circum-
stances of Felix’s suicide, though she once remarked to her children
that he had been killed in a car accident.!”

It appears that Dirac kept working to his usual routine. Fowler had
gone on sabbatical in Copenhagen to work with Bohr, leaving Dirac
in the care of the young astrophysicist Edward Milne. He set Dirac
the task of investigating the processes going on at surfaces of stars
such as the Sun, a problem that Dirac solved efficiently, though once
again he did not come up with any eye-catching conclusions.? For
several months, Dirac’s productivity plummeted. He never explained
why, but it is reasonable to speculate that he was slowed down by
grief and, possibly, that he was turning his attention from tackling
readily solvable problems to looking for a truly fundamental
research problem. Dirac had yet to show that he had the ability to
identify such a challenge, the hallmark of a great scientist. But it is
clear that he was developing the talent: he returned to the unex-
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plained question of understanding black-body radiation, which had
first led Planck to the idea of energy quanta.

Dirac investigated a daring new idea first introduced by a twenty-
six-year-old French student, Louis de Broglie, in his Ph.D. thesis. De
Broglie used special relativity to argue with startling boldness and
originality that every subatomic particle — including electrons —
should have an associated wave of a nature yet to be understood.?!
Dirac was inured to thinking of the electron as a particle, for exam-
ple, in orbit around an atomic nucleus, so de Broglie’s notion of a
wave-like electron seemed to be a mathematical fiction of no impor-
tance to physicists.?> He carried out some initial calculations but put
the work aside after concluding that he had done nothing worth pub-
lishing. Having sniffed the scent of an important problem, he had
then lost it; but he would soon return.

In early May, almost two months after the death of Felix, Dirac
was looking forward to the visit of Niels Bohr, widely regarded as the
world’s leading atomic scientist (he had won the Nobel Prize for
physics two years before). Then approaching his fortieth birthday, he
was an imposing figure: tall, noble and good-natured, with a huge
head and a heavily built body that still bore traces of youthful athleti-
cism.?? His sprawling hands had once helped him to become a top
Danish goalkeeper, narrowly missing selection for his country’s soc-
cer team in the 1908 Olympics. Those hands now spent much of the
time relighting his pipe or cigarettes; like his fellow chain-smoker
Rutherford, Bohr was a serial cadger of matches. The two men had
worked together in Manchester for three months in the early summer
of 1912, and Bohr had come to regard Rutherford as a ‘fatherly pres-
ence’. It was an improbable friendship. Both were profound, intuitive
thinkers and impatient with mathematical thinking, but their modes
of expression were entirely different: Rutherford was a straight
talker whose bluntness could make a navvy blush, whereas Bohr — an
inveterate mumbler — was almost always polite and struggled to
articulate the tortuous debate going on inside his head. His words
were well worth hearing, however, and his audiences sat in silence,
straining to hear his every word.?*

Bohr gave his talk, ‘Problems of Quantum Theory’, on 13 May
and spoke again at the Kapitza Club three days later. He underlined
his view that the current atomic theory was only provisional and
that a better-founded one was sorely needed. Bohr was also
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unhappy with the need to describe light sometimes as particles and
at other times as waves. Shortly before, he had failed to resolve the
dichotomy, and he was now gloomy about the state of quantum
physics. Such confusion intimidates mediocre thinkers, but for the
most able ones it signals an opportunity to make their name. One
student who was bright enough, in Bohr’s estimation, to solve the
problems of quantum theory was the German prodigy Werner
Heisenberg, based in Géttingen but soon to visit Cambridge.>® He
was very different to Dirac: widely cultured and with a fondness for
conversation and patriotic songs which had been nurtured around
campfires during his years in the German Youth Movement.
Heisenberg would declare over a glass of beer that ‘physics is fun’, a
phrase that would not have entered the heads of the serious men
who had founded the subject eighty years before.?¢

On the cool Tuesday evening of 28 July, the sweet summer air calm
and damp after a day of wind and light showers of rain, Heisenberg
addressed the Kapitza Club, his first presentation in Cambridge. He
expected to be met with the university’s famous formality but, instead,
found himself talking in a makeshift college room, with several mem-
bers of his audience having to sit on the floor. It is not clear whether
Dirac was awake throughout Heisenberg’s seminar or even if he
attended it.?” Some of the physicists who attended vaguely remem-
bered that Heisenberg spoke about the light emitted and absorbed by
atoms and that he remarked in a coda that he had written an article
about a new approach to atomic physics. Later, Heisenberg could be
sure only that he did mention this article to his host Fowler, but no
one in Cambridge — or even Heisenberg himself — appears to have
realised that they had been part of history in the making.?8

Dirac returned home for the summer break having secured fund-
ing for another three years’ research from the Royal Commission
for the Exhibition of 1851, which dispensed scholarships funded by
the Exhibition’s unexpected profits. Dirac’s application had been
recommended by Maynard Keynes and included encomia from
Cunningham, Fowler and the physicist and astronomer James
Jeans, who affirmed that Dirac had ‘ability of the highest order in
mathematical physics’.?? Much was expected of the young Dirac,
though he had published nothing of consequence since his brother’s
suicide.

Dirac probably had to fend off his mourning parents’ requests for
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him to return to Bristol. His father had already tried to persuade him
to apply for the post of Assistant Lecturer in Mathematics at the uni-
versity, but there can never have been any question that Dirac would
accept such a post — he was starting to become aware of his academic
worth.3? And he was still awaiting a challenge equal to his talent.

Early in September 1925, a postman walked up the steep path to the
front door of 6 Julius Road and delivered an envelope that changed
Dirac’s life. The package, sent by Fowler, contained fifteen pages of
the proofs of a paper sent to him by its author, Werner Heisenberg,
who had made several corrections to it in his slanting handwriting.3!
This article, written in German, contained the first glimpse of a com-
pletely new approach to understanding atoms. Most supervisors
would have kept the proofs to themselves, to get a head start on their
fellow researchers. Fowler, however, sent the proofs to Dirac with a
few words scribbled on the top right-hand corner of the front page:
“What do you think of this? I shall be glad to hear.’

The paper, technical and complex, would not have been easy read-
ing for Dirac, whose training at the Merchant Venturers’ had given
him only a modest command of German. He could, however, see that
this was not just another run-of-the-mill exercise in the mathematics
of quantum theory. Bohr’s theory featured quantities such as the
position of the electron and the time it takes to orbit its nucleus, but
Heisenberg believed that this was a mistake, as no experimenter
would ever be able to measure them. He made this point when he
summarised the aim of his theory in the article’s introductory sen-
tence: ‘The present paper seeks to establish a basis for theoretical
quantum mechanics founded exclusively upon relationships between
quantities which in principle are observable.’3?> Heisenberg knew that
it would be extremely difficult to come up with a complete atomic
theory built along the lines he envisaged in a single flourish. That
would have been too big a task. Instead, he attempted something
simpler, by trying to set out a theory of an electron moving not in
three dimensions of ordinary space but in just one dimension, that is,
in a straight line. Such an electron exists only in the mind of the the-
oretical physicist, but if this prototype theory worked, then maybe it
would be possible to extend it and produce a more realistic version
of the theory, one that could be applied to atoms.

Heisenberg considered how classical theory describes his electron,
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moving back and forth, and how quantum theory might account for
it, bearing in mind that the two theories must merge smoothly,
according to the correspondence principle. The new theory looked
completely different from its classical counterpart. For example,
there is no mention in the quantum theory of single numbers to rep-
resent the electron’s position; instead, position is replaced by num-
bers in a square array, an example of what mathematicians call a
matrix. Each number in this array is a property of a pair of the elec-
tron’s energy levels and represents the likelihood that the electron
will jump between that pair of energy levels. So, each number can be
deduced from observations of the light given out by the electron
when it jumps between them. In this way, Heisenberg demonstrated
how to build an entirely new atomic theory solely in terms of meas-
urable quantities.

This picture looks bizarre to anyone coming to it for the first time.
With astonishing boldness, Heisenberg had abandoned the assump-
tion that electrons can be visualised in orbit around a nucleus — an
assumption no one had previously thought to question — and
replaced it by a purely mathematical description of the electron. Nor
was this description easy to accept: for example, if it were to apply to
ordinary matter, an object’s precise location would not be measured
with a ruler but would be given in terms of an array of numbers that
give the chances of its making transitions to other energy states. This
was no one’s idea of common sense. In making an imaginative leap
like this, Heisenberg was behaving rather like a painter who had
switched from Vermeer’s classically descriptive style to one based on
the abstractions of Mondrian. But whereas painters can use abstrac-
tion simply as a technique for producing an attractive image that
may or may not refer to real things, abstraction for physicists is a
way of representing things en route to the most accurate possible
account of material reality.

Dirac initially found Heisenberg’s approach too complicated and
artificial, so he put the paper aside, dismissing it as being ‘of no
interest’.33 About ten days later, however, Dirac returned to it and
was struck by a point that Heisenberg made in passing, almost
halfway through the paper. Heisenberg wrote that some of the quan-
tities in the theory have a peculiar property: if one quantity is multi-
plied by another, the result is sometimes different from the one
obtained if the sequence of multiplication is reversed. This was
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exemplified by the quantities he used to represent position and
momentum of a piece of matter (its mass multiplied by its velocity):
position multiplied by momentum was, strangely, not the same as
momentum multiplied by position. The sequence of multiplication
appeared to be crucial. Heisenberg later remarked that he men-
tioned this point as an embarrassing aside, hoping that it would not
put off the paper’s reviewers and encourage them to think the theory
was too far-fetched to be worth publishing. Far from being discon-
certed, Dirac saw that these strange quantities were the key to a new
approach to quantum physics. Several years later, his mother told an
interviewer that Dirac was so excited that he broke his rule of say-
ing nothing about his work to his parents and did his best to explain
non-commutation. He did not try again.*

Unlike Heisenberg, who had never come across non-commuting
quantities before, Dirac was well acquainted with them — from his
studies of quaternions, from the Grassmann algebra he had heard
about at Baker’s tea parties, and from his extensive studies of projec-
tive geometry, which also features such relationships.?® So, Dirac
was not only comfortable with the appearance of such quantities in
the theory, he was excited by them, although at first he did not
understand their significance, nor did he know how to build on
Heisenberg’s ideas. What Dirac did notice was that Heisenberg had
not constructed his theory to be consistent with special relativity so,
true to form, Dirac played his favourite game of trying to produce a
version of Heisenberg’s theory that was consistent with relativity, but
he soon gave up.3¢ At the end of September, Dirac prepared to return
to Cambridge, convinced that the non-commuting quantities in the
theory were the key to the mystery. To make progress, he needed to
find the lock — a way of interpreting these quantities, a way of link-
ing them to experimentally observed reality.

One person who, unknown to Dirac, shared his excitement about
the theory was Albert Einstein, who wrote to a friend: ‘Heisenberg
has laid a big quantum egg.’3”

At the beginning of October, Dirac began his final year as a postgrad-
uate student. With Fowler’s encouragement, he set aside his books of
intricate calculations based on the Bohr theory, well aware that — if
Heisenberg’s theory was right — those calculations were all but
worthless.
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It was during one of his Sunday walks, soon after term began, that
Dirac had his first great epiphany. Long afterwards, he could not
recall the exact date, though he clearly remembered those first excit-
ing hours of discovery.3® He was, as usual, trying to forget about his
work and let his mind wander in the tranquillity of the flat
Cambridgeshire countryside. But on that day, the non-commuting
quantities in Heisenberg’s theory kept intruding into his conscious
mind. The crucial point was that two of these quantities, say A and
B, give different results according to the order in which they are mul-
tiplied: AB is different from BA. What is the significance of the differ-
ence AB — BA?

Out of the blue, it occurred to Dirac that he had come across a spe-
cial mathematical construction, known as a Poisson bracket, that
looked vaguely like AB — BA. He had only a faint visual recollection
of the construction, but he knew that it was somehow related to the
Hamiltonian method of describing motion. This was characteristic of
Dirac, as he was much more comfortable with images than with alge-
braic symbols. He suspected that the bracket might provide the con-
nection he was seeking between the new quantum theory and the
classical theory of the atom — between the non-commuting quantities
in Heisenberg’s theory and the ordinary numerical quantities in clas-
sical theory. Fifty-two years later, he remembered, ‘The idea first
came in a flash, I suppose, and provided of course some excitement,
and then of course came the reaction “No, this is probably wrong”.
[. . .] It was really a very disturbing situation, and it became impera-
tive for me to brush up my knowledge of Poisson brackets.’

He hurried home to see if he could find anything about the Poisson
bracket from his lecture notes and textbooks, but he drew a blank.
So he had a problem:

There was just nothing I could do, because it was a Sunday evening then and
the libraries were all closed. I just had to wait impatiently through that night
without knowing whether this idea was any good or not, but still I think that
my confidence grew during the course of the night. The next morning I hur-
ried along to one of the libraries as soon as it was open |[. . .].>°

A few minutes after Dirac entered the library, he pulled from one of
the shelves the tome that he knew would provide the answer to his
question: A Treatise on the Analytical Dynamics of Particles and
Rigid Bodies by the Edinburgh University mathematics professor
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Edmund Whittaker. The index directed him first to page 299, where
Whittaker set out the mathematical formula for the bracket. Sure
enough, as Dirac had surmised, the Poisson bracket, which first
appeared over a century before in the writings of French mathemati-
cian Siméon-Denis Poisson, had the form of two mathematical quan-
tities multiplied together minus two related quantities multiplied
together, the multiplication and minus signs making it appear similar
to the expression AB — BA.*0 In one of his greatest insights, Dirac saw
that he could weave an entire carpet from this thread — within a few
weeks of uninterrupted work he had set out the mathematical basis
of quantum theory in analogy to the classical theory. Like
Heisenberg, he believed that mental pictures of the tiniest particles of
matter were bound to be misleading. Such particles cannot be visu-
alised, nor is it possible to describe them using quantities that behave
like ordinary numbers, such as position, speed and momentum. The
solution is to use abstract mathematical quantities that correspond to
the familiar classical quantities: it was these relationships that Dirac
pictured, not the particles that they described. Using the analogy
with the Poisson bracket, together with the correspondence princi-
ple, Dirac found connections between the abstract mathematical
quantities in his theory, including the crucial equation connecting the
symbols associated with the position and momentum of a particle of
matter:

position symbol x momentum symbol — momentum symbol x position
symbol = / x (square root of —1)/(2 x )

where / is Planck’s constant and = is the ratio of the circumference
to the diameter of every circle (its value is about 3.142). The square
root of minus one — the number that, when multiplied by itself gives
minus one — plays no role in everyday life but is common in mathe-
matical physics. So there was nothing new on the right-hand side of
the equation. The most mysterious part of the equation was on the
left-hand side, especially for those unwise enough to think of the
position and momentum symbols as anything other than abstrac-
tions: they are not numbers or measurable quantities but symbols,
purely mathematical objects.

To all but mathematical physicists of the most austere disposition,
Dirac’s description looked remote from reality, but, in the right
hands, it was possible to manipulate his abstract symbols to make
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concrete predictions. In Eddington’s words, “The fascinating point is
that as the development process proceeds, actual numbers are
exuded from the symbols.’*! By this, Eddington meant that the
underlying symbolic language yielded, after mathematical manipu-
lation, numbers that experimenters could check. The value of the
theory depended on whether these predictions agreed with the read-
ings on counters, dials and detecting screens. If the theory did that
successfully and was logically consistent, it must be judged a success,
according to Dirac, no matter how peculiar it looked.

Fowler appreciated that his student had done something special.
Dirac’s theory, much more ambitious than Heisenberg’s prototype
description of the artificial case of an electron jiggling about in a
straight line, sought to describe the behaviour of all quantum particles
in all circumstances throughout all time. He knew, however, that the
most important priority was to demonstrate that his theory could
account for the most important general observations that experi-
menters had made about atoms. In a few lines of algebra, Dirac
demonstrated that energy is conserved in his theory — as it is in the
everyday world — and that when an atomic electron jumps from one
energy level to another, it gives out a quantum of light whose energy
is equal to the difference between the two levels. This indicated that
the theory was able to reproduce Bohr’s successes, without having to
assume that electrons are in orbit, like planets round a star, doomed
to cascade into the nucleus. For Dirac, it was meaningless to use such
graphic images — quantum particles can be described only using the
precise, rarefied language of symbolic mathematics.

Although Dirac had been inspired by Heisenberg’s paper, the two
men had sharply different approaches to their subject. Heisenberg
proudly referred to his paper as ‘the great saw’, a tool to cut off the
limb on which the old Bohr theory rested.*? Dirac, on the other hand,
sought to build a bridge between Newtonian mechanics and the new
theory. His dream was that all the mathematics that Hamilton and
others had used to recast Newton’s theory of mechanics would have
exact counterparts in the new theory. If Dirac was right, physicists
would be able to use the infrastructure of ‘classical mechanics’ — the
stuff of hundreds of textbooks — in the construction of the new the-
ory, which had been named the year before by Heisenberg’s senior
colleague, Max Born: ‘quantum mechanics’.

By early November, Dirac had written his paper and had given it an
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ambitious title that would catch the attention of even the most casual
browser: ‘The Fundamental Equations of Quantum Mechanics’.
Fowler was delighted. Only a few months before, he had described his
student’s ability to ‘push forward the mathematical development of
his ideas’ and to ‘view old problems in a fresh and simpler way’.*3
Now he could alter the focus of his praise of Dirac from his potential
to his achievement. Fowler’s highest priority now was to ensure that
the paper was published as quickly as printing schedules allowed; if
one of Dirac’s competitors managed to submit a similar paper before
him, then, according to the unwritten rules of the scientific commu-
nity, Dirac would be regarded as an ‘also ran’. Like sport, science is
supposed to be an activity in which the winner takes all. Fowler had
recently been elected a Fellow of the UK’s academy of science, the
Royal Society, qualifying him to send manuscripts for publication in
its proceedings in the confident expectation that they would be
accepted without delay.

For most physicists in Cambridge, the discovery of quantum
mechanics was a non-event. Apart from his discussions with Fowler,
Dirac made no effort to draw his colleagues into the new revolution
in physics that he knew was afoot. Word was beginning to spread,
however, that he was a ‘first-rate man’ in the making, though his
wispy, almost wordless presence gave no clue to the depth and sub-
tlety of his thinking. It appears to have been at about this time that
his colleagues invented a new unit for the smallest imaginable num-
ber of words that someone with the power of speech could utter in
company — an average of one word an hour, ‘a Dirac’. On the rare
occasions when he was provoked into saying more than yes or no, he
said precisely what he thought, apparently with no understanding of
other people’s feelings or the conventions of polite conversation.
During a meal in St John’s Hall, he crushed a fellow student who
was devoting his time to workaday problems in classical physics:
“You ought to tackle fundamental problems, not peripheral ones.”*4
This was Rutherford’s credo, too, though his approach was more
down to earth. Rutherford was wary of the theorists’ effusions about
their latest hieroglyphics until the results were useful to experi-
menters. Quantum mechanics had yet to do that. Most physicists
found it implausible that nature could be so perverse as to favour a
theory that required thirty pages of algebra to explain the simplest
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atom’s energy levels, rather than Bohr’s theory, which explained them
in a few lines. For Rutherford and his boys, the real sensation that
autumn was not the revelations about quantum mechanics but the
discovery that electrons have spin. Made at the University of Leiden
by two Dutchmen, this discovery took everyone by surprise. In terms
of the Bohr picture of the atom, it was easy to envisage crudely what
was going on: the orbiting electron is spinning, just as the Earth spins
like a top around its north—south axis. Though soon to be taken for
granted, many leading physicists thought the idea that the electron
has spin was ridiculous.*’

One of the postgraduate students who first heard in Cambridge
that term about the discovery of spin was Robert Oppenheimer, a
dapper, well-to-do American Jew just arrived from Harvard, then
riddled with anti-Semitism. He was emotionally fragile, unsure of
what he wanted to do with his life but outwardly confident and
always keen to display the breadth and depth of his cultural interests.
After Rutherford refused to accept him as a student, he spent a few
unproductive weeks working with J. J. Thomson, then well over the
hill. Oppenheimer disliked Cambridge life — the ‘rather pallid science
clubs’, the ‘vile’ lectures, having to live in ‘a miserable hole’. He saw
fellow American students ‘literally dying off under the rigors of dis-
regard, climate, and Yorkshire pudding’.*® By the end of his first term
in Cambridge, Oppenheimer was judged by a close American friend
to have “a first class case of depression’.4”

Dirac mentioned none of his new student acquaintances in his
postcards home, and virtually nothing about his work. His frustrated
parents had to wait six weeks for him even to confirm that his lodg-
ings were comfortable. Flo, having seen her son ratchet up his work
rate after tumbling to the importance of Heisenberg’s first paper,
began what was to become her ineffectual refrain: ‘Don’t work too
hard; have some fun if it comes your way.” Dirac’s father was still a
broken man, suffering in the cold weather and — in his wife’s words —
shuffling around ‘so slowly that he is like a block of ice’.$

One of Flo’s favourite subjects was national and local politics, but
that autumn she wrote little about them, probably because there was
not much to write about: Britain was stable and quietly prospering.
As the country entered the second half of the 1920s, it seemed at last
to be coming to terms with its memories of the war, encouraged by
the growing international consensus that disagreements should never
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again be resolved on the battlefield. This understanding was manifest
in the hailed Treaty of Locarno, a non-aggression pact between
France, Germany and Belgium, guaranteed by the two supposedly
impartial powers, Italy and the UK. Some English schools celebrated
by giving their pupils a day off when the treaty was signed in London
on 1 December, the day the Royal Society published Dirac’s first
paper on quantum mechanics. Fowler had managed to cut the time
between the submission of the paper and its publication from the
usual three months to three weeks.

Word passed around the cognoscenti of quantum theory that a star
had been born. Dirac’s earlier work had gone largely unnoticed, but
here was a paper that appeared to have been written by a mature
mathematician and physicist.*” One of those who had not heard of
Dirac before his first work on the new theory was Heisenberg’s boss
in Gottingen, Max Born.’? Though given to understatement rather
than hyperbole, in his memoir he described his first reading of Dirac’s
early work on quantum mechanics as ‘one of the greatest surprises of
my life [. . .] the author appeared to be a youngster, yet everything
was perfect in its way and admirable’.”!

Heisenberg, too, was jolted by the paper. On 23 November, a few
days after he received the proof copy Dirac sent him, Heisenberg
replied in a two-page letter (in German) that began a fifty-year
friendship.’> He began graciously by telling Dirac that he had read
his ‘beautiful work with great interest’, adding that ‘There can be no
doubt that all your results are correct, insofar as one believes in the
new theory.” The discoverer of the new theory was unsure of whether
he had hit on ideas of lasting value.

What followed must have made Dirac’s heart sink: ‘T hope you are
not disturbed by the fact that part of your results have already been
found here some time ago.” Born had independently found the rela-
tionship between the position and momentum symbols, a connection
that Dirac probably thought he had been first to make. Also,
Heisenberg’s theory accounted for the Balmer formula for hydrogen
atoms, according to a virtuoso calculation by Heisenberg’s slightly
older friend Wolfgang Pauli, an Austrian theoretician known for his
brilliance, his unsparing intellectual aggression and for drinking a
glass of wine too many in the nightspots of Hamburg. Heisenberg’s
note bore the disappointing message that other European theoreti-
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cians were on the same track and the deflating prospect that they
would repeatedly beat him into print.

In the ten days following his first letter, Heisenberg wrote Dirac
three more warm and complimentary notes, pointing out technical
difficulties and minor errors in Dirac’s first paper and seeking to clar-
ify details. He concluded his letter of 1 December: ‘Please do not take
these questions that I write to you as criticisms of your wonderful
work. I must now write an article on the state of the theory [...] and
still wonder at the mathematical simplicity with which you have
overcome this problem.”’3 Dirac knew that he was facing some of the
toughest competition theoretical physics had to offer. Heisenberg
was working in Gottingen not only with Born and his student
Pascual Jordan but also in association with some of the world’s lead-
ing mathematicians. The trio of Born, Heisenberg and Jordan were
working in the Géttingen tradition of a close relationship between
the theoretical physicists, mathematicians and experimenters, in
sharp contrast with the virtual separation of the communities in
Cambridge, where individuality was prized. So, in the undeclared
contest to be the first to develop quantum mechanics into a complete
theory, the combined might of the mathematicians and physicists in
Gottingen was pitted against the loner Dirac. He knew that
Heisenberg had given his German competitors a head start of two
months.

It would take several years before quantum mechanics crystallised
into a complete theory. During that time, it was a work in progress
by about fifty physicists. In retrospect, they resembled a group of
construction workers who had agreed on a common project — to
build a new theory of the behaviour of matter — though not on how
to accomplish it. In this case, the construction site was dispersed
across north-western Europe, and virtually all the builders were
male, under thirty, intensely competitive and craving the respect of
their peers as well as the blessing of posterity. There was no official
leader, so the workers were free to concentrate on any part of the
project they liked. In this quasi-anarchy, some tasks were sure to be
done by several people at the same time so, when useful results
emerged, there would be quarrels about who most deserved the
credit for them. All the workers had their favourite tools and their
own preferred way of solving the problems in hand. Some approached
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it philosophically, some mathematically and some with their eyes on
what experiment could teach them. Some concentrated on the pro-
ject’s grand plans and others on its details. Most of them liked to col-
laborate and to bounce ideas off their colleagues, while a few others
— notably Dirac — had no wish to be in anyone’s team. It was rarely
easy to see which of the new ideas were duds and which were gems,
nor was it obvious whose approaches to the problem were the most
promising. Not that any physicist felt bound by a need to take an
entirely consistent approach; all that mattered was getting the job
done, by whatever means were available. In the end, prizes for a new
scientific theory tend to be awarded as they are in architecture for a
new building — not to the people who talked most eloquently during
the construction but to those who set out its vision and who did most
to realise it.>*

Dirac knew that he and his colleagues had taken only the first step
towards the building of a complete theory of quantum mechanics.
There was much to do.
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A door like this has cracked open five or six times since we got up on
our hind legs. It’s the best possible time to be alive, when almost
everything you knew is wrong.

TOM STOPPARD, Arcadia, 1993, Act 1, Scene 4

Einstein admired the new quantum mechanics, but he was suspicious
of it. On Christmas Day 1925 in Berlin, he wrote to a close friend
that it seemed implausible to him that something so simple as a num-
ber representing a quantum particle’s position should have to be
replaced by an array of numbers, ‘a genuine witches’ multiplication
table’.! Seven weeks later, he was coming to the conclusion that the
theory was wrong.”

Dirac had no such qualms — he was sure that Heisenberg had
pointed the best way ahead. Yet although Dirac was working with
Heisenberg’s theory, their approaches to it were quite different:
whereas Heisenberg thought the theory was revolutionary, for Dirac
it was an extension of classical theory.> While Heisenberg and his
Gottingen colleagues strove constantly to account for experimental
results, Dirac’s priority was to lay the theory’s ‘substrata’, following
a favourite term of Eddington’s. Dirac was following Einstein in tak-
ing a top-down approach, beginning with mathematically precise
formulations of fundamental principles and only afterwards using
the theory to make predictions.

A few weeks after Christmas — the first the Dirac family had spent
without Felix — Dirac gave a talk at the Kapitza Club about his just-
published paper on quantum mechanics. Two days later, he sent off
for publication the proof that his theory reproduced Balmer’s for-
mula, the first of three papers on the new theory that he wrote in the
first four months of the year. In these first papers on quantum
mechanics, Dirac was trying both to understand the theory and to
apply it. Puzzled by the symbols in Heisenberg’s theory, he spent
months unsuccessfully trying to relate them to projective geometry;
none of his ideas worked. He was using mathematics that was
unknown or at least unfamiliar to most of his colleagues, yet he
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rarely gave details of the mathematical techniques he was using or
the experimental observations he was trying to explain. He thus
managed to perplex both physicists and mathematicians. Nearly
fifty years later, Dirac admitted that his attitude to mathematics was
cavalier:

I did not bother at all about finding a precise mathematical nature for [some
of my symbols] or about any kind of precision in dealing with them. I think
you can see here the effects of an engineering training. I just wanted to get
results quickly, results which I felt one could have some confidence in, even
though they did not follow from strict logic, and I was using the mathemat-
ics of engineers, rather than the rigorous mathematics which had been
taught to me by Fraser.*

Those words would have puzzled Dirac’s peers in the spring of 1925.
Most of them would have been hard pressed to identify in his papers
any remnants of an engineer’s training, nor did his writings flaunt the
quick-and-dirty approach to calculations favoured by engineers.
Rather, Dirac’s papers appeared to be impenetrable to all but the
mathematically adept. One reason why Dirac’s approach was so puz-
zling was that he was an unusual hybrid — part theoretical physicist,
part pure mathematician, part engineer. He had the physicist’s pas-
sion to know the underlying laws of nature, the mathematician’s love
of abstraction for its own sake and the engineer’s insistence that the-
ories give useful results.

Wearing the hat of the physicist, Dirac knew that, for all the math-
ematical elegance of quantum mechanics, it had yet to make a single
prediction whose confirmation would demonstrate its superiority
over Bohr’s theory. Such a test of the new theory was not easy to find.
The best that Dirac could do was to use the theory to describe the
most-investigated example of subatomic collision — the scattering of
a photon (a particle of light) by a single electron. This process always
involves particles travelling at extremely high speeds, close to the
speed of light, so any theory that seeks to describe it must be rela-
tivistic — consistent with Einstein’s special theory of relativity. The
problem was that Heisenberg and Dirac’s theory of quantum
mechanics was not relativistic, and it was unclear how to incorporate
relativity into the theory. Dirac made a start on this by tweaking the
theory to improve its consistency with relativity and then used it to
make testable predictions, using the ideas he had developed at home
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in Bristol soon after he received Heisenberg’s original paper. The the-
ory was rough and ready, but it enabled Dirac to make the first pre-
diction of quantum mechanics: using a graph, he compared
observations of electron scattering with his ‘new quantum theory’
and showed that it was in better agreement than the classical theory.

Quantum mechanics was still only a rudimentary theory. Much
remained to be clarified about the interpretation of its mathematical
symbols: what did they really mean? And was it possible to say any
more about the motion of subatomic particles? How could the
theory be applied to atoms more complicated than hydrogen, con-
taining more than one electron? In later life, Dirac liked to point out
that quantum mechanics was the first physical theory to be discov-
ered before anyone knew what it meant. He spent months on the
problem of interpreting its symbols and came to see that the theory
was mathematically less complicated than he had first thought. Born
pointed out to Heisenberg that each array of numbers in his quan-
tum theory was a matrix, which consists of numbers arranged in
horizontal rows and vertical columns that behave according to sim-
ple rules spelt out in textbooks. Heisenberg had never heard of
matrices when he discovered the theory, as Born often reminded his
colleagues, adding that he was the one who had ensured that
Heisenberg’s egg was properly hatched and that its contents were
nurtured into infancy.

It seemed to many physicists that Dirac was working in a private
language, and this inaccessibility made his work unpopular. In
Berlin, long the global capital of theoretical physics, the consensus
was that the approach of the Gottingen group — Heisenberg, Born
and Jordan — was the most effective. In the United States, then way
behind Europe in developing quantum mechanics, the practically
minded theoretician John Slater later recalled his frustration with
Dirac’s writings. In Slater’s view, there are two types of theoretical
physicist. The first consists of people like himself, ‘the prosaic, prag-
matic, matter-of-fact sort, who [. . .| tries to write or speak in the
most comprehensible manner possible’. The second was ‘the magical,
or hand-waving type, who like a magician, waves his hands as if he
were drawing a rabbit out of a hat, and who is not satisfied unless he
can mystify his readers or hearers’. For Slater and many others, Dirac

was a magician.’
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Dirac’s academic stock rose further in the spring of 1926, during his
final term as a postgraduate. He was no longer just another of
Cambridge’s many brilliant but unfulfilled loners but was recognised
as an extraordinary talent. Fowler arranged for him to give two
series of lectures on quantum theory for his fellow students. Fowler
was also in the audience, aware that his most brilliant protégé had
overtaken him.

Although Rutherford affected to scorn highfalutin theory, he kept
abreast of the latest news about quantum physics. At his request,
Dirac gave a presentation at the Cavendish about the welter of quan-
tum discoveries that had been made at Gottingen, but it was a poor,
hastily prepared talk.® His audience almost certainly included
Oppenheimer and also Kapitza and Blackett, who were — beneath a
veneer of amity — increasingly at odds. The tensions were rooted in
their relationships with Rutherford. Kapitza shamelessly flattered
and courted him, who in return gave favours and even friendship, to
the extent that Kapitza was sometimes described as the son
Rutherford never had. None of this went down well with Blackett,
who admired Rutherford’s creative running of the laboratory but had
no time for his authoritarianism. Blackett, too, was an object of envy.
In the early autumn of 1925, he tutored Oppenheimer at the labora-
tory bench, teaching him the craft of experimental physics, for which
Oppenheimer had little aptitude, as he well knew. With the peculiar
logic of neurosis, Oppenheimer decided to get his own back by
anonymously leaving on Blackett’s desk an apple poisoned with
chemicals from the laboratory.” Blackett survived but the authorities
were outraged and Oppenheimer avoided expulsion from the univer-
sity only after his parents persuaded the university not to press
charges but to put him on probation, on the understanding that he
would have regular sessions with a psychiatrist. A few months later,
he switched to theoretical physics — a much more congenial field for
him — and worked in the same circle as Dirac, who was busy ham-
mering out his vision of quantum mechanics. Oppenheimer recalled
that ‘Dirac was not easily understood, not concerned with being
understood. I thought he was absolutely grand.’®

Dirac probably did not notice the intrigues among his friends and
acquaintances or their personal problems; even if he did, he would
probably have ignored them. He worked all day long and took time
off only for his Sunday walk and to play chess, a game he played well
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enough to beat most students in the college chess club, sometimes
several at the same time. Nor did Dirac take much interest in politics.
He was an onlooker during the General Strike that almost brought
the UK to a halt for nine days in early May 1926 and led many to
fear that a Bolshevik revolution was imminent. King George V urged
moderation, while in the Government, Churchill demanded ‘uncon-
ditional surrender’ from the workers (‘the enemy’) who were sup-
porting the demands of the Miners’ Union. Some students thought
the strike was a national crisis, but to others it was an opportunity to
drive a tram or to play at being a docker or a policeman. Almost half
the university’s students took part in strike-breaking activities, so the
authorities had no choice but to postpone the end-of-year examina-
tions, prolonging the merriment.’ Dirac heard from his mother that
trams and buses in Bristol were still running, a relief to his father, so
weakened by grief that he could not walk the mile between his home
and the Merchant Venturers’ School. Fate was about to bring
Charles even more sorrow: he heard from Geneva in early March
that his mother had died.!”

The collapse of the General Strike was important in the develop-
ment of political thought in Cambridge. The strength of opposition
to the strike in the university demonstrated the unwillingness of its
dons to disrupt the political status quo; even some of its socialist
academics had been strike-breakers. The humiliation of May 1926
was one of the main motivations of a few Marxist scientists who
were determined to establish radical politics in Cambridge and then
to spread the word across the country. The most effective of the
proselytisers was the young crystallographer Desmond Bernal, an
energetic and charismatic polymath, who had joined the
Communist Party after he graduated in 1923.!! He had a vision of a
just and well-informed collectivist society, with all policy decisions
taken according to scientific principles and with the benefit of
expert technological knowledge. Scientists were his ideal society’s
elite, to the extent that he suggested that they might be granted the
freedom to form ‘almost independent states and be enabled to
undertake their largest experiments without consulting the outside
world’.!? The theoretical basis for Bernal’s thinking was supplied
by Marxism, which seemed to him and his friends to provide a
framework for the solution of every social, political and economic
problem.
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Bernal and his colleagues at first made slow progress in converting
colleagues to Marxist thinking, partly because of resistance by mod-
erates such as Rutherford, who despised Bernal more than anyone
else in Cambridge for his activism and, apparently, for his open sex-
ual promiscuity.'® The suspicion of card-carrying Communists was
so intense that Bernal apparently decided in 1927, when he began a
period of working full-time in the Cavendish, that it would be better
to let his membership of the party drop. After that, it appears that
none of his colleagues officially joined the party.!*

Kapitza did not make the error of alienating senior colleagues:
although he shared many of Bernal’s political views, he was careful
not to offend Rutherford by talking politics in the laboratory.
However, Kapitza will have shared his vision of society with Dirac,
who had arrived in Cambridge a political innocent and so heard for
the first time the claim that Marxism offered an all-embracing scien-
tific theory that could do for society what Newton had done for sci-
ence. According to this vision, every economy could be the test bed
for a theory that promised a brighter future, with intelligent planning
taking the place of the sometimes cruel, invisible hand of market
forces. Dirac may have noted the strong support Marxists gave to
education and industrialisation and the contempt they poured on
religion — themes that emerged soon afterwards in his perspective on
aspects of life he was discovering outside physics.

During the General Strike, Dirac was absorbed in writing his Ph.D.
thesis, a compact presentation of his vision of quantum mechanics.
Confident though he was of his understanding of the theory, he knew
as he wrote his thesis that it was not the whole story, for he had
recently heard that an alternative version of quantum theory had
appeared, one that looked completely different from Heisenberg’s.
The author of the new version was the Austrian theoretician Erwin
Schrodinger, working in Zurich. He was thirty-eight years old, a gen-
eration older than Heisenberg and Dirac, with a formidable reputa-
tion in Europe as a brilliant polymath.

Schrodinger had discovered his quantum theory independently of
Heisenberg and a few weeks later, by building on de Broglie’s wave
theory of matter, which Dirac had admired but had not taken seri-
ously. In the Christmas vacation of 1925, during an illicit weekend
with a girlfriend in the Swiss mountains, Schrodinger discovered an
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equation that described the behaviour of quanta of matter in terms
of their associated waves, and then applied the theory in a series of
dazzling papers. His achievement was to generalise de Broglie’s idea:
the young Frenchman’s theory applied only to the special case of
matter with no overall force acting on it, but Schrodinger’s theory
applied to all matter, in any circumstances.

The great virtue of Schrodinger’s theory was that it was easy to
use. For the many scientists intimidated by the abstract mathematics
in Heisenberg’s approach, Schrodinger offered the balm of familiar-
ity: his theory was based on an equation that closely resembled those
most physicists had mastered as undergraduates, when they were
studying water and sound waves. Better still, in Schrodinger’s theory,
the atom could be, at least to some extent, visualised. Roughly speak-
ing, the energy levels of an atom correspond to the waves that can be
set up on a piece of rope, held fixed at one end and shaken up and
down at the other. The shaker can set up a single half-wavelength
(like a crest, moving up and down) on the rope, or, by shaking more
vigorously, two half-wavelengths, or three half-wavelengths, or four,
or five, and so on. Each of these wave patterns corresponds to a defi-
nite energy of the rope, just as each possible Schrodinger wave of an
atom corresponds to an atomic energy level. The meaning of these
Schrodinger waves was unclear: their discoverer suggested uncon-
vincingly that they were a measure of the spread of the electron’s
charge around the nucleus. Whatever the true nature of these waves,
they were more intuitively appealing than Heisenberg’s matrices to
those who lacked mathematical confidence. They, along with every-
one else, were relieved when Schrodinger gave a preliminary proof
(completed two years later by others) that his theory gave the same
results as Heisenberg’s. The frightened sceptics could then ignore
those intimidating matrices.

At first, Dirac was annoyed by Schrodinger’s theory, as he resented
even the thought of suspending work on the new quantum mechan-
ics and starting afresh. But in late May, as he was finishing the
writing of his Ph.D. thesis, he received a persuasive letter from
Heisenberg urging him to take Schrodinger’s work seriously. This
wise advice was ironic coming from Heisenberg, an opponent of the
rival theory, who had written to Wolfgang Pauli in early June, “The
more I reflect on the physical portion of Schrodinger’s theory the
more disgusting I find it. What Schrodinger writes on the visualiz-
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ability of his theory is probably not quite right. In other words, it’s
crap.” Schrodinger gave as good as he got, dismissing the mathemat-
ical arcana of Heisenberg’s theory and the idea of quantum jumps.
The two theorists clashed unpleasantly when they first met a month
later at a packed seminar in Munich, the first skirmish in what was
to be a long and acrimonious dispute.!®

Dirac ignored Schrodinger’s theory in his Ph.D. thesis, ‘Quantum
Mechanics’, the first to be submitted anywhere on the subject. The
thesis was a great success with his examiners, including Eddington,
who took the unusual step on 19 June of sending him a short hand-
written letter on behalf of the Degree Committee of the Mathematical
Board, congratulating him on ‘the exceptional distinction’ of his
work.!® Dirac disliked celebrations and formality, so he was almost
certainly not looking forward to the ceremony. He could have taken
the degree without attending it but decided to be there in person for
the sake of his proud parents, especially his father, who had given him
the money that enabled him to begin his Cambridge studies.

Dirac’s parents and his sister Betty set off at four in the morning,
in good time to take the train to Cambridge via Paddington to see
Paul be awarded his degree in the setting of the university’s grand
Senate House. Every detail of the proceedings harked back to the
University’s monastic origins. The ermine-collared Vice Chancellor
presided and, like the other officials, spoke only in Latin, ensuring
that Dirac understood scarcely a word. Wearing evening dress with a
white bow tie, a small black cap and black silk gown with a scarlet-
lined hood, he knelt on a velvet cushion, placed his hands together
and held them out to be grasped by the Vice Chancellor, who deliv-
ered a prayer-like oration. Dirac arose, a doctor.!”

It was the wettest June in Cambridge for five years, but on that day
the rain held off. The town was at its most relaxed, teeming with stu-
dents and their families. Dirac had not learned the local practice of
punting, so he and his family could only watch as others steered their
flat-bottomed boats along the Cam, through the lawns and fields,
past the gorgeous colleges and chapels.

The Dirac family arrived home at 4 a.m. on Sunday. It had been a
happy trip, though its cost had upset Charles. Flo wrote to her son:
‘Pa said it cost him £8, so that will be our summer holiday.’® It was
to be the highlight of her summer, though she was worried that her
son was looking drawn and emaciated: ‘I wish you would have a nice
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rest & feed up & get strong. Do try!” As usual, he took no notice.
Like his father, he had no need of holidays — the long vacations were
not for relaxing but for hard work. The university was about to
hibernate for the summer and would be virtually devoid of social dis-
tractions for the few scholars who remained. It was the perfect envi-
ronment for Dirac to concentrate even more intensively on his work.
Heisenberg and Schrodinger had knifed a sack of gemstones, and the
race was on to pick out the diamonds.

Dirac moved out of his lodgings and into a college room, where he
worked at his desk through a sweltering July, producing what would
prove to be one of his most enduring insights into nature.'® He
realised that he had been wrong to be wary of Schrédinger’s work.
Dirac saw that he could have derived Schrodinger’s equation using
his theory if only he had not been quite so fixated on the links
between classical and quantum mechanics. Now, having set aside
his prejudice, he could proceed with new gusto. He explained how
to generalise Schrodinger’s first version of his equation, which
applied only to cases that stayed the same as time progressed, to sit-
uations that did change with time, such as an atom in a fluctuating
magnetic field. Quite independently, Schrodinger wrote down the
same general equation, which is now named - not entirely fairly —
only after him.

Within a few weeks of mastering Schrodinger’s equation, Dirac
used it to make one of his most famous contributions to science. It
concerned the most basic particles that exist in nature, usually
described as ‘fundamental’ because they are believed to have no con-
stituents at all. Classic examples are photons and electrons. Today,
two established experimental facts form the bedrock of studies about
fundamental particles. First, for each type of fundamental particle,
every single one of them in the universe is the same and identical to
all other particles of the same type — every electron in every atom on
Earth is indistinguishable from every electron in galaxies millions of
light years away, just as all the trillions of photons given out each sec-
ond from a light bulb are the same as the photons given out by the
most distant star. For electrons and photons, if you have seen one,
you have seen them all. Second, the types of fundamental particles
fall into one of two classes, much as almost all human beings can be
classified as males or females. The first class is exemplified by the
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photon, the second by the electron. In 1926, no one knew that there
were two such classes.

The differences between the behaviours of electrons and photons
exemplify the sharp contrast in behaviour between the two known
classes of particle. For a collection of electrons, say in an atom, each
available energy state can usually accommodate no more than #wo
electrons. The situation is quite different for photons: each energy
state can host any number of them. One way to visualise this differ-
ence is to imagine a pair of bookcases with horizontal shelves
arranged vertically above one another in ascending order of energy —
the higher the shelf, the higher the energy to which it corresponds.
The shelves of the ‘electron bookcase’ represent the energy states
available to electrons, while the shelves of the ‘photon bookcase’ cor-
respond to the states available to photons. For the ‘electron book-
case’, each shelf can accommodate at most two books: once the shelf
is occupied, it is full and no others can join it. The ‘photon bookcase’
is different because its shelves can each house any number of books.
It is as if electrons are unsociable, whereas photons are gregarious.

Pauli first realised the aversion of electrons to their own company
in 1925 when he suggested his exclusion principle. This explained
the puzzle of why all the electrons in an atom do not all orbit the
nucleus in the same, lowest-energy orbit: it is because the electrons
simply are not allowed to fit into the same state — they are forced by
the exclusion principle to occupy higher-energy states. This is why
the different types of atom — manifest as different chemical elements
— behave so differently. In common experience, neon is a gas and
sodium is a metal, yet the atoms of neon gas are very similar to the
sodium atoms: outside their nuclei, they differ only in that a sodium
atom contains one more electron than a neon atom. That additional
electron determines the differences between the two elements, and
the Pauli exclusion principle explains why sodium’s extra electron
does not simply join the others and form an almost identical type of
atom; rather, it occupies a higher-energy quantum state that is
responsible for the differences between the behaviour of the two ele-
ments. For the same reason, if there were no exclusion principle, the
world around us would have none of the huge variety of forms, tex-
tures and colours that we take for granted. Not only would our
senses have nothing to perceive, they would not exist. Nor, indeed,
would human beings or even life itself.
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Dirac was aware of the exclusion principle’s power. But he knew
that there was much more to do before theorists could understand, at
an atomic level, what was going on in the chemistry experiments that
he had done at Bishop Road School. There, chemistry was about
describing how the elements and other substances behaved: the prize
was to move beyond these descriptions to explanations in terms of
universal laws. Quantum mechanics promised to do just this, but in
1926 it was not even possible to apply it to atoms that contain more
than just one electron, the so-called ‘heavy atoms’.

In his college room, Dirac reflected on how Schrodinger waves
might describe heavy atoms and the importance of the Pauli exclusion
principle. At the back of Dirac’s mind was Heisenberg’s tenet that
theories should be set up only in terms of quantities that experi-
menters can measure. He thought about the Schrodinger waves that
describe two electrons in an atom and wondered whether each wave
would be any different if the electrons swapped places. No experi-
menter could tell the difference, he concluded, because the light given
out by the atom would be the same in each case. The way to describe
the electrons was, he realised, in terms of waves with the property that
they change sign (that is, are multiplied by minus one) when any two
electrons are switched. In a few pages of algebra, he used this idea to
work out how energy is shared out by groups of electrons as they fill
the available energy states. The formulae Dirac derived that summer
are now used every day by researchers who study metals and semi-
conductors; the flows of heat and electricity in them are determined
by their electrons, collectively dancing to the tunes of his formulae.

Yet the practical applications were of no interest to Dirac. He was
concerned only with understanding how nature ticks at the most
fundamental level and why there is such a sharp contrast between
the waves that describe electrons and those that describe photons.
He concluded that, while the wave describing a group of electrons
changes sign if two electrons swap places, the corresponding wave
describing a group of photons behaves in the opposite way — if two
photons swap places, the wave remains the same.

This tied in neatly with the abortive work he had done on black-
body radiation and led him to explain one of the most puzzling prob-
lems of quantum mechanics, a problem that was beyond the ken of
Einstein. As Dirac had first heard in Tyndall’s lectures in Bristol,
quantum theory had begun in the closing weeks of 1900 when Max
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Planck suggested that energy is delivered in quanta. The problem was
that no one understood how the new theory of quantum mechanics
explained Planck’s formula. In the months of grief after Felix’s death,
Dirac had lost the scent of the solution because his theoretical tools
were inadequate.?’ Now he had discovered the tool he needed to
explain the black-body radiation spectrum: the waves that describe
the photons remain unchanged when any two photons are switched.
Two pages of calculations in Dirac’s notebooks had brought to an
end a research project that had been going on for twenty-five years.
He must have known he had done something special, but he did not
intend to share it with his parents. On 27 July, the message he wrote
on his weekly postcard was ‘There is not much to say now.”?!

At the end of August, Dirac sent off an account of his new theory
to the Royal Society. He had every reason to be pleased with himself,
but disappointment was in store, as he had again been beaten into
print. At the end of October, a month after his paper was published,
he received a short, typewritten letter from a physicist in Rome who
had published a quantum theory of groups of electrons eight months
before. The letter was from Enrico Fermi, an Italian physicist a year
older than Dirac. In a short note, written in Berlitz-enhanced English,
Fermi drew attention to his paper, which he presumed that Dirac had
not seen, and concluded without rancour: ‘I beg to attract your atten-
tion to it.”>> But Dirac had seen Fermi’s paper several months before
and thought it was unimportant; it had slipped his mind. Although
Dirac’s paper was very different in approach to Fermi’s, their predic-
tions for energies of groups of electrons were identical.

It later turned out that another physicist had also done work simi-
lar to Fermi’s. In Gottingen, Pascual Jordan had independently
derived the same results, had written them up in a manuscript and
had given it to his adviser Max Born to read during a trip to the USA.
Born put the paper at the bottom of his suitcase and forgot all about
it until he returned to Germany several months later, but it was too
late. Today, physicists associate the quantum description of groups of
electrons only with Fermi and Dirac — in this project, Jordan was,

unjustly, a loser.?3

In September 1926, Dirac was preparing to leave Cambridge to
spend a year in Europe funded by his scholarship from the 1851
Commission. His preference was to spend his first year as ‘an 1851
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man’ with Heisenberg and his colleagues in Gottingen, but Fowler
wanted him to go to Bohr’s Institute for Theoretical Physics in
Copenhagen. They agreed on a compromise: Dirac would spend half
the time in each, beginning with six months in Denmark.

Dirac arrived in Copenhagen exhausted, having spent much of the
sixteen-hour voyage across the North Sea vomiting.?* The experience
led him to a surprising resolution: he would keep sailing in stormy
seas until he had cured himself of the weakness of seasickness. His
colleague Nevill Mott was flabbergasted: ‘he is quite indifferent to
cold, discomfort, food etc. [. . .] Dirac is rather like one’s idea of
Gandhi.»
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MR PRALINE: [...] I wish to complain about this parrot what I pur-
chased not half an hour ago from this very boutique.
PET SHOP OWNER: Oh yes, the, uh, the Norwegian Blue . . . What’s,
uh . .. What’s wrong with it?
MR PRALINE: I'll tell you what’s wrong with it, my lad. *E’s dead,
that’s what’s wrong with it!
Monty Python’s Flying Circus, script by JOHN CLEESE and
GRAHAM CHAPMAN, 1970

Monty Python’s famous sketch uncannily resembles a parable
Rutherford told Bohr soon after Dirac had arrived in Copenhagen.
‘This Dirac,” Bohr grumbled, ‘he seems to know a lot of physics, but
he never says anything.” This will not have been news to Rutherford,
who decided that the best way of answering Bohr’s implied criticism
was to tell a story about a man who went to a pet store, bought a
parrot and tried to teach it to talk, but without success. The man
took the bird back to the store and asked for another, explaining to
the store manager that he wanted a parrot that talked. The manager
obliged, and the man took another parrot home, but this one also
said nothing. So, Rutherford continued, the man went back angrily
to the store manager: “You promised me a parrot that talks, but this
one doesn’t say anything.” The store manager paused for a moment,
then struck his head with his hand, and said, ‘Oh, that’s right! You
wanted a parrot that talks. Please forgive me. I gave you the parrot
that thinks.’!

Dirac did a lot of thinking in Copenhagen, mostly alone. No one
at Bohr’s institute had ever seen anyone quite like him — even by the
standards of theoretical physicists he was profoundly eccentric, a
retiring figure, happiest when he was alone or listening in silence. His
predisposition to answer questions with either yes or no reminded
Bohr of Lewis Carroll’s description, in Alice through the Looking
Glass, of the frustration involved in talking to cats: ‘If they would
only purr for “yes” and mew for “no”, or any rule of that sort, so
that one could keep up a conversation! But how can one deal with a
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person if they always say the same thing?’> Once in a while, however,
Dirac did extend his binary vocabulary of response. When Bohr or
one of his friends fussed over him or pressed him to state his prefer-
ence about something or other, he would bring the interrogation to
an end with a curt ‘I don’t mind.”

Perhaps surprisingly, Dirac thrived in the friendliness and informal-
ity of the institute, a world apart from the chilly formalities of
Cambridge.* Bohr had taken great care to nurture this congeniality
since the opening of the building in 1921. Located on the
Blegdamsvej, a wide straight road on the north-western edge of the
city, from the outside the institute looked anonymous, much like
every other new building in the city. But inside, the institute’s atmos-
phere was unique: for most of the day, it hummed with high-minded
debate, most of it free of pomposity; individuality was prized, but col-
laboration was supported; the administration was efficient, free of
asinine bureaucracy. Bohr encouraged his colleagues to relax together
- to play silly games, to commandeer library tables for ping-pong
tournaments, to spend the occasional evening at the cinema, followed
by boozy discussions late into the night. Quantum physics was being
forged by this generation of physicists, and they knew it. Every
researcher was seeking to put their own stamp on the emerging quan-
tum mechanics, nervous of producing trivialities, hopeful that they
would come up with insights that would be of lasting value. Their
research articles were news that aspired to be history.

Bohr was a national hero in Denmark, though he scarcely looked
the part. An unassuming but commanding presence, he looked as if
he had absconded from the captaincy of a herring trawler. His depth
and versatility enormously impressed Dirac, proving to him it was
possible to be a premier-division physicist while taking an active
interest in the arts, the stock market, psychology and just about any
other subject. Like his mentor Rutherford, Bohr had both an eerily
sound intuition about the workings of nature and a real talent for
getting the best out of his young colleagues. When a special visitor
arrived, Bohr would take him or her on a walk among the beech trees
of the Klampenborg Forest, just outside the city, to take the measure
of his new colleague and give a sense of his non-mathematical
approach to physics. Most of the young physicists came under the
spell of Bohr, as he had come under Rutherford’s.

Bohr and his queenly wife Margrethe oversaw life at the institute
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like the manager and manageress of a hostel, doing their best to
make their guests feel at home. Bohr spent most of the day practising
the art of talking and lighting his pipe at the same time, conversing
with his colleagues alone or in groups, encouraging them and putting
their ideas through the mill. Polite to a fault, his refrain when he
cross-examined his young charges was ‘Not to criticize, just to
learn.”> Bohr was the Socrates of atomic physics and he made
Copenhagen its Athens.

Dirac was billeted in a boarding house in the heart of the city. As
he had done in Bristol and Cambridge, he lived life according to a
strict routine: every day except Sunday, he took the thirty-minute
walk to the institute, past the ducks and swans on the row of artifi-
cial lakes on the north-western rim of the city, returning to his lodg-
ings for lunch.® On Sundays, he went on long strolls through the
local woods or along the coast to the north of the city, usually alone
but sometimes accompanied by some colleagues or just with Bohr.”
Among the new acquaintances he made there, he got on well with
Heisenberg — as likeable in person as he was as a correspondent — but
apparently not with Pauli. Although prodigiously talented, Pauli was
not the most endearing character in physics: he liked the sound of his
own voice and routinely meted out casual verbal violence even to his
friends, though he was widely admired for his candour, even by his
victims. ‘You are a complete fool,” Pauli would repeatedly tell his
friend Heisenberg, who later said this joshing helped him to raise his
game.® But Dirac had no taste for it, and Pauli repeatedly broke
through the firewall of his self-confidence. However, Dirac showed
no sign of discomfort: whether being praised or condemned, he
looked straight ahead with his thousand-yard stare, his entire bear-
ing powerfully radiating his unwillingness to speak or even to be
approached.

Dirac’s behaviour was apparently not a complete surprise to Bohr.
A few years later, when describing Dirac’s first visit to a journalist,
Bohr echoed the gravedigger in Hamlet: ‘in Copenhagen [we] expect
anything of an Englishman’.’

The most pressing problem for quantum theorists remained: what
did the symbols in their equations mean? During the summer, Max
Born in Gottingen had interpreted Schrodinger’s waves by abandon-
ing the classical principle that the future state of any particle can
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always, in principle, be predicted. Born had pictured an electron
being scattered by a target. He argued that it is impossible to predict
precisely how much the electron will be deflected and that it is possi-
ble to know only the probability that the electron will be scattered
around any given angle. This led him to suggest that when a particu-
lar wave describes an electron, the probability of detecting it in any
tiny region follows from a simple calculation that involves, loosely
speaking, multiplying the ‘size’ of the wave in that region by itself.!?
According to Born, the wave is a fictitious, mathematical quantity
that enables the likelihood of future behaviour to be predicted. This
was a dramatic break with the mechanistic certainties of Newton’s
picture of the universe, apparently putting an end to the centuries-old
notion that the future is contained in the past. Others had the same
idea, including Dirac, but it was Born who first published it, though
at first even he does not seem to have fully recognised its importance:
in the paper where he introduced the concept, he mentions it only in
a footnote.

Born’s quantum probabilities seem to have been news to no one at
the institute, least of all Bohr, who remarked, ‘We had never dreamt
it could be otherwise,’ though it is unclear why neither he nor any of
his colleagues saw fit to publish the idea.!! Whatever the origins of
the probability-based interpretation of quantum mechanics, every-
one in the physics community was talking about it in the autumn of
1926, and it was one of the themes of the first Bohr-Dirac ‘dialogue’.
Only weeks before Dirac’s arrival, Schrodinger had been a visitor to
the institute and made it clear that he found Born’s interpretation of
quantum waves and the concept of quantum jumps repugnant. On
one occasion, after being grilled to a crisp by Bohr, Schrodinger
retired sick to his bed, but there was to be no escape. Bohr appeared
at his bedside and resumed the interrogation.!?

Dirac would not have responded well to such intense questioning,
but he made an effective sounding board for Bohr during their
autumnal walks. Dirac hardly said a word while Bohr struggled to
articulate one point after another, resolution always lying like a
phantom, just beyond his grasp. It was on a Sunday hike in October
that Bohr, perhaps speculating that Dirac might be interested in clas-
sic English literature, took him to the setting of Hamlet, the royal
castle of Kronborg, overlooking the stretch of water between
Denmark and Sweden. The Bard would have made comic hay from
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their verbal exchange, both from the clash of their conversational
styles and their contrasting approaches to science and every other
subject. Philosophy was an important, compulsory part of Bohr’s
education, and he took it seriously. Whereas Bohr sought under-
standing through words, Dirac thought they were treacherous and
believed that true clarity could be achieved only in mathematical
symbols. As Oppenheimer would later remark, Bohr ‘regarded math-
ematics as Dirac regards words, namely as a way to make himself
intelligible to other people, which he hardly needs’.!3

There was never any hope that the two would collaborate, as
became plain early in Dirac’s stay when Bohr called him into his office
to help him write a paper. This was Bohr’s usual practice: he often dra-
gooned one of his young colleagues into spending a few days as his
scribe. The only reward was the honour of being asked and a daily
lunch with the Bohrs in their apartment. But the process was not with-
out its frustrations: no sooner would a sentence escape Bohr’s lips
than he would qualify, amend or delete it in favour of another form of
words that might, or might not, be a closer approximation to his
intended meaning. So, the tortuous process of dictation continued,
never quite reaching a coherent conclusion. Dirac had better things to
do than to spend hours disentangling Bohr’s fractured locutions and
rendering them into prose of exemplary clarity. ‘At school’, Dirac
announced soon after the first session with Bohr began, ‘I was always
taught not to start a sentence until I knew how to finish it.” His
employment as Bohr’s amanuensis lasted about half an hour.!#

In the evenings, most of the young physicists at the institute liked to
relax in the cinema or in their lodgings with a plate of hot dogs and
a few beers. But Dirac preferred to spend his nights taking long, soli-
tary walks around the city. He would set out from his lodgings after
dinner, take a tram to its terminus and walk the Copenhagen streets
back to his digs, thinking about the problems of quantum physics.!®
He probably did not know that he was following in the footsteps of
the nineteenth-century philosopher Soren Kierkegaard, pioneer of
Christian existentialism and almost as famous among his fellow
Danes for his eccentricities as his ideas.!® Kierkegaard chewed over
his ideas in his apartment, pacing back and forth for hours, and dur-
ing the ‘people bath’ he took each day in the streets of his native city.
For two decades from the mid-1830s, the people of Copenhagen saw
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the hunch-backed aristocrat walking around in his broad-rimmed
hat, his umbrella folded under his arm. ‘I have walked myself into my
best thoughts,” he said, a remark precisely echoed by the elderly
Dirac.!” But they reacted differently to the people they passed in the
street. Dirac said nothing to his fellow pedestrians, but Kierkegaard
would startle some of them by interrogating them about some sub-
ject on his mind, following in the tradition of Socrates, whom he
called ‘the virtuoso of the casual encounter’.'$

During the day, Dirac spent most of his time working in the library,
occasionally pausing to read the latest publications in the adjoining
‘journal room’ and to attend a seminar. To Christian Meller, one of
the young Danish physicists at the institute, Dirac appeared dis-
tracted and aloof:

Often he sat alone in the innermost room of the library in the most uncom-
fortable position and was so absorbed in his thoughts that we hardly dared
to creep into the room, afraid as we were to disturb him. He could spend the
whole day in the same position, writing an entire article, slowly and without

ever crossing anything out.!”

In the library, Dirac was cooking up what would turn out to be one
of his most famous insights, the connection between the Heisenberg
and Schrodinger versions of quantum theory. Everyone knew that the
theories seemed to give the same results, yet they looked as different
as Japanese and English. Dirac found the rules that allow the two
languages to be translated into each other, laying bare the relation-
ship between them and giving new clarity to the Schrodinger equa-
tion. It turned out that the Schrodinger waves were not quite as
mysterious as they seemed but were simply the mathematical quanti-
ties involved in transforming a description of a quantum — an elec-
tron, or any other tiny particle — based on its energy values to one
based on possible values of its position. Dirac’s theory also accom-
modated Born’s interpretation of Schrodinger’s waves and showed
how to calculate the probability of detecting a quantum. He began to
realise that the knowledge an experimenter can have about the
behaviour of a quantum is also limited. He wrote that ‘one cannot
answer any question on the quantum theory which refers to the
numerical values for both [the initial position and momentum values
of a quantum]’, and he pointed out cryptically that one would expect
to be able to answer questions in which only one of those initial val-
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ues is known. He was within a split whisker of what would become
the most famous principle in quantum mechanics, the uncertainty
principle, soon to be snatched from under his nose by Heisenberg.

In the course of working out his theory, Dirac introduced a new
mathematical construction that made no sense within conventional
mathematics. The object, which he called the delta function, resem-
bles the outer edge of the finest of needles, pointing vertically upwards
from its base.?? Away from that base, the numerical value of the delta
function is zero, but its height is such that the area enclosed between
the perimeter and the base is exactly one unit. Dirac knew but did not
care that pure mathematicians would regard the function as prepos-
terous as it did not behave according to the usual rules of mathemati-
cal logic. He conceded that the function was not ‘proper’ but added
blithely that one can use it ‘as though it were a proper function for
practically all purposes in quantum mechanics without getting incor-
rect results’. It was not until the late 1940s that mathematicians
accepted the function as a concept of unimpeachable respectability.

In an interview in 1963, he remarked that it was his study of engi-
neering that led him to his new function:

I think it was probably that sort of training that first gave me the idea of the
delta function because when you think of load in engineering structures,
sometimes you have a distributed load and sometimes you have a concen-
trated load at the point. Well, it is essentially the same whether you have a
concentrated load or a distributed one but you use somewhat different equa-
tions in the two cases. Essentially, it’s only to unify these two things which

sort of led to the delta function.?!

But Dirac’s recollections may have been wrong. It may well be that he
first read about the delta function from Heaviside, who introduced
the function with his customary belligerence in one of the books
Dirac read as an engineering student in Bristol.?> Today, the function
is associated with Dirac’s name, but he had not been the first to
invent it — that appears to have been done in 1822 by Heaviside’s
favourite mathematician, the Frenchman Joseph Fourier, though
several others later discovered it independently.?3

Bohr was indifferent to mathematical rigour, so he would not have
been perturbed by the delta function when he read about it in the
draft Dirac submitted to him, following the understanding that Bohr
had to approve each paper submitted from the institute. However,
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Bohr and Dirac were soon in disagreement, like two poets in dispute
over the syntax of a stanza. Bohr cared about every word and repeat-
edly requested detailed changes.?* For Dirac, the words were there to
give the clearest possible expression to his thoughts, and, once he had
found the right words, he saw no need to change them. He would
have agreed with T. S. Eliot: ‘It means what it says and if I had
wanted to say it any other way, I should have done so.’

Dirac was usually quick to attribute his success to luck, but not in
this case — he referred to the paper as ‘my darling’.?> He later
remarked that he was pleased to have solved the particular problem
he set out to tackle, of laying bare the relationship between
Heisenberg’s theory and Schrodinger’s. The main quality needed in
its solution was technical skill and application; in his view, no special
inspiration was involved. Another reason why Dirac was so fond of
his ‘darling’ was probably that it was a success for his method of
developing quantum mechanics by analogy with classical mechanics.
During his reading about Hamilton’s approach to classical mechan-
ics, he had read how ‘transformation theory’ related different
descriptions of the same phenomenon — by using this idea to find the
connection between Heisenberg’s theory and Schrodinger’s, Dirac
had shed light on both.

If he hoped that the paper would establish him as the leader in the
field, he was soon to be disappointed. In the late autumn, before he
had the proofs of his paper, he heard that Pascual Jordan had solved
exactly the same problem. Although Dirac’s approach and presenta-
tion were more elegant and easier to use, the two papers covered sub-
stantially the same ground and featured much the same conclusions.
So although Dirac had made another distinguished contribution to
quantum mechanics — his second within a year — he had yet to beat
all his colleagues to a key innovation in the theory. He had, however,
acquired some distinguished admirers, though most of them were
struggling to understand his peculiar combination of logic and intu-
ition. One of them was Albert Einstein, who told a friend: ‘I have
trouble with Dirac. This balancing on the dizzying path between
genius and madness is awful.2®

One evening in Dirac’s lodgings shortly before Christmas, the tele-
phone rang. It was Professor Bohr, Dirac’s landlady told him, as she
passed the receiver to him. This was a new experience for him — he
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had never before used a telephone.?” Knowing that Dirac was about
to spend the holiday alone, Bohr was calling to ask if he would like
to spend Christmas with him and his family. Dirac accepted, though
he did not tell his parents. They had been shivering in an unseason-
ably cold autumn and recovering from the upheaval of having mains
electricity installed. Dirac’s mother persisted with her doomed cam-
paign to persuade him to do less work and to eat more (‘I hope you
will take it easy & get nice and plump like Shakespeare’s Hamlet’)
and, for the first time, confided in her son that she was unhappy and
tired of the domestic routine. Desperate for a measure of independ-
ence, when Charles was out, she and the unemployed Betty sneaked
out together to evening classes in French.?

The Dirac family was also preparing itself for its saddest
Christmas: a year before, they had had three children at home for the
holiday; now they would have only one. On 22 December, the ailing
Charles wrote his son a letter, one of only two that Dirac kept from
his father, possibly the only letters Dirac received from him in adult
life.?? No longer communicating with Dirac only in French, Charles
wrote the four-page letter entirely in English and on black-bordered
notepaper that signalled his continuing mourning for Felix.

My dear Paul

It will be a lonely time here without you — the first time since you came to us
- not so very long ago it seems, but my thoughts are with you to wish you
all the happiness a father can wish his only son.

If you can any time spare a few moments to give me some details of your
life there and your work — nothing could please me more, except seeing you
again. I should like to feel sure you take sufficient care of yourself — and do
not let your studies make you forget your health.3°

Charles goes on to say that he would like to buy his son a Christmas
present, perhaps ‘a set of chessmen’, and he offers to do ‘anything at
all’ he can to help him. He signs off ‘Many kisses from your loving
Father’. The note is a window on his grief, his loneliness, his desper-
ation to be closer to his unresponsive ‘only son’.

At midnight on Christmas Eve, Charles and Betty went to a serv-
ice at a local church, where Felix’s death had first been marked.
Later, on Christmas Day, Dirac’s mother wrote Dirac a fragmentary
letter showing that she was as lonely as the man she was living
with:
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All we do, as you know, is work & then more work. [...] I am trying to get
Pa to have [the front room] re-papered. He ought to after 13 years [. . .] He
and Betty went up to Horfield Church at 12-midnight for a Service [. . .]
This is the first Xmas Day you have been away from home. It is lonely with-
out you.

She then asked him an unusual favour:

Would you like to send me a few pounds for a diamond ring? I want one so
very much. I could wear it in the evenings & think what a darling you are.
It is so monotonous doing housework all day long. I get so fed up with it.

Pa has pupils all the year round & gives me £8 a year for clothes and
everything. It is worse than a servant.?!

For the first time in her correspondence, she showed Dirac that he was
not just her favourite son but her most intimate confidant and even a
substitute for a gift-bearing lover. As her subsequent letters showed,
she was in desperate straits, trapped in an unfulfilling marriage to a
man who was highly regarded in the community but whom she
regarded as an unsympathetic and insensitive brute. In the coming
years, her life would unfold like an Ibsen tragedy.

Another of the out-of-the-blue ideas that Dirac apparently conceived
in Copenhagen is now the basis of all modern descriptions of the fun-
damental constituents of the universe. Such descriptions are based on
the nineteenth-century concept of a ‘field’, which had superseded
Newton’s vision that nature’s basic particles move under the influ-
ence of forces exerted by other such particles, often over long dis-
tances. Physicists replaced the notion that the Sun and the Earth
exert gravitational forces on each other by the more effective picture
that the Sun, the Earth and all the other matter in the universe collec-
tively give rise to a gravitational field which pervades the entire uni-
verse and exerts a force on each particle, wherever it is located.
Likewise, an all-pervasive electromagnetic field exerts a force on
every electrically charged particle. Maxwell’s theory of electromag-
netism and Einstein’s theory of gravity are examples of classical “field
theory’, each featuring a field that varies smoothly throughout space
and time, not mentioning individual quanta. Such classical theories
describe the universe in terms of a smooth, underlying fabric. Yet,
according to quantum theory, the universe is fundamentally granu-
lar: it is ultimately made of tiny particles such as electrons and pho-
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tons. Loosely speaking, the texture of the underlying fields should,
according to classical ideas, be rather like a smooth liquid, whereas
quantum theory suggests that it would be like a vast collection of
separate grains of sand. To find a quantum version of Maxwell’s clas-
sical electromagnetism was one of the theoreticians’ most pressing
problems, and Dirac’s next innovation was to solve it.

Quite what put him on to the solution is something of a mystery.
Although he was probably aware of the first steps taken a few
months before by Jordan, Dirac later said that he first hit on the idea
when he was playing with Schrodinger waves as if they were mathe-
matical toys, wondering what would happen if they behaved not as
ordinary numbers but as non-commuting quantities.’> The answer
began a new way of describing the quantum world.

Dirac found a way of mathematically describing the creation and
destruction of photons, both commonplace processes. Particles of
light are continually created in vast numbers all over the universe in
stars and also here on Earth, when an electric light is switched on, a
match is struck, a candle is lit. Likewise, photons are continually
destroyed — annihilated — for example, when they disappear into
human retinas and when leaves convert sunlight to life-giving energy.
Neither of these processes of creation and annihilation can be under-
stood using Maxwell’s classical theory, which has no way of describ-
ing things that appear out of nowhere or disappear into oblivion.
Nor did ordinary quantum mechanics have anything to say in detail
about the processes of emission or absorption. Yet Dirac showed that
this wizardry can be described in a new type of theory, a compact
mathematical description of the creation and destruction of photons.
He associated each creation with a mathematical object, a creation
operator, which is closely related to but quite distinct from another
object associated with annihilation, an annihilation operator.

In this picture, at the heart of modern quantum field theory, the
electromagnetic field pervades the entire universe. The appearance of
every photon is simply an excitation of this field at a particular place
and time, described by the action of a creation operator. By a similar
token, the disappearance of a photon is the de-excitation of the field,
described by an annihilation operator.

Dirac had begun to set out a quantum version of Maxwell’s unified
field theory of electricity and magnetism. He had learned about that
theory only three years before, in Cunningham’s lectures in

117



SEPTEMBER I926—JANUARY 1927

Cambridge, and was now standing on Maxwell’s shoulders. So far as
Dirac was concerned, his theory put an end to the hand-wringing
about the apparent conflict between two theories of light: a wave
theory seemed to account for propagation, while a particle theory was
needed to explain the interactions with matter. The new theory
avoided the embarrassment of having to choose between the wave
and particle descriptions and replaced the two sharply contrasting
pictures with a single, unified theory. Evidently pleased with himself,
Dirac wrote that the pictures were in ‘complete harmony’. But he was
not interested in sharing the good news with his parents, who read on
their weekly postcard their son’s familiar message: “There is not much
to say now.’33

In his paper, Dirac applied his theory and compared his results
with the successful predictions Einstein had made a decade before, in
1916. Einstein had used old quantum ideas to calculate the rate at
which atoms can emit and absorb light, producing formulae that
appeared to describe these processes successfully. The question Dirac
had to answer was: does the new theory compare favourably with
Einstein’s?

Einstein’s theory had accounted for the interaction of light and
matter in terms of three fundamental processes. Two of them were
familiar enough: the emission and absorption of a photon by an
atom. But Einstein also predicted a previously unknown way of ‘per-
suading’ an atom to jump from one energy level to a lower one, by
stimulating it with another photon whose energy is exactly equal to
the difference between the two energy levels. The result of this
process of ‘stimulated emission’ is that two photons emerge from the
atom: the original one and another one given out when the atom
jumps to the lower energy level. This process takes place in the ubig-
uitous laser — there is at least one in every CD and DVD player and
in every bar-code reader — and so is the most common technological
application of Einstein’s science. Dirac’s theory produced exactly the
same formulae as Einstein’s and had the other advantages that it was
more general and mathematically more coherent. As he probably
realised, he had gone one better than Einstein.

At the end of January, as he was preparing to leave Copenhagen,
Dirac posted his paper to the Royal Society. It turned out that he was
the first to introduce the mathematics of creation and annihilation
into quantum theory, though his results had been reached independ-
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ently by John Slater, studying in Cambridge with Fowler. Slater was
one of the many who admired Dirac’s paper for its content but found
its presentation perversely complicated: ‘his paper was a typical
example of what I very much distrusted, namely one in which a
great deal of seemingly unnecessary mathematical formalism is
introduced’.?*

Dirac’s time in Copenhagen was an unqualified success. The two
theories that he had nurtured there had underlined his status as a
leading player on the international stage of science. Although he was
still the archetypal individualist, he had come to see the value of
taking different approaches to his subject and of having his views
cross-examined. Apart from Bohr, the interrogator who most fasci-
nated him was Paul Ehrenfest, an intense and disturbed theoretician
based at the University of Leiden in the Netherlands. Ehrenfest got
on well with Dirac, who was almost half his age, the two no doubt
especially comfortable in each other’s company because — unusually
among the Institute’s members — they disliked both alcohol and
smoking. Ehrenfest’s aversion to smoking was in part due to his
extremely sensitive sense of smell. One victim of this was the amiable
Dutch graduate student Hendrik Casimir. Soon after he arrived in
Leiden, Casimir had his hair cut before a meeting with Ehrenfest,
who soon sniffed the perfume of the barber’s dressing. Ehrenfest
quickly became angry and shouted, ‘T will not tolerate perfume here.
Get out. Go home, get out. Get out. Get out.” A few days later,
Casimir was dismissed.3’

Ehrenfest was at his best during seminars. Unafraid of ridicule, he
would politely but persistently interrupt speakers, seeking clarifica-
tion of every unclear point. When he first met Dirac, Ehrenfest was
uncomfortable with quantum mechanics and was worried that his
close friend Einstein was unhappy about the central role played in
the theory by probability. Einstein had been the first to identify that
when an atom spontaneously jumps to a lower energy level, quantum
theory cannot predict either the direction of the emergent photon or
the precise time of its ejection. This was also true of ordinary quan-
tum mechanics and of Dirac’s new quantum field theory. Einstein
was sure that a satisfactory theory had to do better than just predict
probabilities: ‘God is not playing dice,” he wrote to Max Born.3¢
Dirac thought his hero worried too much about the philosophical
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issues of quantum mechanics. All that mattered to Dirac — true to his
mathematical and engineering training — was that the theory was log-
ical and accurately accounted for the results of experiments.

At the end of January 1927, Dirac was preparing to travel to
Gottingen. Soon he would be leaving the company of Niels Bohr,
whom Dirac would later describe as ‘the Newton of the atom” and
‘the deepest thinker that I ever met’.3” But it was Bohr’s warmth and
humanity that most impressed Dirac. At Christmas — while Charles,
Flo and Betty Dirac were going through the family rituals — Dirac
had been welcomed into the Bohrs’ loving fold and witnessed famil-
ial joy for the first time. Dirac had seen that it was possible to be both
a great physicist and a dedicated family man and that perhaps — just
perhaps — there might be more to life than science.

For Bohr, Dirac was ‘probably the most remarkable scientific mind
which has appeared for a very long time’ and ‘a complete logical
genius’.3® Also intrigued by Dirac’s personality, Bohr never forgot
one incident, during a visit to an art gallery in Copenhagen, of his
young visitor’s eccentricity. When they were looking at a French
impressionist painting showing a boat sketched by just a few lines,
Dirac observed, ‘This boat looks as if it was not finished.” Of another
picture, Dirac remarked, ‘I like that because the degree of inaccuracy
is the same all over.”3® Such anecdotes became part of scientific lore,
and physicists vied with one another to relate the most amusing
instances of Dirac’s verbal economy, his literal-mindedness, mathe-
matical precision and otherworldliness. With no psychological
framework available to help understand him, his personality
became an object of collective amusement, through a myriad of
‘Dirac stories’.

No one relished telling the stories more than Bohr, who enter-
tained visitors with them over afternoon tea in his office. Four years
before he died, he told a colleague that, of all the people who had

visited his institute, Dirac was ‘the strangest man’.*°
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[For young Germans after the great inflation they experienced in

1923] their aims were to live from day to day; and to enjoy to the

utmost everything that was free: sun, water, friendship, their bodies.
STEPHEN SPENDER, World Within World, 1951

In Gottingen, Dirac made another of his unlikely friendships. This one
was with Robert Oppenheimer, who had fled Cambridge and was
flourishing in Max Born’s Department of Theoretical Physics as a
Ph.D. student of rare ability, self-confidence and superciliousness. Ever
the intellectual peacock, Oppenheimer ensured that his colleagues
knew he was thinking about more than physics: his eclectic reading list
included FE. Scott Fitzgerald’s collection of short stories Winter Dreams,
Chekhov’s play Ivanov and the works of the German lyric poet Johann
Hélderlin.! He was also composing verse, a hobby that puzzled Dirac.
‘T don’t see how you can work on physics and write poetry at the same
time,” he remarked during one of their walks. ‘In science, you want to
say something nobody knew before, in words everyone can under-
stand. In poetry, you are bound to say something that everybody
knows already in words that nobody can understand.” For decades to
come, Oppenheimer liked to recount this anecdote over cocktails, no
doubt having polished Dirac’s original phrasing to give it the bite of
one of Wilde’s paradoxes.?

Dirac kept normal working hours, while Oppenheimer was noc-
turnal, so the two young men could not have seen much of each
other.? They boarded with the Cario family in a spacious granite villa
on Giesmarlandstrasse, which led from the town centre out to the
local countryside.* From the outside, the home appeared to be just
another of the town’s many lavish residences, but there was a bitter-
ness and penury inside. During the unstable early years of the
Weimar Republic, the Carios had been victims of the precipitate fall
of the German currency: the number of deutschmarks that could be
purchased with an American dollar rose from 64.8 in January 1920
to 4.2 trillion in November 1923.> Worse, the family’s breadwinner,
a doctor, had been disqualified for malpractice. Now that the
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Republic had stabilised, the Carios made a living by turning their
home into a guesthouse for the stream of foreign visitors, many of
them American students visiting the Georgia Augusta University, one
of the most prestigious academic addresses in Europe. With his fel-
low boarders, Dirac sat down every evening to a meal based on the
local fare of potatoes, smoked meats, sausages, cabbages and apples.

It took Dirac and Oppenheimer only five minutes to stroll from
their lodgings to Born’s department in the Second Physics Institute,
located in an ugly red-brick building with all the charm of a Prussian
cavalry barracks. Born —a handsome, clean-shaven man, who looked
younger than his forty-four years — was reserved but warmer than
most of his professorial colleagues. He cultivated a competitive envi-
ronment but was sensitive to the needs of the brightest students and
tolerant of their peccadilloes. Dirac and Oppenheimer were among
the many students Born invited to his villa on the Planckstrasse, a
quiet road on the outskirts of the town. To be invited there was
always a pleasure: dinner would be followed by good-humoured
conversation and a concert in the huge front room, which contained
two grand pianos.® Heisenberg, a close friend of the family, took
every opportunity to display his pianistic skills in flamboyant rendi-
tions of Beethoven, Mozart and Haydn.”

Dirac lived just a few steps away from the historic centre of
Gottingen, one of the best-preserved medieval towns in Lower
Saxony: its half-timbered houses and shops, its churches and cobbled
backstreets had remained virtually unchanged for centuries. Nor was
it yet overrun by the motor car. Most people got around on foot or by
bicycle, many of the cyclists sporting garishly coloured caps to show
their affiliation to one of the clubs and societies.® Like Cambridge,
Gottingen was a tranquil academic town, dominated by the needs and
whims of its academics and students. Seniority and intellectual dis-
tinction were at a premium there. Its most revered citizens were the
most venerable of its distinguished professors, including the gruff
David Hilbert, sixty-three years old and the most celebrated mathe-
matician alive.

Also like Cambridge, many of Gottingen’s (mainly male) students
were there not so much to be well educated as to spend a few hedo-
nistic years in the fug and cacophony of the town’s taverns and cof-
fee bars.” No doubt having left Dirac to get his sleep, Oppenheimer
and his friends spent many a night on the razzle; he happily picked
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up the tab after downing a few pints of frisches Bier in the Black Bear
pub or dining on Wienerschnitzel at the four-hundred-year-old
Junker Hall.'% The atmosphere in the pub had hardly changed in gen-
erations: most evenings, the din of the students would often dissolve
into bibulous choruses of favourite folk songs, while virile young
men sloped off to put on their chain mail, don their swords and do
some ‘academic fencing’. When the combatants returned, their faces
were ‘decorated’ with scars, each a bloody badge of honour.!!

At weekends, Oppenheimer and other affluent students often took
the two-and-a-half-hour train journey to Berlin, the city of Bertolt
Brecht, Arnold Schonberg and Kurt Weill. But Dirac had no interest in
broadening his horizons much beyond the towns and villages of
Lower Saxony, where he went on long Sunday walks, if he was not
snowbound. Within twenty minutes of leaving his lodgings, he was
walking in the gently rolling countryside, following the fast-flowing
rivers and pausing at the scattered monuments to Bismarck. By early
spring, the walking conditions were perfect: almost all the winter
snow had melted, and the linden trees, shrubs and flowers were scent-
ing the air. He passed occasional groups of young men in the German
Youth Movement but otherwise saw scarcely another person, which
was just as he preferred — his empathies lay more with uncommunica-
tive forms of nature than with human beings.

So Gottingen gave Dirac everything he wanted in a town — a great
university with a world-leading physics department and comfortable
lodgings close to walking country, where he could escape from other
people. Gottingen was a German Cambridge, with hills.

In early February 1927, within days of Dirac’s arrival in Gottingen,
he had set Oppenheimer’s imagination alight. Oppenheimer was
completing his Ph.D., on the quantum mechanics of molecules, and
looking to the future which appeared to lay in the direction that
Dirac had opened up. Near the end of Oppenheimer’s life, when he
looked back on his career, he remarked that ‘perhaps the most excit-
ing time of my life was when Dirac arrived [in Gottingen] and gave
me the proofs of his paper on the quantum theory of radiation’.
While others found Dirac’s field theory mystifying, to Oppenheimer
it was ‘extraordinarily beautiful’.!?

Oppenheimer had been an outsider at Cambridge and Harvard
and so he was pleased at last to feel part of the small community of
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Gottingen physicists, gradually recovering from his clinical depres-
sion. Among his colleagues was Pascual Jordan, born a few weeks
after Dirac and the youngest of the quantum innovators. Intense,
haunted and private, his eyes stared out from behind elliptical glasses
with lenses as thick as jam jars. Oppenheimer later remarked that
Jordan’s peculiarities may have led him to be underestimated: ‘it was
in part because he was really an unbelievably queer duck with tics
and mannerisms and [. . .] apparent brutalities, which put people off
very much.’’3 According to Oppenheimer, Jordan had a stutter so
crippling that ‘it was difficult to get through’, though Oppenheimer
may have to some extent admired it — he began to affect a stutter,
muttering ‘njum-njum-njum’ before some of his finely crafted
declamations.™

Although Jordan and his colleagues admired Oppenheimer’s
quick-fire intelligence — one of them likened him to ‘an inhabitant of
Olympus who had strayed among humans’ — they found his arro-
gance irritating, to the point that it became unacceptable.!> One
morning, Born found on his desk a letter from several of his col-
leagues threatening to boycott seminars unless he stopped
Oppenheimer from disrupting them with his continual interruptions.
Always fearful of showdowns, Born chose to leave the letter — a large
sheet of parchment lettered in ornamental script — on his desk for
Oppenheimer to see. It did the trick. Relations between Born and
Oppenheimer were superficially cordial, but Oppenheimer regarded
Born as a ‘terrible egotist” who continually complained that he had
not been given enough credit for pioneering quantum mechanics.!®
Born had good reason to feel slighted. He had been one of the cre-
ators of quantum mechanics, having used his battery of mathemati-
cal skills to develop Heisenberg’s initial idea. Most physicists gave
the lion’s share of the credit to Heisenberg, but Born believed that it
was he who first fully appreciated the idea’s potential and he who led
its development in Gottingen.

By the time Dirac arrived there, Born was confident that he had
found the right way to develop quantum mechanics, using
Heisenberg’s ideas, not Schrodinger’s. Although Born knew of Dirac’s
reputation, he was not expecting his young visitor to be so adept and
knowledgeable. The American physicist Raymond Birge, then visiting
Gottingen, observed that ‘Dirac is the real master of the situation [. . .]
when he talks, Born just sits and listens to him open-mouthed.’!”
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Another colleague, the German theoretician Walter Elsasser, later
wrote his impressions of Dirac: ‘tall, gaunt, awkward and extremely
taciturn. [. . .] of towering magnitude in one field, but with little
interest and competence left for other human activities’. Elsasser
remembered that although Dirac was always polite, his conversa-
tions were almost always stilted: ‘one was never sure that he would
say something intelligible.’'® Another of Dirac’s traits was his inabil-
ity to comprehend anyone else’s point of view if it didn’t fit into his
way of looking at things: colleagues would spend hours presenting
their perspective on a physics problem, only for him to walk away
after making a brief comment, apparently apathetic or bored.
Oppenheimer was quite different: he would listen to a colleague’s
ramblings for a few minutes but would then interject with an elo-
quent summary of what he was probably trying to say.

Whereas Oppenheimer mixed freely with his colleagues, Dirac
spent most of his time working in the library or in one of the empty
classrooms. But he was not a complete loner: in Copenhagen, he had
come to appreciate being with other physicists, provided they didn’t
put pressure on him to speak. Most mornings, he walked with fellow
boarders at the Carios’ to the Mathematics Institute, where he
attended lectures that kept them abreast of the latest experimental
findings. He also took the time to go to the often-combative after-
noon seminars. When Ehrenfest was in town, he was their undis-
puted inquisitor-in-chief, deflating egos and revealing the crux of
every new argument, having cut away the underbrush. In the previ-
ous June, he had brought along a Ceylonese parrot trained to say
‘But, gentlemen, that’s not physics’ and recommended that it should
chair all forthcoming seminars on quantum mechanics.!”

Max Delbriick, one of the young Gottingen physicists, was proba-
bly not exaggerating when he later described the experience of walk-
ing into one of their seminars: ‘you could well imagine that you were
in a madhouse.’2°

Word spread to Berlin that Dirac was a difficult man and that his
work was impenetrable and overrated. The Hungarian theoretician
Jend (later Eugene) Wigner later said that, in the mid-1920s, his
German colleagues were suspicious of ‘the queer young Englishman
who resolves [questions of physics] in his own language’.?! Many
Germans were put off by Dirac’s manner. The English were known
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for their reserve — they acted as if everyone else was either an enemy
or a bore, as John Stuart Mill had pointed out — but Dirac’s frigidity
was unlike anything they had ever seen.??

Born was one of the few Germans who warmed to Dirac, but even
he had trouble understanding his new field theory and apparently
thought it unimportant. His lack of foresight frustrated Jordan, who
had begun to develop ideas on field theory very similar to Dirac’s,
only to be met with indifference.?? It would have been fascinating to
see what Dirac and Jordan could have achieved in quantum field the-
ory, but Dirac had no interest in collaboration. He turned his atten-
tion to using field theory to understand what happens when light is
scattered by an atom, normally visualised as being rather like a bas-
ketball bouncing off the hard rim of the basket. But, in the new field
theory, things are not so straightforward. Dirac showed that, in the
fleeting moment of a photon’s scattering, it appears to pass through
some strange, unobserved energy states. What makes these interme-
diate processes so odd is that they appear to flout the sacred law of
conservation of energy. Although these subatomic ‘virtual states’
cannot be seen directly, experimenters were later able to detect their
subtle influences on fundamental particles.**

Dirac’s calculations also threw up a more troubling artefact. He
found that his new theory kept generating bizarre predictions: for
example, when he calculated the probability that a photon had
been emitted after a given interval, the answer was not an ordinary
number but was infinitely large. This made no sense. The probabil-
ity that an atom would emit a photon must surely be a number
between zero (no chance) and one (complete certainty), so it seemed
obvious that the prediction of infinity was wrong. But Dirac chose
to be pragmatic. ‘“This difficulty is not due to any fundamental mis-
take in the theory,” he wrote with more confidence than was war-
ranted. The root of the problem, he speculated, was a simplistic
assumption he had made in applying the theory; when he had iden-
tified his error and tweaked the theory, he implied, the problem
would disappear. In the meantime, he dodged the difficulties using
clever mathematical tricks, enabling him to use the theory to make
sensible, finite predictions. But it would not be long before he saw
that his optimism was misplaced: the lamb had caught its first sight
of the wolf’s tail.
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Meanwhile, the debates about the interpretation of quantum theory
had not abated, least of all in Copenhagen, where Heisenberg was
struggling to understand the theoretical limits of what can be known
about a quantum. He achieved this brilliantly with his uncertainty
principle, which made him into the nearest the quantum fraternity
had to a household name.

The principle emerged only after anguished and protracted gesta-
tion, which apparently began with a letter from Pauli during the pre-
vious October.?’ Heisenberg believed that the correct way to think
about the quantum world was in terms of particles, and that the
more popular wave-based ideas were merely useful supplementaries.
Somehow, Heisenberg wanted to find a way of making definite state-
ments about the measurements that could be made on quantum par-
ticles, especially about the limitations on what experimenters can
know about them. Heisenberg had talked with Einstein about this,
and, when Dirac was in Copenhagen developing transformation
theory, he had also discussed it with him.?®

The nub of what became known as Heisenberg’s uncertainty prin-
ciple is that the knowledge experimenters have of a quantum’s posi-
tion limits what they can know about its speed, at the same instant.
The more they know about a quantum’s position, the less they can
know about its speed. So, for example, if experimenters know an
electron’s location with perfect precision, then it follows that they
can know nothing whatsoever about its speed at the same moment;
on the other hand, if they know the exact value of the electron’s
speed, they will be totally ignorant of its position. There is,
Heisenberg argued, no way round this: regardless of the accuracy of
the measuring apparatus or the extent of the experimenters’ ingenu-
ity, the principle puts fundamental limitations on knowledge. It
turns out that even the most accurate knowledge imaginable of the
location of an ordinary object puts only negligible constraints on
knowledge of its speed (likewise with the location and speed
reversed), so the principle is unimportant in everyday life. This is the
root of the physicists’ joke about the motorist who tries to con the
traffic police by pleading not guilty of speeding on the grounds ‘I
knew exactly where I was, so I had no idea how fast I was travel-
ling’: the plea would be perfectly admissible if it were made by a sen-
tient electron.

In his paper, Heisenberg explained his principle by picturing what
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happens when an experimenter uses a photon of light to probe the
behaviour of an electron, demonstrating that the very act of probing
disturbs the electron. An analysis of this thought experiment led
Heisenberg to a mathematical expression that encapsulated the prin-
ciple. He also derived the expression mathematically, using two of
Dirac’s innovations: transformation theory and the relationship
between the non-commuting position and momentum.?”

As spring set in, Dirac will probably have thought about the
principle during his constitutional walks along the tree-lined path
following the contours of what was once Goéttingen’s outer wall.?8
He was not especially impressed with Heisenberg’s discovery, as he
noted later: ‘People often take [the uncertainty principle] to be the
cornerstone of quantum mechanics. But it is not really so, because
it is not a precise equation, but only a statement about indetermi-
nacies.’?” Dirac was similarly lukewarm a few months later when
Bohr announced his principle of complementarity, apparently
related to Heisenberg’s principle. According to Bohr’s idea, quan-
tum physicists have to accept that a complete picture of subatomic
events always involves descriptions that appear incompatible but
that are actually complementary — both the wave and particle pic-
tures are needed. In Bohr’s view, this idea was part of an ancient
philosophical tradition, in which truth cannot be pinned down
using only one approach but needs complementary concepts: for
example, a mixture of reason and feeling, analysis and intuition,
innovation and tradition.

This principle was fundamental to Bohr’s thinking, to the extent
that he chose it in 1947 as the basis of the design of his coat of
arms.’? The design features the Chinese yin-yang symbol, which rep-
resents the two opposing but inseparable elements of nature, and the
Latin motto below reads ‘Opposites are complementary’. Many
physicists thought that Bohr had uncovered a great truth, but Dirac
was again unimpressed: the principle ‘always seemed to me a bit
vague’, he later said. ‘It wasn’t something which you could formulate
by an equation.’!

Dirac’s opinion of Heisenberg’s uncertainty principle was not shared
by most scientists, including Eddington. In his acclaimed book The
Nature of the Physical World, published in November 1928, he gave
a sparkling account of ‘the principle of indeterminacy’, describing it
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as ‘a fundamental general principle that seems to rank in importance
with the principle of relativity’. Writing with his usual panache,
Eddington introduced tens of thousands of lay readers to the new prin-
ciple as one of the cornerstones of quantum mechanics.

Eddington writes that he is giving an outline of the theory only
against his better judgement: ‘It would probably be wiser to nail up
over the door of the new quantum theory a notice “Structural alter-
ations in progress — No admittance except on business”, and partic-
ularly to warn the doorkeeper to keep out prying philosophers.’3?
Eddington’s account of the theory was the clearest account of quan-
tum mechanics for English-speaking lay readers and was the first
widespread publicity for the new theory. If Bohr or another influen-
tial figure had taken a leaf out of Eddington’s book and been savvy
enough to provide a dramatic presentation of the uncertainty prin-
ciple’s discovery to well-briefed journalists, then quantum mechan-
ics may well have become much better known, along with its
creators.

With a hint of nostalgia, Eddington pointed out that modern
physicists no longer thought about the universe as a giant mecha-
nism, as Victorian physicists such as James Clerk Maxwell had
done, but framed their accounts of the fundamental nature of
things in the language of mathematics. The images of cogs and
gearwheels were now passé, but Eddington believed there were
dangers inherent in the new, mathematical way of thinking of fun-
damental physics:

Doubtless the mathematician is a loftier being than the engineer, but perhaps
even he ought not to be entrusted with the Creation unreservedly. We are
dealing in physics with a symbolic world, and we can scarcely avoid employ-
ing the mathematician who is a professional wielder of symbols; but he must
rise to the full opportunities of the responsible task entrusted to him and not
indulge too freely his own bias for symbols with arithmetical interpreta-
tions.33

Eddington had put his finger on the central conceptual challenge that
made quantum mechanics so difficult for most professional physi-
cists. The great majority of them still thought like engineers and were
mathematically weak by the standards of Dirac and his peers. So,
most physicists were still trying to visualise the atom as if it were a
mechanical device.
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The metaphor of nature as a colossal clockwork mechanism, pop-
ular since Newton’s day, had long been apt for most purposes. But no
longer. Quantum mechanics was based fundamentally on mathemat-
ical abstractions and could not be visualised using concrete images —
that is why Dirac refused to discuss quantum mechanics in everyday
terms, except in later life, when he began to use analogies between
the behaviour of quanta and the way ordinary matter behaves. Yet
Dirac often remarked that he did not think about nature in terms of
algebra, but by using visual images. Since he was a boy, he had been
encouraged to develop visual imagination in his art and technical-
drawing classes, which were an ideal grounding for his studies of
projective geometry. None of the other pioneers of quantum mechan-
ics had been given an education in which geometric visualisation
played such a prominent part. Five decades later, when he looked
back on his early work in quantum mechanics, Dirac declared that he
had used the ideas of projective geometry, unfamiliar to most of his
physicist colleagues:

[Projective geometry| was most useful for research, but I did not mention it
in my published work [. . .] because I felt that most physicists were not famil-
iar with it. When I had obtained a particular result, I translated it into an
analytic form and put down the argument in terms of equations.>*

Dirac had a perfect opportunity to explain the influence of projective
geometry on his early thinking about quantum mechanics at a talk he
gave in the autumn of 1972 at Boston University.?’ Its philosophy
department had invited him to give the talk to clarify this influence
and had recruited the urbane Roger Penrose, an eminent mathemati-
cian and scientist who knew Dirac well, to chair the seminar. If any-
one could prise the story out of Dirac, it was he. In the event, Dirac
gave a short, clear presentation on basic projective geometry but
stopped short of connecting it to quantum behaviour. After Dirac
had batted away a few simple questions, the disappointed Penrose
gently turned to him and asked him point-blank how this geometry
had influenced his early quantum work. Dirac firmly shook his head
and declined to speak. Realising that it was pointless to continue,
Penrose filled in the time by extemporising a short talk on a different
subject. For those who wanted to demystify Dirac’s magic, his silence
had never been so exasperating.
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Hitler is our Fiihrer, he doesn’t take the golden fee

That rolls before his feet from the Jew’s throne

The day of revenge is coming, one day we will be free [. . .]
From an early Nazi marching song, c. 1927

As a Jew, Max Born had every reason to be alarmed and frightened
by the rise of anti-Semitism in Gottingen. The atmosphere was “bit-
ter, sullen [. . .] discontent[ed] and angry and loaded with all those
ingredients which were later to produce a major disaster’,
Oppenheimer remembered, a few years before he died.! The Nazis
had set up one of their first branches in the town in May 1922. Three
years later, the chemistry student Achim Gercke secretly began to
compile a list of Jewish-born professors, to provide ‘a weapon in
hand that should enable the German Reich to exclude the last
Hebrew and all mixed race from the German population in the
future and expel them from the country’.?

Life among the Gottingen researchers did have its lighter side,
however. Many of them gloated that their profession was for the
young, and they mocked the sclerotic imaginations of their elderly
professors, paid and revered much more for doing much less. As his
later comments confirm, Dirac shared this dismissiveness, and, if an
improbable Gottingen legend is to be believed, he wrote a quatrain
about this for a student review:

Age is of course a fever chill
That every physicist must fear
He’s better dead than living still
When he’s past his thirtieth year?

Gottingen students had a penchant for silly songs and for choral
renditions of American tunes, which were sung with special enthusi-
asm at Thanksgiving. The cosmologist Howard Robertson, who
introduced Dirac to ways of describing the curvature of space-time
across the universe, had brought to the taverns of Gottingen one of
their most popular new songs, ‘Oh My Darling Clementine’.# Dirac
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probably did not join in, but he took part in the infantile games that
helped to sublimate the physicists’ intense competitiveness. One of
the games was ‘bobbing for apples’, when professors and students —
often woozy, after a few glasses of beer — would try to sink their teeth
into an apple floating on water or beer. Another activity involved run-
ning a race while trying to balance a large potato on a tiny spoon.
After one of these races in Born’s home, a student saw Dirac practis-
ing surreptitiously — a sight that would have stunned his colleagues in
Cambridge, including the theologian John Boys Smith, who described
Dirac as being ‘childlike but never childish’.?

Dirac’s stay in Gottingen ended in early June 1927. St John’s
wanted him back and had been wooing him to apply for a fellowship,
an honour well worth pursuing. If successful, he would benefit from
free board and lodging in college, as well as a modest income to sup-
plement the continuing funds from his 1851 scholarship, which
would run out in 1928.¢ A tenured academic post in the university’s
mathematics department would almost certainly follow, and he
would be set up for the rest of his working life. In his letters, Dirac
was even less forthcoming about his personal life than he had been
when he wrote from Copenhagen. In a letter to the college official
James Wordie, Dirac wrote just a single sentence about his activities in
Gottingen: ‘The surrounding country is very beautiful.”” Although he
preferred Bohr’s pullulating institute to Born’s comparatively cool
department, he told his mother that he preferred Gottingen, as it gave
him the best opportunities for solitary walks.?

In his research, Dirac appeared to be showing signs of running out
of steam. In early May 1927, he used quantum mechanics to predict
what happens when light is scattered by an atom — a problem that
led to no exciting conclusions. Oppenheimer later said that he was
disappointed by Dirac’s work in Gottingen and could not understand
why he did not press on with the development of quantum field
theory. Dirac wanted to take a long rest over the summer, he told
Oppenheimer, and would then turn his attention to the spin of the
electron, still not understood.

Dirac intended to begin his break from quantum theory when he
returned to England, after he had visited Ehrenfest in Leiden, a small
university town in the Netherlands. Dirac stayed in the room at the
top of Ehrenfest’s large Russian-style house, where he signed his name
on the bedroom wall that already bore the signatures of Einstein,
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Blackett, Kapitza and dozens of others. The house served as a local
hostel for the cream of the world’s physicists, who traded anecdotes of
their lively conversations with Ehrenfest’s wife — a Russian mathe-
matician — and their three children, two daughters and a son who had
Down’s syndrome.

Oppenheimer was planning to join Dirac in Leiden and began to
learn Dutch so that he could give a seminar in the language of his
host. But first he had to defend his Ph.D. thesis in an oral examina-
tion held by James Franck, the distinguished experimenter, and Max
Born.” Franck took only twenty minutes to question Oppenheimer,
but that was enough. On leaving the exam room, Franck sighed, ‘’'m
glad that is over. He was on the point of questioning mze.” Born was
relieved that his brilliant but troublesome student was off his hands.
At the end of a typewritten letter to Ehrenfest, Born wrote a post-
script:

I should like you to know what I think of [Oppenheimer]. Your judgement
will not be influenced by the fact I openly admit that I have never suffered as
much with anybody as him. He is doubtless very gifted but without mental
discipline. He’s outwardly modest but inwardly very arrogant. [. . .] he has
paralyzed all of us for three quarters of a year. I can breathe again since he’s
gone and start to find the courage to work.!?

Dirac had not been part of this departmental paralysis, nor does he
appear to have been aware of it. Oppenheimer was awed by him and
showed him a diffidence he granted to few of his other colleagues.
Their days in Gottingen were the beginning of a forty-year friend-
ship.

Gottingen was too far away for Dirac’s family to visit. “Thank good-
ness, you are saying, I expect,” his mother wrote in a pained aside.!!
She made it clear to her son how much she envied him: “You are a
lucky fellow to be away from home. [Here,] it is all work, work.’12
When her husband was out, she wore her new ring — seven diamonds
set in platinum — which she had furtively bought with £10 of the
money Dirac had sent her, considerably more than Charles allowed
her to spend on herself in a year. That piece of jewellery was a private
symbol of her most important relationship. She wrote to her son:
‘Don’t tell Pa [. . .] I expect he would tell me to put the money in the
housekeeping, but it is giving me such a lot of pleasure to look at it
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and think what a darling you are.’!3 In the evenings, she would sit in
the front room with photos of her son, re-reading his postcards, try-
ing to imagine what he would be doing at every time of day.

The twelve-year age difference between Charles and Flo had never
been more plain. She still had an upright posture, smooth skin and
scarcely a grey hair; he was hunch-backed, white-haired and wiz-
ened. In public, she put on the traditional show as the loyal, uncom-
plaining wife; in private, she was resentful of being an unpaid
servant, as she often wrote to her son. At the beginning of 1927, she
was surprised when her husband went on a spending spree, probably
funded by his mother’s legacy. Dirac often condemned the tattiness of
the family home, which had not been decorated for thirteen years, so
it may well have been that Charles paid for the extensive wallpaper-
ing and the installation of a gas fire in every room, with the aim of
making 6 Julius Road more attractive to his son. Charles did not
entirely neglect his wife — he bought her one of the new vacuum
cleaners to help with the housework: ‘Pa likes to see them at work on
our carpets giving free demonstrations.’'#

Still in poor health, Charles consulted a herbalist who advised him
to become vegetarian, presenting endless catering problems for his
wife, who worried incessantly about his nutrition. She wrote to
Dirac: ‘Pa is getting ever so many pupils he has scarcely time for
meals. I am sure he is working his brain too hard and now he is a veg-
etarian, there are so many little things to cook which are not substan-
tial enough for him.’'> Although she thought he was mean and
ungrateful, she devoted herself to taking care of him, and her letters
to Dirac betrayed no sign that the state of affairs was anything less
than she should expect or deserve. But her patience was beginning to
run out.

Charles Dirac’s work ethic had been the making of one of his sons
and possibly the death of the other, but it did not have much influ-
ence on his daughter. Betty had left school and was, according to her
mother, ‘too shy or perhaps too lazy [. . .] to want to do anything to
earn her own living & she is not fond of housework either’.1®
Without a job, she lolled around the house mourning the death of her
dog and went out with her mother to evening classes in elocution and
French.!” In early July, the family chased out the decorators and
made sure everything in their house was spick and span, ready for the
return of the itinerant son. The family had not spoken to him for nine
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months, but in that time had sent him weekly family bulletins, show-
ering him with affection and pleas for news at his end. In return, he
had sent his parents fewer than seven hundred words. He had not
once asked after his family on his postcards, which each had the
warmth of a stone.

When Dirac arrived at the door of 6 Julius Road at lunchtime on 13
July — a dull and overcast afternoon — it is easy to imagine the tearful
flutterings of his mother and sister as they hugged his unresponsive
frame and the stiff handshake with his father, who was probably no
less pleased to see him, even if he was unable to show it. He was soon
back in his routine, shutting out his family, working alone in his
room. One of Charles’s students, D. C. Willis, left an anecdote that
offers an insight into the domestic environment at the Diracs’ that
summer. Willis was sent by Monsieur Dirac ‘on his errands to his
home during the dinner hour [. . .] as he was concerned about his son
Paul who, rumour had it, was working in his bedroom, and would not
come out, except to collect his food and use the toilet’.!3

Dirac knew he had a filial duty to be with his parents but felt
wretched whenever he was with them. “When I go back to my home
in Bristol I lose all initiative,” he sighed in a letter to a friend, a few
years later.!” He felt oppressed by both his parents — by his father’s
high-handedness and by his mother’s suffocating affection.
Although Dirac was twenty-five years old and internationally suc-
cessful, he still felt himself to be writhing under his father’s thumb.
And he saw no imminent prospect of escape.?’

In October 1927, Dirac returned to Cambridge to reacquaint himself
with his friends in St John’s and Trinity. He now had even fewer
social distractions, as Kapitza had recently married. His new wife
was the émigré Russian artist Anna Krylova, a dark-haired beauty
whom Kapitza unaccountably called ‘Rat’, a nickname that non-
plussed audiences in Cambridge theatres for years, whenever they
heard him holler it across the stalls. She and Kapitza contributed to
the design of the detached house that was being built for them on
Huntingdon Road, near the city centre, complete with a huge back
garden and a studio for her in the loft.?! Later, this house would
become almost Dirac’s second home in Cambridge but, in the early
autumn of 1927, he was working hard on his project, first mooted to
Oppenheimer, aiming to combine quantum theory and Einstein’s
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special theory of relativity in the simplest practical case: to describe
the behaviour of a single, isolated electron. The quantum theories of
Heisenberg and Schrodinger were deficient because they did not con-
form to the special theory of relativity: observers moving at different
speeds relative to one another would disagree on the theories’ equa-
tions. At stake here was the prestige of being the first to find the
theory; would he be the sole winner of a scientific prize or would he,
yet again, have to share it?

Dirac worked on the problem for the first six weeks of the term but
without success. He took a break in late October to sit, for the first
time, at the top table of international physicists at the Solvay
Conference in Brussels.?> The aim of these invitation-only confer-
ences, funded by the Belgian industrialist Ernest Solvay, was to bring
together about twenty of the world’s finest physicists every few years
to ponder the problems of quantum theory. The youngest star of the
first conference in 1911 had been Albert Einstein, then emerging
from obscurity and quick to point out the prejudices of older, more
conservative minds. In 1927, Einstein was the uncrowned king of
physics and entering middle age, still a popular and unassuming fig-
ure but showing signs of crustiness and disillusion. He was plough-
ing his own furrow, seeking a unified theory of gravity and
electromagnetism without assuming that quantum mechanics was
correct. Now it was Einstein who seemed inflexible and backward-
looking.

The conference was to become a landmark in physics — the place
where Einstein first publicly articulated his unease with quantum
mechanics but failed to dent the confidence of Bohr and his younger
colleagues. There is no sign of the lively conference atmosphere in the
famous photograph taken outside the building where the sessions
took place: the twenty-nine conference delegates all look expression-
less, as though they are posing for a communal passport photograph.
Einstein sits at the centre of the front row, with Dirac standing behind
his right shoulder. Dirac was so proud of this photograph that, for
once succumbing to vanity, he prompted the University of Bristol’s
physics department to have it framed and mounted on one of their
walls.?3 This portrait, a dismal memento, was for decades the best
visual evidence available of the meeting, but in 2005 more clues about
the atmosphere of the meeting appeared, with the release of a home
movie of the delegates during a break between the lectures.>* What is
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most striking about this two-minute clip is the delegates’ cheerfulness.
Marie Curie, the only woman in the group, does a fetching pirouette;
the beaming Paul Ehrenfest waggishly pokes out his tongue at the
camera. Dirac, the youngest delegate, looks relaxed and happy as he
talks with Max Born.

Heisenberg later remembered that the most intense discussions
took place not during the conference sessions but over meals at the
delegates’ nearby Hotel Britannique, near the site of today’s
European Parliament.?> At the epicentre of the debates about quan-
tum theory were Bohr and Einstein’s disagreements about Heisenberg’s
uncertainty principle, which Bohr defended successfully against
Einstein’s repeated onslaughts. Most of their colleagues were fasci-
nated to hear the two men lock horns, but Dirac was an indifferent
bystander:

I listened to their arguments, but I did not join in them, essentially because I
was not very much interested [. . .] It seemed to me that the foundation of
the work of a mathematical physicist is to get the correct equations, that the
interpretation of those equations was only of secondary importance.?®

Dirac and Einstein were poles apart, and neither was comfortable
speaking the other’s language. Dirac was twenty-three years younger,
and his awe rendered him even more shy than usual. But probably
the main reason why they did not engage was that their approaches
to science contrasted so sharply, partly because they responded so
differently to philosophical matters. They agreed that science was
fundamentally about explaining more and more phenomena in terms
of fewer and fewer theories, a view they had read in Mill’s A System
of Logic. Yet, whereas Einstein remained interested in philosophy,
for Dirac it was a waste of time. What Dirac had retained from his
reading of Mill, bolstered by his studies of engineering, was a utilitar-
ian approach to science: the salient question to ask about a theory is
not ‘Does it appeal to my beliefs about how the world behaves?’ but
‘Does it work?’

At the conference, Dirac made his first recorded outburst on topics
outside physics — religion and politics. Some four decades later,
Heisenberg described the event, which took place one evening in the
hotel’s smoky lounge, where some of the younger physicists were
lying around on the chairs and sofas. Dirac’s youthful outspokenness
needed to be indulged, the elderly Heisenberg said: ‘Dirac was a very
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young man and in some way was interested in Communistic ideas,
which of course was perfectly all right at that time.”>” Most vivid in
Heisenberg’s memory was a rant from Dirac about religion, triggered
by a comment about Einstein’s habit of referring to God during dis-
cussions about fundamental physics. Like many of Heisenberg’s
accounts of incidents in the 1920s, this one is implausibly detailed —
it consists of two speeches of several hundred words, quoted as if his
memory were word perfect — but it is consistent with other accounts
of Dirac’s views. According to Heisenberg, Dirac thought religion
was just ‘a jumble of false assertions, with no basis in reality. The
very idea of God is a product of the human imagination.” For Dirac,
‘the postulate of an Almighty God’ is unhelpful and unnecessary,
taught only ‘because some of us want to keep the lower classes quiet’.
Heisenberg wrote that he objected to Dirac’s judgement of religion
because ‘most things in this world can be abused - even the
Communist ideology which you recently propounded’. Dirac was
not to be deflected. He disliked ‘religious myths on principle’ and
believed that the way to decide what was right was ‘to deduce it by
reason alone from the situation in which I find myself: I live in a soci-
ety with others, to whom, on principle, I must grant the same rights
I claim for myself. I must simply try to strike a fair balance.”?® Mill
would have approved.

During Dirac’s assault on religion, Pauli had been uncharacteristi-
cally silent. When asked what he thought, he replied, “Well our friend
Dirac, too, has a religion, and its guiding principle is “There is no
God and Dirac is his prophet”.” It was an old joke, but everyone
laughed, including Dirac.?? The opinions he expressed here, with
uncharacteristic forwardness, were entirely in keeping with Kapitza’s
views and would not have drawn comment from any of the intellec-
tuals who were flirting with Bolshevism. Although Dirac never put
any of his political views on paper, it was clear from his actions in the
coming decade where his sympathies lay.

During the Solvay Conference, Dirac gave a talk on his new field
theory of light. He annotated his draft script with rewordings and
other changes in every paragraph — more than any other talk he gave
in his entire life — indicating that he was on edge.?" Afterwards, he
heard that his idea had been taken up and extended in a way he could
have easily foreseen. Pascual Jordan, working with Eugene Wigner,

138



SPRING 1927—OCTOBER 1927

had produced a field theory of the electron to complement Dirac’s
theory of the photon. Although Jordan and Wigner’s mathematics
was similar to Dirac’s, their theory did not appeal to Dirac, who
could not see how their symbols corresponded to things going on in
nature. Their work looked to him like an exercise in algebra, though
later he realised he was wrong; his mistake stemmed from his
approach to theoretical physics, which was ‘essentially a geometrical
one and not an algebraic one’ — if he could not visualise a theory, he
tended to ignore it.3!

That was not the only surprise Dirac received in the lecture hall.
Shortly before the beginning of a lecture, Bohr asked Dirac what he
was working on. He replied that he was trying to find a relativistic
quantum theory of the electron. Bohr was baffled: ‘But Klein has
already solved this problem,’ he said, referring to the Swedish theo-
retician Oskar Klein.3? The lecture began before Dirac could reply,
so the question hung in the air, where it remained: Bohr and Dirac
did not have the chance to talk further about it before the confer-
ence dispersed. Another three months would elapse before Bohr
appreciated his error when he read Dirac’s wondrous solution to the
problem.
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[T]he true and the beautiful are akin. Truth is beheld by the intellect
which is appeased by the most satisfying relations of the intelligible:
beauty is beheld by the imagination which is appeased by the most
satisfying relations of the sensible.
JAMES JOYCE, A Portrait of the Artist as a Young Man, 1915,
Chapter 5

Dirac always felt out of place at fancy college dinners. Rich food,
vintage wines, antiquated formalities, florid speeches, the fetid
smoke of after-dinner cigars — all were anathema to him. So he was
probably not looking forward to the evening of Wednesday, 9
November 1927, when he was to be one of the toasts of a dinner to
celebrate the annual election of new Fellows to St John’s College. He
was now certifiably a “first-rate man’, with a permanent seat at the
college’s high table and the freedom to gather after dinner with his
colleagues in their grand, candle-lit Combination Room, completed
in 1602. In Hall, beneath the portrait of Lady Margaret Beaufort,
Dirac celebrated his election to the fellowship in the traditional way,
by consuming an eight-course meal that included oysters, a con-
sommé, cream of chicken soup, sole, veal escalope and spinach,
pheasant with five vegetables and side salad, and three desserts. For
him, the meal was not so much a celebration as a penance.!

After the dinner, Dirac walked to his rooms, close to the Bridge of
Sighs, a Gothic stone structure that crosses the river Cam in a brief
undulation, leaving just enough room underneath for the punters.
He probably went straight to bed, as his aim was always to be fresh
for the morning, when he did his best work. His study was devoid of
decoration, with only a folding desk of the sort used by school-
children, a simple chair, a coal fire and ‘a very ancient settee’, as one
visitor described it.2 He worked at his little desk like a schoolboy in
an empty classroom, writing in pencil on scraps of paper, sometimes
pausing to erase an error or to consult one of his books.> Now that
he was a Fellow, he had a manservant (a ‘gyp’) on hand during the
day.
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In these austere but comfortable surroundings, Dirac made his
most famous contribution to science. St John’s had created the best
environment imaginable for him. He could work all day, taking
breaks only to fulfil his modest lecturing duties, give the occasional
seminar and visit the library.

He was now preoccupied with a single challenge: to find the rela-
tivistic equation that describes the electron.* Dirac was pretty sure
that the electron was ‘a point particle’ but, like other theoreticians,
could not understand why it had not one but two states of spin.
Several other physicists had suggested candidate equations — all of
them contrived and ungainly — and Dirac was not satisfied with any
of them, including the one by Klein that Bohr believed had solved the
problem. Dirac was sure Klein’s theory was wrong, as it predicted,
absurdly, that the chance of detecting an electron in a tiny region of
space-time is sometimes less than zero.

Dirac knew that it was impossible to deduce the equation from
first principles and that he would find it only through a happy guess.
But what he could do was to narrow the options, by setting out the
characteristics the equation must have and the characteristics it
ought to have. Rather than tinker with existing equations, he took
the top-down approach, trying to identify the most general princi-
ples of the theory he was seeking, before going on to express his
ideas mathematically. The first requirement was that the equation
conformed to Einstein’s special theory of relativity, treating space
and time on an equal footing. Second, the equation must be consis-
tent with his beloved transformation theory. Finally, when the equa-
tion describes an electron moving slowly compared with the speed
of light, its predictions must resemble extremely closely ones made
by ordinary quantum mechanics, which had already proved its
worth.

Those were useful constraints, but there was still too much room
for manoeuvre. If he stuck to them, Dirac could still have written
down any number of equations for the electron, so he needed to use
his intuition to narrow the possibilities. Believing that the relativistic
equation would be fundamentally simple, he thought it most likely
that the equation would feature the electron’s energy and momentum
just as themselves, not in complicated expressions such as the square
root of energy or momentum squared. Another clue came from the
way he and Pauli had independently found to describe the spin of the
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electron, using matrices that each consisted of four numbers
arranged in two rows and two columns. Might these matrices feature
in the equation he was seeking?

Dirac tried out one equation after another, discarding each one as
soon as it failed to conform to his theoretical principles or to experi-
mental facts. It was not until late November or early December 1927
that he hit on a promising equation, consistent with both special rel-
ativity and quantum mechanics. The equation looked like nothing
theorists had ever seen before, as it described the electron not using a
Schrodinger wave but using a new kind of wave with four intercon-
nected parts, all of them essential.

Although the equation had an appealing elegance, that would
count for nothing if it did not relate to real electrons. What did the
equation have to say, for example, about the spin of the electron and
its magnetic field? If his equation contradicted the experimenters’
observations, he would have had no choice but to abandon it and
start all over again. But there was no need for that. In a few pages of
calculations, Dirac showed that he had conjured something miracu-
lous: his equation described a particle not only with the mass of an
electron but with precisely the spin and magnetic field measured by
experimenters. His equation really did describe the electron so
familiar to experimenters. Even better, the very existence of the
equation made it clear that it was no longer necessary to tack on the
electron’s spin and magnetism to the standard description of the
particle given by quantum theory. The equation demonstrated that
if experimenters had not previously discovered the spin and magnet-
ism of the electron, then these properties could have been predicted
using the special theory of relativity and quantum mechanics.

Although Dirac apparently showed his usual Trappist calm, he was
jubilant. In a few squiggles of his pen, he had described the behaviour
of every single electron that had ever existed in the universe. The
equation was ‘achingly beautiful’, as theoretical physicist Frank
Wilczek later described it: like Einstein’s equations of general relativ-
ity, the Dirac equation was universal yet fundamentally simple; noth-
ing in it could be changed without destroying its power.” Nearly
seventy years later, stonemasons carved a succinct version of the
Dirac equation on his commemorative stone in Westminster Abbey:
iy.0p = mp. When set out in full, in the form he originally used, the
equation looked intimidating even to many theoreticians simply
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because it was so unusual, not that this would have disturbed Dirac:
all that mattered to him was that it was based on sound principles
and that it worked. It might even have crossed his mind that he had
done something that John Stuart Mill had articulated as one of the
aims of science — to unify disparate theories to explain the widest
possible range of observations.

When Dirac was an old man, younger physicists often asked him
how he felt when he discovered the equation.® From his replies, it
seems that he alternated between ecstasy and fear: although elated to
have solved his problem so neatly, he worried that he would be the
latest victim of the ‘great tragedy of science’ described in 1870 by
Thomas Huxley: ‘the slaying of a beautiful theory by an ugly fact’.”
Dirac later confessed that his dread of such an outcome was so
intense that he was ‘too scared’ to use it to make detailed predictions
of the energy levels of atomic hydrogen — a test that he knew it had
to pass.® He did an approximate version of the calculation and
showed that there was acceptable agreement but did not go on to risk
failure by subjecting his theory to a more rigorous examination.

During November and December, he shared with no one the pleas-
ure he took in his discovery or his occasional panic attacks. Not a
single significant letter or record of a conversation with anyone exists
from those months. He broke his silence only before he set off to
Bristol for the Christmas vacation when he bumped into his friend
Charles Darwin, a grandson of the great naturalist and one of
Britain’s leading theoretical physicists. On Boxing Day, in a long let-
ter to Bohr, Darwin wrote: ‘[Dirac] has now got a completely new
system of equations for the electron which does the spin right in all
cases and seems to be “the thing”.”® That was how Bohr learned that
the remark he had made to Dirac at the Solvay Conference — that the
problem of finding a relativistic equation for the electron had already
been solved — was completely wrong.

Fowler sent Dirac’s paper ‘The Quantum Theory of the Electron’ to
the Royal Society on New Year’s Day 1928, and a month later sent
off a second paper that cleared up a few details. While the first paper
was in press, Dirac wrote to Max Born in Géttingen, not mentioning
his new equation except in a ten-line postscript, where he spelt out
the reasoning that had led to it. Born showed these words to his

colleagues, who regarded the equation as ‘an absolute wonder’.1?

143



NOVEMBER 1927—SPRING 1928

Jordan and Wigner, who were working on the problem that Dirac
had solved, were flabbergasted.!! Jordan, seeing his rival walk off
with the prize, sank into depression.

When the equation appeared in print at the beginning of February,
it was a sensation. Though most physicists struggled to understand
the equation in all its mathematical complexities, the consensus was
that Dirac had done something remarkable, the theorist’s equivalent
of a hole in one.!2 For the first time in his career, he had shown that
he was capable of tackling one of the toughest problems of the day
and beating his competitors to the solution, hands down. The
American theoretician John Van Vleck later likened Dirac’s explana-
tion of electron spin to ‘a magician’s extraction of rabbits from a silk
hat’.!3 John Slater, soon to be a colleague of Van Vleck’s at Harvard,
was even more effusive: ‘we can hardly conceive of anyone else hav-
ing thought of [the equation]. It shows the peculiar power of the sort
of intuitive genius which he has possessed more than perhaps any of
the other scientists of the period.’™

Even Heisenberg, more confident than ever after his recent
appointment to a full professorship in Leipzig, was taken aback by
Dirac’s coup. One physicist later recalled Heisenberg speaking of an
English physicist — unquestionably Dirac — who was so clever that it
was not worth competing with him. Heisenberg was, however, con-
cerned that despite the equation’s beguiling beauty, it might be
wrong: he was one of many who underlined a problem that Dirac
had pointed out in his first paper on the equation — it made a strange
prediction about the values of energy that an electron can have.

The background to the problem with the equation was that, like
time, energy is a relative quantity, not an absolute one. The energy of
motion of a free electron — one that has no net force acting on it — can
be defined as zero when the particle is stationary; when the particle
gathers speed, its energy of motion is always positive. Dirac’s problem
was that his equation predicted that, in addition to perfectly sensible
positive energy levels, a free electron has negative energy levels, too.
This arose because his theory agreed with Einstein’s special theory of
relativity, which said that the most general equation for a particle’s
energy specifies the square of the energy, E2. So if one knows that E?
is, say, 25 (using some chosen unit of energy), then it follows that the
energy E could be either +5 or =5 (each of them, when multiplied by
itself, equals 25). So, Dirac’s formula for the energy of a free electron
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predicted that there were two sets of energy values — one positive, the
other negative. In classical physics, the negative-energy ones could be
ruled out, simply because they are meaningless, but this cannot be
done in quantum mechanics as it predicts that a positive-energy elec-
tron could always jump into one of them.

No one had observed such a jump, so the Dirac equation was in
serious trouble. Despite this unsightly canker, however, the consen-
sus was that his theory of the electron was a triumph. Yet Dirac
seemed to take no pleasure from his success and showed none of the
relief and elation that Einstein had demonstrated after he published
his equation of general relativity. Dirac’s younger colleague Nevill
Mott later described the extent of Dirac’s detachment from his fel-
low physicists in Cambridge. Mott was — like hundreds of other the-
orists — concentrating not on extending quantum mechanics but on
applying it.

According to Mott, no one in the Cambridge mathematics depart-
ment knew anything about Dirac’s equation until they read his paper
in the library. Dirac was, Mott said, passive and forbidding, the kind
of expert no one quite dares to consult. Dirac did not seem to appre-
ciate the narrowness of his understanding of companionship: he
liked to be among fellow physicists, when they were friendly — as
they were in Bohr’s Institute — but felt no obligation to talk to them
about his work or even to disclose his first name. Charles Darwin
had known him for six years before writing him a postcard asking
him about his signature: “What does P. A. M. stand for?’!%

Whereas at Copenhagen and Gottingen there were many premier-
league quantum physicists, Fowler and Darwin were the only ones in
Cambridge, so Dirac believed that it was his duty to deliver his sem-
inars and lectures on the basics of quantum mechanics.'® But that, in
his view, was where his departmental teaching obligations ended.
But, surprisingly for a young research scientist, he did agree to write
a textbook on quantum mechanics, scheduled to be the first publica-
tion in the ‘International Series of Monographs on Physics’, edited by
Kapitza and Fowler. The series was the brainchild of Jim Crowther,
the science reporter of the Manchester Guardian, the unofficial
writer-in-residence at the Cavendish Laboratory and the only jour-
nalist Dirac regarded as a friend. A passionate Marxist, Crowther
had joined the Communist Party in 1923 and managed to be close to
both Bernal and Rutherford — sworn enemies — making the most of
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the talents and influence of each of them.!” By subtly cultivating rela-
tionships with all the finest young scientists in the Cavendish, includ-
ing Dirac, Crowther became an influential bit-part player in the
emerging group of radical scientists in Cambridge. One of his
strengths was his sensitivity: he will have realised quickly that, to
make friends with the great young theoretician, he had to overcome
Dirac’s reluctance to have anything to do with importuning journal-
ists. Dirac just wanted to be left in peace.

Dirac’s family knew nothing of his equation. For Charles, always
keen to find out about Dirac’s work, his son’s unwillingness to share
his science was cruel. In April 1928, when he read an anonymous
article in The Times about quantum physics, Charles may have been
discouraged by the conclusion: ‘Far past is the day when the scientist
could talk to the layman as man to man [. . .] the world loses much
when science has got into such deep waters that only a Channel
swimmer can follow it.’!® When Charles pressed his son to explain
something of his new physics — as he surely did — Dirac almost cer-
tainly gave his usual response of shaking his head or remarking
unhelpfully that the new quantum theories ‘are built up from physi-
cal concepts which cannot be explained in words at all’.!” Although
Dirac used his visual imagination to think about quantum mechan-
ics, he declined every request to describe images of the quantum
world. As he would later remark: ‘“To draw its picture is like a blind
man sensing a snowflake. One touch and it’s gone.”??

To judge from the letters Dirac received from his mother, relations
between her and Charles had settled down now she was spending
more time out of the house. She went to talks on Tennyson’s poetry,
saw shows at the Hippodrome theatre with Charles and Betty and
visited the cinema, including a trip to see one of the last great silent
films, Ben Hur. But the Dirac family’s favourite novelty was the
motor car, the most exciting of the new mass-produced technological
innovations. One of Charles’s private tutees owned a car and treated
the Dirac family to afternoon joyrides to the coast and to countryside
teashops, keeping to the speed limit of 20 mph. Images of trips like
these — carefree families, cutting loose from worldly concerns for a
day — symbolised the prosperity of Britain in the third quarter of the
1920s. For the majority, life had never been better.

But when Dirac was not at home, his mother’s life was empty.
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Always in search of a plausible excuse to visit him, she invited herself
to Cambridge in mid-February to see the Lent boat races, sheepishly
asking if he had the time to see her when she was in town (‘I shall be
dressed quite nicely & shall not be any trouble’).2! He often ignored
such requests, but this time he agreed, and she arrived in a foggy
Cambridge at lunchtime to spend a few hours talking with her son,
who apparently gave no sign that he was living through one of the
most exciting times of his life and that some of his peers were begin-
ning to talk of him as the heir to Newton.

Dirac appeared also to resemble Newton in having no interest in
forming romantic relationships with women. Many of Dirac’s col-
leagues had the impression that he was frightened of women of his
own age and they could scarcely imagine that he would ever marry.
But he did have a close friendship with one woman, the fifty-six-year-
old mother of his friend Henry Whitehead, a promising mathemati-
cian at Oxford University. Isabel Whitehead, a tall, solidly-built Scot,
was the wife of the Right Reverend Henry Whitehead, nineteen years
her senior and formerly the Bishop of Madras in India. The couple
had spent almost twenty years living there, before retiring to the UK
in 1923. Among her fellow expatriates, Mrs Whitehead was notori-
ous: according to an authoritative account of the Christian commu-
nity in India, she was imperious ‘even by the domineering standards

of the many British memsahibs’.??

The Whiteheads lived in a half-wood, half-brick cottage in
Pincent’s Hill, near Reading, about three hours’ drive from
Cambridge. Always accompanied by their dogs, they led a leisurely
life, taking just an hour or two each day to run a small farm with
pedigree Guernsey cattle and a few chickens. Both Isabel and Henry
were Oxford-educated mathematicians, but it seems from Mrs
Whitehead’s letters that the two of them talked less about science
with Dirac than about other matters, especially Henry’s enthusiasm
for cricket and their adventures in India, including the week they
spent in their home entertaining Gandhi. In the coming years, Mrs
Whitehead’s correspondence with Dirac also makes it clear that she
robustly challenged his atheism and that he trusted her with his most
private thoughts about his family. Pincent’s Hill became a favourite
weekend retreat for him and Mrs Whitehead became his second
mother, giving him not only support and affection but also some-
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thing his own mother could not provide — intellectual stimulation.

During the early spring of 1928, Dirac was planning his next journey.
His six-month itinerary would begin in April and take him back to
Bohr’s Copenhagen and Ehrenfest’s Leiden, on to Heisenberg’s
Leipzig and Born’s Goéttingen, and finally his first visit to Stalin’s
Union of Soviet Socialist Republics. Dirac had heard much about this
country; now he would be able to judge for himself.
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See how physical science, which is Reason’s trade
And high profession, booketh ever and docketeth
All things in order and pattern.

ROBERT BRIDGES, Testament of Beauty, 1929

Paul Ehrenfest could be a moody and demanding colleague, but he
was a charming and generous host. In April 1928, when he realised
that he would not be able to greet Dirac at Leiden railway station at
the beginning of his visit, Ehrenfest arranged for a phalanx of his
assistants to be waiting for him on the platform when his train
steamed in shortly after 10 p.m. The problem was that none of them
knew what Dirac looked like. Ehrenfest’s solution was to ensure that,
outside every train door facing the platform, there was a student
waving a reprint of “The Quantum Theory of the Electron’. The plan
worked.!

One member of the welcoming party was Igor Tamm, a thirty-two-
year-old Soviet theoretician, soon to become one of Dirac’s closest
companions. Tamm was famously restless: in group photographs,
while others appeared in sharp definition, he would be a blur.?2 A
Marxist even before he went to university, he joined the Social-
Democratic Workers’ Party in 1915 and, during the subsequent years
in Moscow, Kiev, Odessa and Elizavetgrad, studied science while
being a part-time activist for the Bolsheviks. He tired of their fanati-
cism and, when they declared all other political parties illegal in the
summer of 1918, was concentrating on science. He became the first
Soviet theoretician to use quantum mechanics.? In January 1927, he
arrived in Leiden and, a year later, electrified by the Dirac equation,
was looking forward to meeting its discoverer. Tamm wrote to his
wife in Moscow that he wanted to see if there was any truth in
rumours that ‘it costs a tremendous effort to get a word from [Dirac],
and that he talks only to children under ten’.*

The two men soon clicked. In Tamm, Dirac had found another
intellegent and entertaining Russian extrovert; in Dirac, Tamm found
a companion who was surprisingly agreeable, provided he was under
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no pressure to speak. The two men spent the spring afternoons
strolling around the town’s cobbled streets, watching the traffic on
the interlocking network of canals and occasionally walking out to
the nearby tulip fields.> Tamm taught Dirac to ride a bicycle, Dirac
taught Tamm physics, and they talked about matters outside science,
probably including politics and Tamm’s favourite hobby of mountain
climbing. Tamm was humbled by Dirac’s erudition: I feel like a little
child next to him,” he wrote to his wife.®

As was customary for visitors to Leiden, Dirac gave a series of lec-
tures. He had much improved his technique as a public speaker:
when he strode towards the blackboard, he seemed to change from
being a pitiful wallflower to the Demosthenes of quantum mechan-
ics. Standing quite still, he looked into the eyes of his audience and
talked plainly and articulately, with the force of an advocate, not let-
ting a pause or hesitation break his rhythm. He did not read from a
prepared text but knew exactly what he wanted to say; once he had
decided on the clearest way of expressing an idea, he would not devi-
ate from it, from one lecture to another. When Ehrenfest asked for
further explanation, Dirac would respond by repeating what he said,
almost word for word.”

In mid-June 1928, Dirac moved on with Tamm to Leipzig to spend
a week at a conference co-organised by Heisenberg, who was agonis-
ing about the Dirac equation. Darwin and others had demonstrated
that it perfectly reproduced previously successful formulae for
atomic hydrogen’s energy levels, but this news cut no ice with
Heisenberg. He was troubled by the equation’s absurd prediction
that a free electron can have negative energy — and it had become
clear that no subtle tinkering with the equation could change it. For
Dirac, this was simply the next problem to be addressed. For
Heisenberg, it was evidence that the equation was sick. A month
after Dirac departed from Leipzig, Heisenberg wrote to Bohr: ‘I find
the present situation quite absurd and on that account, almost out of
despair, I have taken up another field, [trying to understand magnet-
ism].’® A month later, Heisenberg was even more depressed when he
wrote to Pauli: “The saddest chapter of modern physics is and
remains the Dirac theory.”® Dirac knew Heisenberg’s criticisms were
well founded and that the onus was on him to demonstrate that the
theory was more than a beautiful mirage.

Among the scientists Dirac met for the first time in Leipzig was
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Heisenberg’s student Rudolf Peierls, just turned twenty-one. Wiry,
bespectacled and with a pronounced overbite, Peierls oozed vitality
and ambition. His professors asked him to take Dirac to the opera,
a challenge that his guest’s Cambridge colleagues regarded as all but
impossible. They could scarcely imagine him sitting through any
kind of drama: the artifice, the focus on speech or lyrics and the
often contorted plotting would surely have no appeal to his literal
mind. Decades later, Peierls could not remember the play or his
guest’s reaction to it but squirmed at the thought of Dirac’s insis-
tence on following the English custom of taking his hat with him to
the performance, pointedly refusing to follow the German practice
of leaving headwear in the theatre cloakroom. Peierls, whose for-
mal Prussian education had given him a strong sense of politesse,
found Dirac’s behaviour mortifyingly crude.'® Dirac, probably
oblivious of his colleague’s discomfiture, often behaved like this: he
was a stickler for English conventions of courtesy and saw no rea-
son to deviate from them in other countries. Flexibility was not his
forte.

After the conference, Dirac travelled with Tamm to Gottingen. Its
theoretical physics department was losing its edge as its leader, Max
Born, struggled to maintain his momentum. Overworked, worried
that younger and fresher minds were leaving him behind, depressed
by marital problems and the Nazis’ ‘blood and soil’ anti-Semitism, he
slid into a nervous breakdown.!! His colleague Jordan was openly a
conservative nationalist but in private was writing reactionary articles
in the journal Deutsches Volkstrum (‘German Heritage’), under the
cover of a pseudonym.!?

Gottingen was, however, still on the itinerary of every young theo-
retician. During this visit, Dirac began his long friendship with two
other visitors, who embodied his taste for the company of both
introverts and extroverts and who were to lead him to his first close
relationships with women of his own age. At the flamboyant
extreme was George Gamow, a Russian theoretician two years
Dirac’s junior, destined to be the court jester of quantum physics.
Variously nicknamed Johnny, Gee-Gee and (by Bohr) Joe, he was a
six-foot three-inch, 220-pound giant and close to being Dirac’s
polar opposite: loquacious, a passionate smoker and drinker, relent-
lessly jocular.!3 Shortly before his visit to Géttingen, he had made
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his name by being one of the first to use quantum mechanics to
explain the type of radioactive decay in which an alpha particle can
be ejected from types of atomic nuclei (impossible, according to
classical mechanics). Dirac, probably to Rutherford’s frustration,
had attended many Cavendish seminars about new findings in
nuclear physics but showed no interest in trying to understand
them.'* As theoreticians, Gamow and Dirac were entirely different:
Gee-Gee did not try to come up with fundamental new ideas but
preferred to apply ones discovered by others. Yet the two men got
along well and often dined together, Dirac listening expressionlessly
as his new friend told of how he had learned Euclidean geometry
under artillery bombardment and other such stories, most of them
more impressive for their colour than their accuracy.

At the other end of the personality spectrum was Eugene Wigner,
who had recently arrived in Gottingen after spending years with
Einstein in Berlin, having switched to physics after being trained as
an engineer. The scion of a wealthy Jewish family, Wigner and his
two sisters had been raised by a governess in a grand apartment in
one of the most exclusive residential areas of Budapest, overlooking
the Danube. He loved to reminisce about his boyhood home: the for-
mal family dinners, the scurryings of the two uniformed servant girls,
the scent of freshly cut roses.!® Unlike Dirac, the young Wigner was
politically alert and acutely aware of the instability of his country.
Since the break-up of the Austro-Hungarian Empire in 1918,
Hungary had been through a bloody Bolshevik revolution led by Béla
Kun and the White Terror organised by nationalist and anti-Semitic
forces. Wigner was fearful of the future of the country, then under
Admiral Horthy’s authoritarian regime.

Despite all the political upheavals, Wigner had an exceptionally
fine school education in mathematics and science, even more thor-
ough than Dirac’s. Historians still debate why Budapest in the early
twentieth century produced so many intellectual innovators, includ-
ing John von Neumann, whom Dirac would later rate as the world’s
finest mathematician, and Wigner’s friends Le6 Szilard and Edward
Teller, both to do important research into the first nuclear weapons.!”
The success of this cohort of Hungarians is partly due to their edu-
cation, shortly after the war, in Budapest’s excellent high schools and
partly to the vibrancy and ambition of the city’s Western-focused

culture.8
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Wigner was one of the shyest and most uncommunicative of the
quantum physicists but, compared with Dirac, he was gregariousness
itself, so conversation during their evening meals together was prob-
ably strained. They had to find a common language — Dirac did not
know Hungarian, hated to speak French and spoke fractured
German with a bitumen-thick accent, while Wigner’s English was
weak, and he liked to converse in German or French. They probably
settled on German. No record remains of the details of their early
conversations, but it is likely that Wigner mentioned his politics and
youthful experiences of anti-Semitism: since he was sixteen, he had
followed his father in ideologically opposing Communism, and his
views had hardened a year later during Kun’s regime, in which his
father was thrown out of his job as director of a tannery.!” For a few
months, the Wigners had fled to Austria but returned after the
Communists were overthrown.

Dirac would have been content to listen to as much of Wigner’s life
story as he was willing to tell. But when Wigner turned his attention
to physics, he quickly saw that Dirac had no interest in sharing his
thoughts and ideas. The moment Wigner began to probe, Dirac
withdrew into himself like a frightened hedgehog.?’ Igor Tamm
knew how to avoid this kind of defensiveness: keep conversation to a
functional minimum, avoid personal questions and never risk wast-
ing breath on trivialities. Tamm and Dirac’s relationship flourished
partly because they had complementary talents: intellectual leader-
ship was provided by Dirac, while the social impetus came from
Tamm. It was he who introduced Dirac to what would be one of
the greatest pleasures of his young life: mountain climbing. In one
long trip east, the two journeyed out to the wooded Harz — ablaze
with fireflies in the evenings — and they climbed the challenging
peak of Mount Brocken (1,142 metres).>! Dirac was smitten: apart
from equations, nothing did more to stir his sense of beauty than

mountains.??

At the end of July 1928, Dirac was preparing for his first visit to
Russia, a two-month stay that combined the chores of lecturing with
the pleasure of relaxing with Kapitza. Dirac’s mother was fearful: ‘If
you go to Russia, do take care of yourself. We hear such dreadful
accounts of the Bolshevists in the papers. There seems to be no law
and order anywhere. I expect you know more about the facts than
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we do, though, as you are so much nearer.’?3 Since 1918, the British
press had reported on the Soviet regime’s growing repressiveness,
which increased with the rise of Stalin to absolute power in 1926.
The British Government did not officially recognise the Soviet Union,
but profitable trade between the countries was easing relations
between them, culminating in the Labour Prime Minister Ramsay
MacDonald’s restoration in 1929 of full diplomatic relations.?*

After his arrival in Leningrad on 5 August, Dirac’s hosts intro-
duced him to caviar, one of the few luxury foods for which he had a
taste. Dirac blossomed in Russia — the scenery, the architecture, the
museums and the art galleries — as he wrote in a long and chatty let-
ter to Tamm:

I spent the first two days in Leningrad with Born and his [Géttingen col-
league] Pohl and we saw the sights and visited the Hermitage and the
Museum of Russian Art and the Natural History Museum and also the
Roentgen Institute [for physics research] [. . .] I found Leningrad a very
beautiful place, and was more impressed by it than by any other town dur-
ing the journey, particularly as I came up the river in the steamer and first
saw the large number of churches, with their gilded domes, quite different
from anything I had ever seen [. . .].2

Moscow still resembled the city of Anna Karenina, with its squat
wooden houses, multicoloured cupolas, horse-drawn cabs driven
around the sprawl of zigzag streets by peasants in blue robes,
bearded traders sipping vodka and eating cucumbers in the
Slovenski Bazaar.?® Dirac was there to attend the no-expense-spared
Congress of Russian Physicists, at his hosts” expense. Physicists in
the Soviet Union had been quick to realise the importance of quan-
tum mechanics and wanted to learn from the innovators in western
Europe. Of the one hundred and twenty physicists who attended the
Congress, about twenty were foreign. Dirac was the star of the occa-
sion, but he arrived in Moscow too late to give his talk, scheduled
for the opening session. When he should have been giving his pres-
entation, he was walking around one of the royal palaces on the
outskirts of the city; in the evening, he went to a performance of
Japanese theatre. The next day, Dirac went with the conference del-
egates to the Kremlin before setting off alone to walk the streets
until sundown.

The venue for the second part of the Congress was a steamer that
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sailed down the Volga to Stalingrad. During the week-long cruise,
Dirac gave a talk on his theory of the electron and met the leaders of
Soviet physics, including his admirer Lev Landau, a twenty-year-old
graduate student, soon to be his country’s greatest theoretician — the
most accomplished but least mature. Mangy and undernourished, he
was so tall that in most company people could see his long, thin face
standing out, topped with dark wavy hair that was piled on the right
of his head like a burnt crest of meringue. As a critic, he was so
aggressive that he made Pauli look demure; as a colleague, so socially
inept that he made Dirac look suave.

After the Congress, Dirac took a two-day train journey to the
Caucasus. He stayed with Kapitza and joined a party of sightseers for
a six-hour hike up a glacier near Vladikavkas. Dirac described his
adventures in a letter to Tamm but did not mention that, during his
time with Kapitza, he experienced an incident that was, in some way,
his sexual awakening.?” Forty-five years later, he remembered that he
first saw a naked young woman in the Caucasus: ‘[she was] a child,
an adolescent. I was taken to a girls’ swimming pool, and they
bathed without swimming suits. I thought they looked nice.” He was
twenty-six years old.

Dirac was in no hurry to return to Bristol: the journey took him
almost a month.?® The disparity between the excitement of his work
and the dreariness of his home life had never been so stark. He was
lionised by many of his colleagues, he was financially independent,
and he was benefiting from international travel at a time when it was
a luxury. Charles, Flo and Betty, on the other hand, were locked in
their routine and left their hometown only rarely. Betty was happy to
do nothing at all when she was not looking after her new dog;
Charles was overworked and run down; Flo was trying to make the
most of every opportunity to leave the house. At her elocution
classes, she wrote and practised giving speeches, including one
opposing the notion that there might one day be a woman prime
minister. She rehearsed her speech on the Bristol Downs, beginning
with the flourish ‘I rise to oppose the motion of a woman prime min-
ister — to oppose most decidedly and definitely.” For one thing, Flo
argued, women do not have sufficiently strong constitutions to take
on such a responsibility: ‘As regards physique — women today are
wonderful: but none can say when a woman may faint! None when

155



APRIL 1928—MARCH 1929

she may scream! Is it becoming for a Prime Minister to suddenly fall
to the ground, or to burst into hysterics at a crucial moment?’>°

Although Flo was not in the vanguard of feminism, Dirac knew
that underneath his mother’s apparent submissiveness lay stoicism
and an independence of spirit. These qualities would, over the next
three years, be tested to breaking point.

When Dirac returned to Cambridge in October 1928, he knew that
the onus was on him to cure the sickness of his theory of the electron.
Somehow, he needed to find a rational explanation for the negative-
energy states which were undermining confidence in the Dirac equa-
tion; some of his colleagues were becoming worried that the equation
might not be right after all.3°

That autumn, he was, unusually, working on several projects at the
same time: his hole theory, his textbook and a brief paper on one of
his favourite subjects — the relationship between classical mechanics
and quantum mechanics. The paper was based on the ultra-rigorous
work of von Neumann, who had derived one result that caught
Dirac’s eye. Von Neumann had found a way of describing the overall
behaviour of an enormously large number of non-interacting quan-
tum particles, when nothing is known about their individual behav-
iour. It turned out, surprisingly, that the statistical description given
by quantum mechanics is just as simple as the account given by clas-
sical mechanics; in both, the behaviour of the individual particles
averages out to a smooth overall pattern, just as the behaviour of a
swarming crowd can be described without referring to any of its indi-
viduals. In this bijou paper, Dirac developed von Neumann’s ideas
and laid bare the precise analogy between the classical and quantum
understandings of vast numbers of particles. This was a divertimento
composed during a holiday from fixing his troublesome symphony.

In those politically tranquil times, the favourite topic of conversation
in Cambridge was poetry.3! The eighty-five-year-old poet laureate
Robert Bridges had written the most talked-about poem of the year,
A Testament to Beauty, 5,600 lines about the nature of beauty. It is
now read only rarely, but then it struck a chord with tens of thou-
sands of lay readers and some literary critics, including one in the
Cambridge Review who described it as ‘a high philosophical expla-
nation of Keats’s “Beauty is truth, Truth beauty”’.3? To some extent,
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Bridges was reacting against modernist art — such as Arnold
Schonberg’s atonal music, Picasso’s cubism, Eliot’s fragmented
poetry. Bridges sought beauty and found it not only in music, art and
nature but also in science, food and even in football matches. Dirac
knew, too, that beauty was about much more than art and nature. He
had seen it in Einstein’s equation for the general theory of relativity
and he now had an equation of his own that was no less of a contri-
bution to aesthetics. But aesthetic judgements like that count for
nothing in science if a theory fails to agree with experiment. Unless
someone could explain the meaning of the negative-energy solutions
to the Dirac equation, it was doomed to be remembered only as just
another scientific fad.

A few of Dirac’s colleagues in Cambridge would not have been dis-
traught if fortune had clipped his wings: his ascending reputation
had led, inevitably, to envy. No longer were the two leading lights of
the university’s experimental and theoretical physics cited as
Rutherford and Eddington, but as Rutherford and Dirac.
Eddington’s star was waning, and he knew it. Meanwhile, the old
guard of Cambridge physics looked pitifully out of touch. The proud
Irishman Sir Joseph Larmor, holder of the most prestigious chair in
Cambridge, the Lucasian Professorship of Mathematics, once held
by Newton, was living in the past, unable to understand relativity
theory and disdainful of quantum mechanics. He and his friend ]J. J.
Thomson wandered the streets of Cambridge, each of them wearing
a bowler hat, a black three-piece suit and an immaculate white shirt,
and each wagging a stick behind his back. When they peered into one
of the shop windows on Trinity Street, the two superannuated pro-
fessors looked like a pair of penguins.

The two men knew that their views counted for nothing among
physicists who were once their admiring students and who were now
running physics. No one symbolised the new generation’s ascendancy
more powerfully than Dirac, but he still did not have a permanent job.
He had turned down Arthur Compton’s offer of a post in Chicago and
had later declined an offer of a professorship in applied mathematics
at Manchester University, commenting that ‘my knowledge of and
interest in mathematics outside my own special branch are too small
for me to be competent [in such a post].”3? If the spurned mathemati-
cians in Manchester found his modesty hilarious, Dirac would have
been uncomprehending, as he was simply being candid. As Mott said:
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‘He is quite incapable of pretending to think anything that he did not
really think.’3*

If Dirac and Fowler were away, Cambridge University would
struggle to teach quantum mechanics, as Harold Jeffreys virtually
admitted when he wrote to Dirac in March 1929, pleading with him
to set the questions on quantum mechanics for the summer examina-
tions. Jeffreys and his fellow ‘ignorant and philistine’ faculty col-
leagues were in the embarrassing position of having to admit that
‘the candidates know more than we [do]’.3* Fowler led the campaign
to ensure that Dirac remained in Cambridge, and he soon had some
success: in June 1929, St John’s College awarded Dirac a special lec-
tureship, though it was funded for only three years.3¢ Dirac’s loyalty
to Cambridge was to be tested, repeatedly.

As Dirac was getting nowhere with his top priority of sorting out the
difficulties with his equation, he decided to devote himself to other
things. In late 1929, he spent most of his time drafting his book and
working on another research project, the theory of heavy atoms. This
was by no means his favourite branch of physics, but it was closer to
the work of the great majority of quantum theorists, who were
applying the theory to complicated atoms and molecules. Dirac was,
however, in no doubt that quantum mechanics would be successful:

The underlying physical laws necessary for the mathematical theory of a
large part of physics and the whole of chemistry are thus completely known,
and the difficulty is only that the exact application of these laws leads to
equations much too complicated to be soluble.

Those words became one of the clarion calls of reductionists, who
believe that complex things can be explained in terms of their com-
ponents, right down to the level of atoms and their constituents.
Extreme reductionism implies, for example, that quantum mechanics
lies at the bottom of an inverted pyramid of questions that begins, for
example, with “Why does a dog bark?’ A reductionist seeks to answer
the question by understanding the chemical reactions going on inside
the dog’s brain, and those reactions are ultimately understood by the
interactions of the chemicals’ electrons, whose behaviour is ulti-
mately described by quantum mechanics. Although popular with
many scientists, the approach does not describe how to make the
links between the layers of explanation.
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In his paper, Dirac applied quantum mechanics to atoms that con-
tain more than one electron, such as carbon atoms. Such atoms are
much harder to describe than hydrogen atoms because, in every
multi-electron atom, the complicated and unwieldy interactions
between all the electrons have to be taken into account. Dirac found
a way of describing these interactions approximately and investi-
gated the consequences of the fact that it is impossible to detect
experimentally if two of the electrons swapped places. As usual,
Dirac left it to others to work out the theory’s consequences: the
American theoretician John Van Vleck, based in Minneapolis,
quickly saw the potential of Dirac’s ideas and spent years using them
to explain the origin of magnetism, the various ways that atoms can
bond to form molecules and the patterns of light emitted by multi-
electron atoms. This was to be the main legacy of Dirac’s excursion
into atomic physics — his first paper on the subject, and his last.

At the end of term, he visited his family briefly and then, in what
was becoming a ritual, set off on another long journey. At
Southampton, on the freezing Wednesday morning of 13 March, he
boarded the liner Aquitania with his travelling companion, Isabel
Whitehead’s son Henry. In the crowd at quayside was Florence
Dirac, who by then had got the message: her only son wanted to
spend as little time at home as he could. Just as she must have
dreaded, he would be away for as long as his teaching obligations in
Cambridge allowed, on his first visit to the United States of America.
His reputation had preceded him.
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Thirteen

[T]n England there is something very like a cult of eccentricity. [. . .]
With us [Americans], as more than one European has said, the trait is
more distinguishable nationally than individually.

GARDNER L. HARDING, New York Times, 17 March 1929

In every branch of science, theorists vie with experimenters to set the
agenda. Since Heisenberg’s publication of his path-breaking paper
in the autumn of 19235, theoreticians had been pointing the way
ahead in physics. Yet the foundations of some of the new theoretical
ideas had not even been checked experimentally: according to
Schrodinger’s quantum theory, for example, every material particle
has an associated wave, but no experimenter had been able to prove
the idea or to refute it. So there was an almost palpable sigh of relief
among quantum physicists back in early 1927 when news reached
Europe that the American experimenters Clinton Davisson and his
student Lester Germer had shown that the electron could indeed
behave like a wave. Dirac, often believed to regard experiments with
a high-minded insouciance, belied his reputation by arranging to visit
Davisson’s laboratory on West Street in south Manhattan, a few
blocks from the meatpacking district, the first stop on his itinerary.!

This was Dirac’s first sight of New York, then booming with
wealth and new technology. The Jazz Age was, according to the man
who named it, F. Scott Fitzgerald, past its ‘heady middle age’, though
Americans were still enjoying ‘the most expensive orgy in history’.?
The hurried pace of American life was not at first to Dirac’s taste: it
was somehow fitting that during the first night Dirac spent in his
hotel on Seventh Avenue, he was kept awake until the small hours by
revellers in an adjacent room.? As soon as he awoke the next day,
shortly before four o’clock in the afternoon, he realised he had
missed his appointment with Davisson. Rather than waste the late
afternoon, he spent it strolling around rush-hour midtown
Manhattan, teeming with four-square black automobiles navigating
around the skyscrapers, each of them a powerful symbol of
America’s soaring prosperity.
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In Davisson’s laboratory the next day, Dirac saw the ingenious
apparatus that first persuaded the electron to reveal its wave
nature. Davisson and Germer had fired beams of electrons towards
a nickel crystal and found that the number of electrons they
detected at different angles had alternating peaks and troughs.
These variations were impossible to understand if the electron is
simply a particle: the only explanation was that the electrons
behave as waves which are bent (‘diffracted’) by the crystal, like
two waves combining on the surface of pond, forming peaks when
the waves reinforce one another and troughs when they cancel each
other out. Physicists had no choice but to conclude that the electron
behaved sometimes like a particle and sometimes as a wave — a
‘wavicle’, as Eddington had dubbed it — precisely as quantum theory
had supposed.

Dirac quickly headed off on his five-month journey across North
America, travelling mainly on the railroad. He kept a record of his trip
in terms of numbers, not words: his diary contains no descriptions of
his experiences, just a cumulative record of the number of nights he
had spent on a train and on board ship.*

After paying brief visits to Princeton and Chicago, Dirac travelled
to Madison, capital of the Midwestern state Wisconsin. Like
Gottingen, Madison was his sort of town, with a good university and
surrounded by countryside offering plenty of opportunities for
walks. He was the first foreign guest of John Van Vleck, newly
appointed to the university faculty. Slightly older than Dirac, Van
Vleck excelled at applying quantum physics and had no interest in its
mathematical foundations. The two men spent hours together walk-
ing in the vast fields overlooking Lake Mendota, one of the four lakes
around the town. For Dirac, Van Vleck was the perfect walking com-
panion - fit, uninterested in small talk and content to say nothing for
hours. Perhaps Van Vleck mentioned his passion for railroads and his
feat of memorising the passenger railway timetable for the whole of
Europe and the United States.® Like Dirac, Van Vleck was fascinated
by technology, numbers and order.

Dirac’s hosts were aware of his reputation for eccentricity, and they
soon saw that it was well justified and that his sangfroid was extreme
even by the standards of the English. He left them several Dirac sto-
ries, including a classic that appears to have been first spread around
by a tickled Niels Bohr.® The story begins during one of Dirac’s lec-
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tures, moments after he has finished talking, when the moderator asks
if anyone has any questions. Someone in the audience says, ‘I don’t
understand the equation on the top-right-hand corner of the black-
board.” Dirac says nothing. The audience shuffles nervously, but he
remains silent, whiling away the time of day, looking unconcerned.
The moderator, feeling obliged to break the silence, asks for a reply,
whereupon Dirac says, “That was not a question, it was a comment.’

Madison was also the venue of what would become the most
widely quoted interview that Dirac ever gave, to the journalist
Joseph Coughlin, known to everyone as Roundy owing to his sub-
stantial girth.” Well known in the town, he was one of Wisconsin’s
most popular columnists, delivering regular doses of homespun wis-
dom on sport and other topics in language that was often ungram-
matical but always alive with quirky humour. Dirac kept a typed
transcript of the four-page article, in which Roundy recounts verba-
tim his attempts to persuade his interviewee to utter more than one
syllable at a time:?

ROUNDY: Professor, I notice you have quite a few letters in front of your last
name. Do they stand for anything in particular?

DIRAC: No.

ROUNDY: You mean I can write my own ticket?

DIRAC: Yes.

ROUNDY: Will it be all right if T say that P. A. M. stands for Poincaré
Aloysius Mussolini?

DIRAC: Yes.

ROUNDY: Fine! We are getting along great! Now doctor will you give me in
a few words the low-down on all your investigations?

DIRAC: No.

ROUNDY: Good. Will it be all right if I put it this way: ‘Professor Dirac
solves all the problems of mathematical physics, but is unable to find a bet-
ter way of figuring out Babe Ruth’s batting average?’

DIRAC: Yes.

The dialogue continues for another page. According to the tran-
script, Roundy’s interview was published in the ‘P. A. M. issue’ of
the Wisconsin Journal on 31 April (sic). However, the records of the
newspaper show that no such edition was published, so it appears
that this much-anthologised article is a spoof.” One possibility is
that the typed document was a pastiche presented to Dirac by his
Madison colleagues during his farewell dinner at the University
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Club, where — as Van Vleck later wrote — they played an elaborate
game to tease out of Dirac the names designated by his initials P. A.
M. 10 Whatever the origins of the Roundy interview, it is an example
of a probably apocryphal Dirac story that captures his behaviour so
accurately that it somehow ought to be true.

Dirac left Madison with a cheque for $1,800, more than enough to
cover his costs for the remainder of his trip.'! In June, he combined
business and pleasure, giving a series of lectures on quantum
mechanics in Towa and Michigan, also walking down and up the
Grand Canyon and hiking in Yosemite National Park and the
Canadian Rockies — his introductions to grand North American
scenery, which he explored on foot during several trips in the coming
decades.'? He again demonstrated his interest in the latest experi-
mental tools when, during a stay at the California Institute of
Technology, he visited the Mount Wilson Observatory, near Pasadena,
whose telescope was the largest in the world and by far the most pro-
ductive source of new information about the universe.

A few months before, Heisenberg had proposed to Dirac that
they should travel together to ‘bring European life into the
American hurry’.!> When they met in early August at their hotel
near the Old Faithful geyser, Heisenberg was surprised to find that
Dirac had planned a route that would enable them to see the maxi-
mum number of geysers erupt.'* Even his scenic walks were
informed by mathematical analysis. Heisenberg had arranged for
them to travel first class to Japan on the steamer Shinyo Maru, shar-
ing a roomy cabin with a sea view.!> Two leading theoreticians
were about to spend weeks together, with every opportunity to talk
and perhaps to crack the gnawing problem of how to interpret the
negative-energy solutions to Dirac’s equation. The clubbable
Heisenberg would probably have been game for a collaboration, but
not Dirac. Although he admired Heisenberg and regarded him as a
friend, Dirac felt no obligation to share any of his thoughts about
physics with him. His motto was: ‘People should work on their own
problems.’1®

In the middle of August, after they had each given a series of lec-
tures in Oppenheimer’s department at the University of California at
Berkeley, they set off from San Francisco on their two-week cruise to
Japan.'” On board, Heisenberg was a conventionally hedonistic
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tourist, honing his technique at ping-pong and dancing with the
flapper girls.!® Dirac looked on, probably bemused. It is easy to
imagine Dirac at one of the evening balls, sitting at a table and gaz-
ing quizzically at Heisenberg as he jived on the dance floor.
Heisenberg long remembered being asked by Dirac, “Why do you
dance?’ After Heisenberg replied, reasonably enough, “When there
are nice girls it is a pleasure to dance,’ Dirac looked thoughtful. After
about five minutes of silence, he said, ‘Heisenberg, how do you know
beforehand that the girls are nice?’’

As their steamer approached Yokohama, a reporter sought an
interview with the two famous theoreticians. Unfamiliar with Dirac’s
appearance but not with Heisenberg’s, the reporter said to
Heisenberg, ‘I have searched all over the ship for Dirac, but I cannot
find him.” Heisenberg knew how to handle this: he talked affably to
the journalist, no doubt giving him the story he wanted and not men-
tioning that Dirac was standing next to him, looking in another
direction.??

In Japan, the two physicists were greeted as heroes. Leading scien-
tists in Japan knew that their science lagged well behind that of
Europe and the USA, and physicists flocked from all over the coun-
try to see and hear two of the young founders of quantum mechan-
ics. Dirac and Heisenberg were given round-the-clock obeisance and
the full VIP treatment, their first taste of international celebrity. From
the official photographs, it is clear that Heisenberg slipped easily into
the role of the touring dignitary, looking poised and relaxed in the
light summer suit he wore to stay cool in the searing heat. Looking
less comfortable than his friend, Dirac made no such changes to his
wardrobe: he wore the same three-piece suit and boots that he wore
in the depths of the Cambridge winter.

The itinerary was the usual one for academics making a short trip
to the country: a stay in Tokyo followed by a visit to the old imperial
city of Kyoto, lecturing to packed, hushed audiences of respectful
men wearing Western suits splashed with jako perfume, scenting the
auditorium with the fragrance of geraniums.?! The texts of the lec-
tures were swiftly translated into Japanese and published as the
Orient’s first authoritative book on quantum mechanics, a bible for
Japan’s next generation of physicists, destined to make a huge
impact. Dirac and Heisenberg, each of them only twenty-seven, were
already training their successors.
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At the end of their stay in Japan, Dirac and Heisenberg parted
company. Dirac wanted to return by the fastest practicable route, by
traversing Russia on the Trans-Siberian Railway. The construction of
the 5,785-mile railway in Siberia — with brutal extremes of climate,
little local labour available and dreadfully primitive supply routes —
had been an engineering project that would have daunted even
Brunel. It took twenty-five years to complete. Dirac boarded the train
on 24 September at Vladivostock on the eastern coast and, nine days
later, arrived in Moscow. He met up with Tamm, and they went on a
long walk to see the sights of the city, including the sixteenth-century
St Basil’s cathedral, later converted into one of the country’s many
anti-religion museums.?? Dirac then headed back to England after
taking what seems to have been his first flight, from Leningrad to
Berlin. This was probably not the most agreeable of experiences: for
the next few decades, he preferred to admire aviation technology
from a secure vantage point on the ground.

While he was away, his family were ‘plodding along as usual’, as his
mother put it.2> The highlight of the year had been the General
Election in June. For Flo, new technology had taken much of the
thrill out of politics: “The Election is being conducted mainly by
“Wireless”,” she wrote to Dirac, ‘so I don’t get any fun out of meet-
ings.’?* She and Charles supported Lloyd George’s Liberal Party,
which was trounced in Bristol by the Labour Party, consistent with
the national swing that put Ramsay MacDonald back into 10
Downing Street.

Dirac’s father, in better health than he had been for some years, was
drifting further away from his wife and ever closer to Betty. While
Charles and his favourite child played with the family dog in the gar-
den, Flo was left inside, dreaming of her favourite child thousands of
miles away. She imagined him touring the Hollywood studios and rid-
ing a donkey down the Grand Canyon in a Panama hat, though she
was disappointed to hear that he had done neither. Flo and Charles,
having not seen their son for six months, were hoping to see him
before the beginning of term and prepared the house for his visit. But
in early October, Dirac perfunctorily informed them that he was back
in Cambridge and mentioned no plans to visit Bristol.?®

He and other theoreticians had made virtually no progress with the
problem of negative-energy electrons. Although most physicists
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wanted to be rid of them, the Swedish physicist Ivar Waller had shown
a few months before that they were indispensable to the theory.
Waller had found a strange result when he analysed what happens
when a photon is scattered by a stationary electron: Dirac’s theory
could reproduce the successful classical prediction at low energies
only if the electron had access to negative-energy states. There could
be only one conclusion for Dirac: his equation would survive only if
someone could understand these negative-energy electrons.

As he settled down for the new term, Dirac was aware that the crit-
ical chorus had swelled from a whisper to a roar. In the opinion of its
most dominant soloist, Pauli, the equation’s sickness was incurable
and its agreement with experiment was a fluke.?® The onus was on
the equation’s discoverer, refreshed after almost six months’ vaca-
tion, to rescue it. So he set about the problem again.

At the end of October, news broke from New York of the event
that ended the calm of late-1920s politics and began the descent into
global economic catastrophe. The Dow Jones index had reached its
historic peak a month before. Then panic struck when the bubble
burst. On Friday, 25 October, the newspapers in the St John’s com-
mon room all featured reports that made clear the scale of the crisis:
the Manchester Guardian wrote of “Wild selling in record turnover of
13,000,000 shares’; The Times wrote, ‘a Niagara of liquidation took
place on the American stock market today’. Four days later, on ‘Black
Tuesday’, Wall Street all but melted down, and, as F. Scott Fitzgerald
later noted, the decade of unparalleled prosperity had ‘leapt to its
spectacular death [. . .] as if reluctant to die outmoded in its bed’.?”

Britain braced itself for the aftershock. Dirac kept abreast of the
news, but he was focusing mainly on solving the mystery of the
negative-energy electrons. Why had no one observed jumps of the
familiar, positive-energy electrons into negative-energy states? After
a few weeks, he had found an answer. He imagined all the electrons
in the universe gradually filling up the energy states: the states with
negative energy will be populated first, because they have the lower
energies. Only when they are full will electrons occupy positive
energy states. Because the negative-energy states are full, there are no
vacancies into which these positive-energy electrons can jump. It is
ironic that the crucial idea that underpinned the theory was supplied
by Dirac’s harshest critic, Pauli: according to his exclusion principle,
every negative-energy state can be occupied by only one electron.
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This prevents each negative-energy state from being filled ad infini-
tum with electrons.

The bizarre upshot of the theory is that the entire universe is per-
vaded by an infinite number of negative-energy electrons — what
might be thought of as a ‘sea’. Dirac argued that this sea has a con-
stant density everywhere, so that experimenters can observe only
departures from this perfect uniformity. If this view is correct, exper-
imenters are in rather the same position as a tribe that has spent its
entire life hearing the unchanging background sound of a single
musical note: this would not seem like torture because people are
aware only of changes to their environment.

Only a disturbance in Dirac’s sea — a bursting bubble, for example
— would be observable. He envisaged just this when he foresaw that
there would be some vacant states in the sea of negative-energy elec-
trons, causing tiny departures from the otherwise perfect uniformity.
Dirac called these unoccupied states ‘holes’. They would be
observed, he reasoned, only when they are filled by an ordinary elec-
tron, which would then emit radiation as it makes the transition. It
should therefore be possible to detect a hole in the sea when an ordi-
nary positive-energy electron jumps into it. But what characteristics
do the holes have? They mark the absence of a negative-energy elec-
tron. Within the general scheme of the ‘electron sea’, the absence of
negative energy amounts to the presence of positive energy (two neg-
atives make a positive: when debt decreases by £5, wealth increases
by the same amount). Furthermore, a negative-energy electron is neg-
atively charged, so its absence is equivalent to the presence of a pos-
itive charge.

It follows that each hole has positive energy and positive charge —
the properties of the proton, the only other subatomic particle
known at that time. So Dirac made the simplest possible assumption
by suggesting that a hole is a proton. What he could not explain was
why the proton is almost two thousand times as heavy as the elec-
tron. That was a problem for the theory, he conceded, a ‘serious defi-
ciency’.

The provenance of the hole theory is not entirely clear. The math-
ematician Hermann Weyl and others suggested that protons were
related in some way to the negative-energy electrons, but their think-
ing was too woolly for Dirac. He later remarked that ‘it was not
really so hard to get this idea [of the hole theory]” as he was simply
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drawing an analogy with the theory of how atoms emit X-rays (high-
energy light).?® This theory says that an electron close to the nucleus
can be knocked out of the atom, leaving a gap into which another
electron falls, accompanied by the emission of an X-ray. It is also
possible that Dirac had acquired the germ of his idea when he was
sailing down the river Volga fifteen months before. At the Russian
Congress, he met the Soviet theoretician Yakov Frenkel: someone
snapped a photograph of them lying on the deck of the steamer, in
their dress suits. In 1926, Frenkel had produced a theory of crystals
in which ‘empty spaces’ in the regular lattice structure of the crystal
would behave like particles — again, precisely analogous to Dirac’s
hole theory. Frenkel may have mentioned this theory to Dirac only
for him to forget it and retrieve it later from his subconscious. But
Dirac had no such recollection.?’

Whatever the origins of the theory, there is no doubting the bold-
ness of Dirac’s application of the idea. Nowhere in the paper does he
pause to comment on the theory’s credibility. The crucial point for
him was that he now had the beginnings of a viable theory of matter,
based on an appealing equation and solid principles. Who was going
to accept that the universe was full of unseen negative-energy elec-
trons, an infinite sea of negative electrical charge? Yet his short paper
‘A Theory of Electrons and Protons’ bears no sign that he was
expecting his idea to be greeted with incredulity. He wrote the article
in his uncluttered style but with fewer equations than usual, free of
the windiness that would have been excusable in the first presenta-
tion of a theory that suggested a new way of looking at the material
universe.

Although Dirac never admitted to being nervous about the recep-
tion of his hole theory, he often talked of anxiety as the handmaiden
of scientific daring.3? So it is likely that he feared his theory contained
a humiliating fallacy, a concern stoked by a letter he received in late
November from Bohr, who had heard about the hole idea on the
grapevine. For Bohr, the existence of negative energy levels in Dirac’s
theory of the electron undermined confidence in the entire concept of
energy, a problem that — Bohr observed — also occurred in explana-
tions of why some types of atomic nucleus can sometimes sponta-
neously eject a high-energy electron, a process known as radioactive
beta decay. It seemed that energy was not conserved in this process —
there was less energy before the decay than there was afterwards — so
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energy appeared to emerge out of nowhere. This was serious: Bohr
was questioning quantum mechanics and even the law of conserva-
tion of energy. Dirac thought his mentor was overreacting and, in a
roundabout way, recommended him to calm down. Dirac had
already told Bohr that he believed that the law of conservation of
energy had to be preserved at all costs and that, to keep it, he would
be prepared to abandon the idea that matter consists of separate
atoms and electrons. And Dirac thought it premature to be pes-
simistic about quantum mechanics, which had only just passed its

fourth birthday:

I am afraid I do not completely agree with your views. Although I believe
that quantum mechanics has its limitations and will ultimately be replaced
by something better (and this applies to all physical theories) I cannot see
any reason for thinking that quantum mechanics has already reached the
limit of its development. I think it will undergo a number of small changes,
mainly with regard to its method of application, and by these means most of
the difficulties now confronting the theory will be removed.>!

Dirac concluded by reiterating — almost word for word — his reasons
for believing in his hole theory. Although his defence could be
regarded as stubborn, he does make it clear that he expected his theo-
ry to be superseded; the task in hand was to develop the theory as far
as it could be taken. Bohr’s criticisms do not seem to have shaken him
in the least — he would need this thick skin during the coming barrage
of scepticism and derision.

A week after he wrote to Bohr, Dirac gave his first public presenta-
tion of the hole theory to an audience in Paris, at the Henri Poincaré
Institute. He will not have taken much pleasure from giving the
lecture, as he reluctantly agreed to give it in French, bringing back
abhorrent memories of meals with his father. When he returned to
Bristol for Christmas, he had no choice but to speak French again.
After his absence for nine months, his family was desperate to see
him and to show him their latest plaything — the ‘Gramaphone’
(sic).3? But Dirac was, as always, downhearted even at the thought of
returning to his enervating Bristol routine, his mother endlessly fuss-
ing over him, his father still intimidating him simply by his presence.
Although Dirac appears to have told none of his physicist friends, he
believed that his home life had stultified him as a child and was still
grinding him down. He appears to have first shared the full extent of
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his pain only a few years later with a friend who was not one of his
academic associates. In a letter, he wrote, ‘going to see my parents
will change me very much, I am afraid, and makes me feel like a child
again and unable to do anything for myself’.33 For now, like all his
other emotions, his suffering was hidden.
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Fourteen

O hear the sad petition we electrons make to you
To free us from the dominion of the hated quantum view
For we are all abandoned to its dread uncertainty.
Except by you, our champion. O we pray you, set us free!
Once in a pleasant order our smooth-flowing time was spent
As the classical equations told us where to go, we went.
We vibrated in the atom, and a beam of light was freed;
And we hadn’t any structure — only mass and charge and speed.
We know not if we’re particles, or a jelly sort of phi,
Or waves, or if we’re real at all, or where we are, or why,
To protons — holes in ether — according to Dirac.

ANON.!

Those anonymous lines are from an ode to the electron, pinned to a
noticeboard in the Cavendish Laboratory around 1930. Only the
most hard-headed theorist could fail to sympathise with the poet’s
nostalgia. A decade before, atomic physics had been a matter of com-
mon sense: electrons were just tiny particles, and they behaved pre-
dictably, according to straightforward laws of nature — the same ones
that described everything else in the universe. How quaint those ideas
now seemed: the classical laws that had held sway for a quarter of a
millennium were now, in the atomic domain, obsolete, as Dirac liked
to point out, the idea Jonathan Swift explored in Gulliver’s Travels —
that no one would notice if naturally occurring things expanded or
contracted in the same proportion — was wrong.? The laws of the
everyday world cannot be scaled down to the atomic domain: things
are different there. Theorists could now reject every attempt to picture
the electron as meaningless and therefore fraudulent. The particle did
not even behave predictably: physicists were calculating odds like
croupiers at nature’s gambling table, using waves that no one believed
were real. To cap it all, Dirac had the temerity to argue that common-
or-garden electrons, with positive energy, are outnumbered by nega-
tive-energy ones that cannot even be observed.

It was probably a Cavendish experimenter, one of many who were
suspicious of hole theory, who wrote the anonymous poem. Only a
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few theoreticians, including Tamm and Oppenheimer, took the theory
seriously, and even they soon found it wanting. In February 1930,
Oppenheimer showed that the average lifetime of an atom was about
a billionth of a second according to Dirac’s hole theory, because the
atomic electron would quickly fall to its death in the negative-energy
sea. Soon afterwards, Tamm and Dirac independently arrived at the
same conclusion. Pauli suggested what became known as his Second
Principle: whenever a physicist proposes a new theory, he should apply
it to the atoms in his own body.? Dirac would be the first victim.

Pauli’s jest appealed to Gamow, who was staying in Cambridge
in the first academic term of 1930, mainly to work with Rutherford
and his colleagues. Dirac was charmed by Gamow’s non-stop good
humour and sense of fun: no one did more to show Dirac what he
had missed in his youth. Gamow taught Dirac how to ride a motor-
cycle (and filmed him doing it), gave him a taste for Conan Doyle’s
detective novels and apparently introduced him to the high jinks of
Mickey Mouse, who first appeared on the screen two years before,
in Steamboat Willy.* Dirac adored Mickey Mouse films, the ani-
mated successors of the cartoons he had seen as a boy in the penny
weeklies. A few years later, he made a point of attending a day-long
festival of the films in Boston, though it seems that he kept this
innocent pleasure secret from his highbrow Cambridge colleagues.®
He was self-aware enough to know that his standing in the St John’s
common room would not be increased if he were too enthusiastic in
his praise of Peg-Leg Pete or Horace Horsecollar.

More respectable at High Table was Dirac’s appetite for mathe-
matical games and puzzles that served no purpose at all beyond
entertainment. Once, he gave a devastating performance in a game
that had been introduced at Gottingen in 1929. The challenge was to
express any whole number using the number 2 precisely four times,
and using only well-known mathematical symbols. The first few
numbers are easy:

1=(2+2)/(2+2),
2 =(272) + (2/2),
3=(2x2)-(2/2),
4=2+2+2-2

Soon, the game becomes much more difficult, even for Goéttingen’s
finest mathematical minds. They spent hundreds of hours playing the
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game with ever-higher numbers — until Dirac found a simple and gen-
eral formula enabling any number to be expressed using four 2s,
entirely within the rules.® He had rendered the game pointless.

On 20 February 1930, Dirac sent his parents the usual newsless
weekly postcard, consisting of a ten-word summary of the
Cambridge weather.” The day after his mother received it, she visited
the library and was astonished to read in a newspaper that her son
had been elected a Fellow of the Royal Society, one of the highest
honours in British science. Excited and flushed with pride, she
dashed out to the post office and sent him a congratulatory
telegram, keeping in check her annoyance that he had not mentioned
the news on the card.? Dirac was a ‘naughty boy’, she told him two
days later in a letter, enquiring whether the society was organising a
ceremony of induction. ‘Do tell me,” she wrote, stressing each word
in frustration.’

Dirac could now put the initials FRS after his name, letters that
render all other academic qualifications redundant. The Society,
which then had 447 Fellows, usually gave the honour to scientists in
their forties and fifties, after they had been nominated and passed
over several times, so it was extraordinary for Dirac to be appointed
the first time he had been put up for election, when he was only
twenty-seven. As the news spread among the High Tables and com-
mon rooms of Cambridge, it would not have escaped the dons’
notice that he had been elected a Fellow at a younger age than any of
his senior colleagues.!'®

The announcement appears to have made Dirac’s parents realise
how rapidly the reputation of their son had risen. ‘How hard you
must have worked to get to the top of the tree like that,” his mother
wrote. ‘No wonder you didn’t take any interest in the Boat Racing.’!!
The news was a welcome fillip for Flo, whose morale was low. Now
that her husband was about to retire, her prospects were pitiable:
only fifty-two years old, all she had to look forward to were years
cooped up at home with a sick man whom she regarded as a brow-
beating ingrate and who, she knew, saw her as an inadequate nurse
and servant. At school, Charles Dirac’s colleagues queued up to offer
their congratulations, and he received several letters to congratulate
him on raising such a successful son. Paul’s engineering teacher
Andrew Robertson pointed out that he believed Dirac was the first
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Bristol graduate to have been elected an FRS; Ronald Hassé, who
first steered Dirac towards a career in theoretical physics, wrote to
say how much he was looking forward to Dirac’s first public speech
in Bristol in September. The city was to host the annual meeting of
the British Association for the Advancement of Science, where scien-
tists and members of the public got together to hear a week of lec-
tures on the latest science.!? At the Cotham Road School - formerly
the Merchant Venturers’ School — they celebrated by taking a day off.
Charles never quite knew when to expect the next plaudit: once, dur-
ing a lesson, two complete strangers knocked on his classroom door,
entered, complimented him on his son’s great achievement, and
left.!3

Perhaps to celebrate his latest success, Dirac took his mother’s
advice and splashed out almost £200 on his first car, a Morris
Oxford Tourer, capable of a then-impressive 50 mph.'* There was no
driving test: after completing the sale, the garage owner gave him a
short demonstration drive around Cambridge and then handed him
the keys. He was then free to take his chances on the roads. With the
scrapping of the 20 mph speed limit that year, the highways became
even more dangerous, not least because of Dirac’s presence. A col-
league laughed that ‘Dirac’s car has two gears, reverse and top.’!®
Only Mott left an account of being driven by Dirac, to London on an
icy March day when ‘Dirac ran — very gently — into the back of a
lorry and smashed a headlamp.’!¢ Like Kapitza, Dirac was a wild
driver, and this appears to have been due both to his poor handling
of the vehicle — his appreciation of machines always exceeded his
competence at using them — and to the virtual absence of a highway
code. Dirac was a stickler for obeying rules that he believed were
rational and obviously for the common good, so, in the absence of
regulations, he was free to drive as he wished.

Dirac was, at last, showing signs of mellowing. Leisure was not
reserved only for Sundays: at lunchtimes, the bulk of his day’s work
done, he would often motor out of Cambridge to the Gog Magog
Hills, park his car near a tall tree and climb it, still wearing his three-
piece suit.!” He wore it whatever the weather, whatever the occasion,
and took it off only during his drives out to secluded sites by the river
Cam and in the fens north-east of the city, where he bathed, as Lord
Byron had done 125 years before. Later, when he returned to college
or to his desk, he would do only the lightest of tasks. He was taking
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a leaf out of the book of G. H. Hardy, who believed that the longest
a mathematician can profitably spend doing serious work is four
hours.!8

Of all the months in the Cambridge academic calendar, June was the
most relaxed. The examinations over, it was time for the students to
leave the university, but only after the catharsis of the summer ball.
The intoxicating mix of music and dancing, free-flowing cham-
pagne, gorgeous frocks and sharply cut dinner suits could cheer up
the most abject examinee. Dons could put on their summer suits and
wind down to the ‘long vac’, when they had no administrative duties
and were free to spend the long, languid afternoons doing nothing
except sit in a deckchair and watch a game of cricket. Dirac was
nonplussed by the appeal of an activity that involved twenty-two
men spending hours — sometimes days — playing a game that often
ended in a draw, which devoted spectators would often deem excit-
ing. The game had no more ardent admirer than G. H. Hardy, for
whom it was akin to pure mathematics: all the more beautiful for its
lack of useful purpose. A few years later, he gave pride of place in his
study to a photograph of the Australian batsman Donald Bradman,
one of Hardy’s three greatest heroes (the others were Einstein and
Lenin)."” Hardy was probably looking forward to Bradman’s first
Test appearances on English soil, but the prospect will have left
Dirac unmoved; he was busy preparing to spend the summer climb-
ing and hillwalking with friends. He needed a break and some fresh
inspiration if he was to sort out the problems with his hole theory
and so answer his critics, including the mocking Pauli and the pri-
vately scornful Bohr. Several of Dirac’s colleagues would be lining up
to attend his public lecture at the Bristol meeting at the end of the
summer, he knew, to see if he had cracked the problem of negative-
energy electrons.

Preparing for his second trip to the Soviet Union, Dirac read in the
British press that Stalin was tightening his grip, forcing through his
programme of collective farming, squeezing the peasants in order to
pay for a crash programme of industrialisation and persecuting polit-
ical opponents and religious minorities. Some newspapers were in no
doubt of Stalin’s malevolence — the Daily Telegraph wrote regularly
of his ‘Reign of Blood” and his ‘war on religion’ — but others, includ-
ing the Manchester Guardian, gave him the benefit of the doubt.?°
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The New Statesman — the house journal of leftist intellectuals in
Britain and favourite reading of Kapitza’s in the Trinity common
room — insisted that Stalin should be given a fair hearing. Dirac
agreed: one of the few things that would draw him into conversation
were comments that he perceived to be unfairly hostile to the Soviet
Union. Rudolf Peierls later recalled: ‘At a time when everything
Russian was anathema, he questioned why each particular item was
wrong, and this often caused raised eyebrows.’?! Wanting to see life
there for himself, he again ignored the fears of his mother: ‘I do hope
it is safe in Russia. One hears dreadful stories about it.’??

During his trip, Dirac felt the arm of the Soviet military on his
shoulder: en route to Kharkov, when he attempted to cross the Soviet
border at a place not mentioned in the visa that Tamm had obtained
for him, border guards held him at the crossing point for three days
before releasing him.?3 By early July, he had heard that Soviet law
forbade foreigners who stayed in the country for more than a month
to take out either Soviet money or foreign currency. So he left the
USSR in late July, within a month of his arrival, having cancelled his
plans to hike in the Caucasus. His vacation foreshortened, he soon
returned to England, to what most scientists would regard as the
media highlight of their life.

In September, Hardy was praising Bradman’s devastating perform-
ances in the Ashes, and Bristol was preparing to host the British
Association meeting. Almost three thousand delegates — including
George Bernard Shaw - attended, each of them having paid a
pound for the privilege.?* Jim Crowther told readers of the
Manchester Guardian that the public delegates were young and
dressed informally, many of the women in sleeveless and flowered
voile frocks, the men in alpaca jackets and grey flannels. The ticket
price had not changed since the meetings began almost a century
before, when the Association’s leaders were choosing the most
appropriate word to describe the participants. They considered
‘savants’, ‘nature peepers’ and ‘nature pokers’, but finally settled
on ‘scientists’, coined in 1834 by William Whewell, one of John
Stuart Mill’s philosophical adversaries. Though many hated the
new word — Michael Faraday disliked it almost as much as the
triply sibilant ‘physicist’ — it had caught on by the time Dirac was
in junior school.?’
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The organisers, probably fearing that Dirac would give a technical
talk of limited public appeal, scheduled him to speak in a modest
room in one of the university’s new physics laboratories, funded
by the tobacco manufacturer H. H. Wills. At 11 a.m. on Monday,
8 September, Dirac stood up without fanfare to address a crowded
room on the subject of “The Proton’.?® Never confident when he
spoke at public meetings, he may have been particularly apprehen-
sive at this one: this was the first time he had agreed to address a lay
audience and the first time he had spoken to many of the teachers
who had seen him flower. If Charles was there, as is likely, he will
have had a full heart as he had not heard his son speak in public
before: Paul Dirac would now have no choice but to talk about his
science to his father.

Dirac entered into the spirit of the British Association. Speaking
with his usual directness, in lilting Bristol tones, he talked about his
research in a way that might almost have passed as colloquial,
though with none of Eddington’s flair. To ensure that he was intelli-
gible to people with no science training, he began with the statement
that ‘matter is made from atoms’, and quickly went up the gears,
ending with his idea that the proton is a hole in the negative-energy
sea of electrons. This implied, he pointed out, that there is only one
fundamental particle, the electron, adding that such an economy in
nature was ‘the dream of philosophers’. For many in his audience,
this will have been an exciting revelation, but not for Gamow and
Landau, who were at the back of the room, sitting on wooden
benches. The two of them had roared down to Bristol on Gamow’s
motorbike, Landau perched behind him on the luggage carrier. They
travelled to the meeting, partly as Bohr’s unofficial emissaries, specifi-
cally to see if Dirac had anything new to say about his theory.
During the talk, Gamow and Landau craned their necks to see the
speaker, hanging on his every word, Landau, as usual, unable to
resist making snide asides.?” After twenty minutes of reiterating
arguments he had already published, often using the same words as
he had used in his papers, Dirac drew to a close, and they realised
that he had said nothing new. Their trip to Bristol had been a wild
goose chase.

Dirac’s theory of negative-energy electrons nevertheless captured
the imagination of journalists, and the British newspaper reports
gave him more publicity than he had ever known. After his presen-
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tation, the representative from the American Science News Service
wired Washington: “This new theory may prove to be as important
and interesting to the public as Einstein’s theories have been.’?® The
New York Times picked up the story and reported that Dirac’s
‘acclaimed’ theory ‘upset all present conceptions of space and mat-
ter’, adding that “These physical scientists have a more exciting life
than Columbus.’?? But Dirac’s peers were unimpressed. On the way
back to Cambridge, Landau and Gamow stopped at a post office.

Landau sent Bohr a telegram consisting of a single word: ‘Crap’.3°

The telegram reached Bohr soon after he received from Dirac a copy
of his textbook, The Principles of Quantum Mechanics. Even if the
author’s name were not on the cover, his identity would have been
obvious to Bohr from a quick flick through: the unadorned presenta-
tion, the logical construction of the subject from first principles and
the complete absence of historical perspective, philosophical niceties
and illustrative calculations. This was the vision of a mathematically
minded physicist, not an engineer. Dirac’s peers marvelled at its ele-
gance and at the deceptively plain language, which somehow seemed
to reveal new insights on each reading, like a great poem. Many of
the students — especially the less able ones — were bemused, dissatis-
fied and sometimes even dispirited.3! The book had been written
with no regard for his readers’ intellectual shortcomings, without the
slightest sign of emotion, with not a single leavening metaphor or
simile. For Dirac, the quantum world was not like anything else peo-
ple experience, so it would have been misleading to include compar-
isons with everyday behaviour. He scarcely mentioned empirical
observations except at the beginning, where he described an experi-
ment that demonstrates the failure of classical theory to account for
matter on the atomic scale and, hence, motivates the need for quan-
tum mechanics. In its 357 pages, The Principles of Quantum
Mechanics featured neither a single diagram, nor an index, nor a list
of references, nor suggestions for further reading. This was, above
all, a personal view of quantum mechanics, which is why Dirac -
usually someone who abjured personal pronouns — always referred
to it as ‘my book’.

Physicists immediately hailed it a classic. Nature published a rhap-
sodic review by an anonymous reviewer who — to judge by the elo-
quence and sharp turn of phrase — may well have been Eddington.
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The author made it clear that this was no ordinary account of quan-
tum mechanics:

[Dirac] bids us throw aside preconceived ideas regarding the nature of phe-
nomena and admit the existence of a substratum of which it is impossible to
form a picture. We may describe this as the application of ‘pure thought’ to
physics, and it is this which makes Dirac’s method more profound than that
of other writers.3?

The book eclipsed all the other texts on quantum mechanics written
at about the same time — one by Born, another by Jordan — and
became the canonical text on the subject in the 1930s. Pauli warmly
praised it as a triumph and, although he worried that its abstractions
rendered the theory too distant from experiment, described the book
as ‘an indispensable standard work’.33 Einstein was another admirer,
writing that the book was ‘the most logically perfect presentation of
quantum theory’.>* The Principles of Quantum Mechanics later
became Einstein’s constant companion: he often took it on vacation
for leisure reading and, when he came across a difficult quantum
problem, would mutter to himself, ‘Where’s my Dirac?>3’

But some of Dirac’s undergraduate students were not pleased to
find that the book was largely a transcript of his lectures: why, these
students wondered, was it worth bothering to go and listen to him?
Yet others found the course uniquely compelling.3® He would enter
the lecture theatre punctually and in full academic garb, wearing the
traditional uniform of gown and mortarboard. Otherwise, there was
nothing else theatrical about him. He would clear his throat, wait for
silence, then begin. For most of the lecture, he would stand still and
erect, enunciating each word, addressing what one of his students
described as his ‘personal unseen world’.3” At the blackboard, he was
an artist, writing calmly and clearly, beginning at the top left-hand
corner, then methodically working downwards, writing every letter
and symbol so that someone at the back of the room could see it
clearly. The audience was usually quiescent. If a student asked a
question, he would dispatch it with the economy of a great batsman
and then move on, as if nothing had disturbed his flow. After pre-
cisely fifty-five minutes he would draw his presentation to a close and
then, unceremoniously, gather his papers together and walk out.

One of the new students who were impressed by Dirac’s course in
the autumn of 1930 was Subrahmanyan Chandrasekhar, later a lead-
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ing astrophysicist but then a wide-eyed student just arrived from
Bombay. For him, the course was ‘just like a piece of music you want
to hear over and over again’.3® During his time in Cambridge, he

attended the entire course four times.

Dirac probably knew he had disappointed his colleagues at the
British Association meeting by failing to say anything new. He was
about to go to his second Solvay Conference, aware that few of the
physicists took seriously his unified theory of electrons and pro-
tons; his proposal that protons were holes in the negative-energy
sea was beginning to look not just implausible but untenable. One
of the blows he suffered came shortly after the Bristol meeting
when Tamm wrote to tell him that Pauli had proved that the holes
have the same mass as the electron. Experimenters had not detected
such a particle, which is probably why Tamm added a sympathetic
comment: ‘I would be very much pleased to hear that Pauli is
wrong.’3?

This Solvay meeting was later remembered for being the one where
leadership of the community of theoreticians passed from Einstein to
Bohr. Einstein was looking out of touch, downcast after Bohr had
bested him in one of their tussles about quantum mechanics and its
meaning. For Einstein, the theory was fundamentally unsatisfactory
as it did not even claim to describe physical reality, only the probabil-
ities for the appearance of a particular physical reality on which an
observing experimenter’s attention is fixed. Such a theory may be
good at explaining experimental results, but it is certainly not com-
plete, Einstein argued.*° Disillusioned, and uninterested in much of
what his colleagues had to say, he consoled himself by playing after-
dinner violin duets with the Queen of Belgium, one of his new
friends.

Unlike the previous Solvay Conference in 1927, the atmosphere at
this one was heavy with forebodings about the world outside
physics, where the recession was ravaging most industrialised
nations and providing fertile ground for political extremists. A
month before the conference, Hitler’s National Socialists had taken
second place in Germany’s election, followed by the Communists.
Gottingen was now bedecked with Nazi flags, many of its shops dis-
playing trinkets decorated with swastikas. Einstein was sick of the
anti-Semitism in Berlin and despised Germany’s emerging leader: ‘If
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the stomach of Germany was not empty, Hitler would not be where
he is.”4!

As Dirac kept his politics almost exclusively to himself, most of his
Cambridge colleagues mistakenly believed he had no interests at all,
that he was as one-dimensional as the lines in his projective geome-
try. He was privately alarmed by the rise of Hitler and broadly sup-
portive of Stalin’s project in the USSR, especially its commitment to
mass literacy and education. Aware of Dirac’s interest, Tamm wrote
to him about the radical experiment in ‘brigade education’, in which
students studied intensively, alone and in groups, with no lectures,
but with a professor on standby for consultation:

I never thought it possible for a large body of students to work as hard as
our students do now. Our [brigades, each of five students, work and study
together] 9 days out of 10 [. . .] from 9am to 9pm with a 2-hour interruption
for a meal (research work included, which is of course conducted individu-
ally by each student). Yesterday, speaking with a brigade, I found them trou-
bled by the fact that they have ‘lost without cause’ six out of 270 working
hours of the last month!*?

Although Dirac was interested in the Soviet experiment, it was of
only marginal interest to him compared with theoretical physics. By
late autumn, he had every reason to be dissatisfied with his progress
as his hole theory was in deep trouble. Oppenheimer and Weyl had
independently come to the same conclusion as Pauli — that Dirac had
no theoretical justification for believing that his holes were protons.
The implication was that the theory was incorrect; something was
amiss with the Dirac equation. But he was convinced that it was cor-
rect — what was needed was the correct interpretation of its mathe-
matics. The American theoretician Edwin Kemble later put his finger
on the kind of faith Dirac had in his equation: ‘[He] has always
seemed to me a good deal of a mystic [. . .] he thinks every formula
has a meaning if properly understood.’*3

Towards the end of term, Dirac went through his annual chore of
refusing most invitations to Christmas parties, though he did occa-
sionally attend the annual dinner of the Cavendish Physical Society,
a boisterous evening of eating, drinking and singing.** After Kapitza
attended the dinner for the first time in December 1921, he wrote
incredulously to his mother, observing how quickly even a moderate
amount of alcohol freed the inhibitions of his English colleagues and
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made their faces ‘lose their stiffness and become lively and ani-
mated’.* By the end of the meal, after the cheeseboard and port had
been passed round, the air was thick with cigar smoke and everyone
was shouting to be heard above the din. The ritual was not yet over:
the next stage was a series of facetious toasts (one had been ‘To the
electron: may it never be of any use to anybody’#®) alternating with
off-key renditions of popular tunes such as ‘I Love a Lassie’, their
lyrics rewritten as a jokey commentary on the past year at the labo-
ratory.*” At the climax, the portly Rutherford, Thomson and every-
one else stood on their chairs, linked together with arms crossed and
belted out ‘Auld Lang Syne’ and then, finally, the National Anthem
‘God Save the King’. After the bacchanalia ended, usually well after
midnight, it was up to those left standing to take their drunken col-
leagues to their homes.

In 1930, Dirac did not attend the dinner but will probably have
heard later that Kapitza was the focus of attention that night.
Rutherford, then President of the Royal Society, had secured a pro-
fessorship for his favourite colleague and funding for the construc-
tion of a new building to accommodate him and his laboratories. At
the end of the seven-course dinner, while the sixty guests were chew-
ing their mince pies, Darwin reminded them of the experience of
entering Kapitza’s laboratory: ‘you had to ring to be admitted by a
“flunkey” and became confronted not with men working in their
shirt sleeves, but with Prof Kapitza seated at a table, like the arch
criminal in a detective story, only having to press a button to do a
gigantic experiment’.*8

The laughter at this image of Kapitza, apparently a forerunner of
a James Bond villain, will have been hearty, and it is safe to guess
that knowing glances will have passed among his colleagues, many
of them envious of his relationship with their laboratory’s director.
Blackett was not there. Rutherford had no time for petty jealousy
but was not above making a thinly disguised attack on his recently
retired colleague Sir James Jeans, whose The Mysterious Universe
had been a best-seller since it first appeared in the bookstores the
month before. Rutherford was as down to earth and, at the same
time, as snobbish as anyone in science. As the recorder of the dinner
wrote: Sir Ernest Rutherford ‘deplored the writing of popular books
by men who had been serious scientists, to satisfy the craving for the
mysterious exhibited by the public’.*? This was a common opinion
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in Cambridge. A few months later, his idoliser C. P. Snow — a scien-
tist about to become a writer — sneered at science popularisers for
doing a job that was just too easy: ‘there is no argument and no
appeal, just worshipper and worshipped’. The result was, Snow
declared, a ‘great evil’.>® Within three years, Snow published his
semi-autobiographical novel The Search, the first fiction to bring to
a wide audience the atmosphere of Rutherford’s laboratory, and to
feature Paul Dirac.’!

A week after Christmas, Rutherford was ennobled at the end of his
five-year stint as President of the Royal Society. But the pleasure the
honour gave him was eclipsed by a family tragedy: his daughter and
only child, Fowler’s wife, died in childbirth two days before
Christmas. Lord Rutherford, grieving as he approached his sixtieth
birthday, must have thought his years of glory were over. He was not
doing much research of his own, so his remaining hopes of being
involved in more of the ground-breaking discoveries that he longed
for were in the hands of his ‘boys’.

Dirac showed none of the confidence that might be expected of a
young man at the top of his game. Chandrasekhar wrote home to his
father that he was disappointed that Dirac did not show a bit more
swagger: ‘[Dirac is a] lean, meek shy young “Fellow” (FRS) who
goes slyly along the streets. He walks quite close to the walls (like a
thief!), and is not at all healthy. A contrast to Mr Fowler [. . .] Dirac
is pale, thin, and looks terribly overworked.”>?

Work was not Dirac’s only concern. Having read his mother’s let-
ters, he may have sensed that his parents’ relationship, tense and
unstable, was fast approaching a flashpoint. Charles Dirac, dreading
retirement, was pleading with the Bristol education authorities to be
allowed to stay on in his job, but they were resisting. Betty, now with
a car of her own, was doing little except chauffeur him three times a
day to and from Cotham Road School. Dirac was watching his sister
become another of his father’s servants.

Meanwhile, Flo knew that, in only a few months, she would be
spending most of her life at home alone with her husband: ‘It simply
won’t bear thinking about.’’3
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Russian politics like opium seems infallibly to provoke the most
fantastic dreams and imaginings on the part of the people who study
them.

E. A. WALKER, British Embassy, Moscow, 1931

In Cambridge, during the spring of 1931, Dirac happened upon a
rich new seam of ideas that would crystallise into one of his most
famous contributions to science. In the thick of this project, he
received a letter from his mother, beginning;:

27 April 1931

My dear Paul
Pa and I had quite a row yesterday all about some wine upset on some cheap
stamps. He got in the most awful rage for a few minutes & then said he had
had enough of me & should go if I did anything more to upset him.

I apologised most humbly as usual but on thinking it over, I am pretty
certain he meant it.

In three pages of brief, matter-of-fact sentences, she described to
Dirac — apparently for the first time — the charade of her marriage.
She told him of a young woman who had visited the family when he
was a baby, stayed to supper and had been escorted home by Charles
to Bedminster. Flo had written to her that she ‘wouldn’t have it any
more and thought it was all finished’. But she was deluding herself,
as she realised when she visited Charles’s Esperanto exhibition at
Bishop Road School and saw that the woman who was presenting it
with him, wearing a huge pair of tortoise-shell glasses, was the young
woman who had visited them decades before. ‘Fancy if they have
kept up the acquaintance for 29 years,” Flo wrote. By this account,
his father had been cheating on the woman who had spent most of
her life looking after him. Her conclusion was: ‘She has nothing to do
but humour him, I have to keep the house clean, dress him, bath him
& worst of all find something to feed him on.”!

As usual, Dirac appears to have said nothing of this to anyone,
even to his close friends. In the early months of 1931, a quiet time for
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his fellow theoreticians, he was working on the most promising new
theory he had conceived for years.? The theory broke new ground in
magnetism. For centuries, it had been a commonplace of science that
magnetic poles come only in pairs, labelled north and south: if one
pole is spotted, then the opposite one will be close by. Dirac had
found that quantum theory is compatible with the existence of single
magnetic poles. During a talk at the Kapitza Club, he dubbed them
magnons, but the name never caught on in this context; the particles
became known as magnetic monopoles.3

The idea arose accidentally, he later said, when he was playing
with equations, seeking to understand not magnetism but electri-
cal charge.* The American experimenter Robert Millikan had
demonstrated that this charge exists only in discrete amounts,
each of them exactly equal to a whole number multiplied by the
size of the electron’s charge, usually denoted by e. So the electrical
charge of a piece of matter can be, for example, five times the
charge of the electron (5e) or minus six times its charge (—6e), but
never two and a half times its charge (2.5¢). The question Dirac
wanted to answer was: why does electric charge come only in dis-
crete amounts?

At first, Dirac worked in traditional ways, with quantum mechan-
ics and Maxwell’s equations of electromagnetism. Then, like a jazz
musician working with two intertwining melodies, he began the riff
that led to the monopole. Dirac pictured the magnetic lines of force
that end on a quantum particle, much like the ones that terminate
on the pole of a bar magnet, usually displayed by patterns of iron fil-
ings, each of them obediently aligned to the magnetic force acting on
it. He asked: if quantum mechanics and Maxwell’s equations of
electromagnetism are assumed to be true, what can be said about
the magnetic field associated with a quantum particle? To answer
the question, he used an innovative combination of geometric think-
ing — picturing the possible waves in space and time — with powerful
algebraic reasoning. He found a way of building on the existing
structure of quantum theory, without changing any of its essential
foundations and preserving all the rules that governed the interpre-
tation of the theory. If quantum mechanics can be likened to a house
of playing cards — with a fragile balance between its intercon-
nected parts — then Dirac can be said to have added a few more
cards, preserving the structure’s balance, while extending its
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range to include a new type of particle. The theory furnished a new
connection between electricity and magnetism, an equation that
relates the smallest-possible electrical charge with the weakest-pos-
sible magnetic charge.

The equation enabled him to draw some startling conclusions.
First, the strength of the magnetic field of a monopole is quantised —
it can have only certain allowed values, whole-number multiples of
the minimum quantity, whose value he could easily calculate. It
turned out that two monopoles of opposite sign are hard to separate:
the force pulling them together is almost five thousand times the
force that attracts an electron to a proton.’ This, Dirac suggested,
might be why magnetic poles of opposite sign have never been sepa-
rated and therefore appear in pairs.

His second conclusion was still more striking: the observation of
just one monopole anywhere in the universe would explain why elec-
trical charge is quantised — the very thing Dirac had set out to under-
stand. Having checked his final calculations and having found no
errors, he came to a bold conclusion: if an experimenter happens on
a single monopole anywhere in the universe, the new theory can
explain why nature had chosen to apportion electric charge only in
discrete amounts.

Dirac’s theory did not guarantee the existence of monopoles but
did show that quantum mechanics can describe such particles if they
occur in nature. Centuries earlier, other scientists had speculated that
monopoles might exist, but those ideas were just hunches, with no
logical underpinning.® Dirac was the first to give clear reasons why
such particles might be observed. He may well have thought that the
idea was too beautiful to be wrong, but he followed the convention
of presenting his conclusion as an understatement: ‘one would be
surprised if Nature made no use of it’. And he chose not to go the
whole hog by trumpeting the magnetic monopole as a prediction of
his theory. Like all physicists at that time, he accepted that experi-
menters had found the need for only two fundamental particles — the
electron and the proton — and that it was not the job of theorists to
complicate matters by proposing new ones. Ironically, the first physi-
cist to buck the trend was an experimenter, Rutherford, when he pro-
posed in 1920 that most atomic nuclei contain a hitherto undetected
particle, roughly as heavy as the proton. He called the new particle
‘the neutron’.
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Yet, in his paper on the monopole, Dirac implied for the first time
that he no longer believed there are only two fundamental particles.
In the introduction, he declared that he had suggested that a proton
is a hole in the negative-energy sea of electrons: Oppenheimer and
Weyl had convinced him that the hole must have the same mass as
the electron (he did not mention Pauli, who had also come to the
same conclusion). So Dirac followed the logic of Sherlock Holmes:
“When you have eliminated all which is impossible, then whatever
remains, however improbable, must be the truth.”” The conclusion
was that each hole corresponded to a new, hitherto undetected type
of particle with exactly the same mass as the electron:

A hole, if there were one, would be a new kind of particle, unknown to
experimental physics, having the same mass and opposite charge to an elec-
tron. We may call such a particle an anti-electron. We should not expect to
find any of them in nature, on account of their rapid rate of recombination
with electrons, but if they could be produced experimentally in high vacuum
they would be quite stable and amenable to observation.

Again, Dirac is surprisingly circumspect. Although he states the
properties of his new particle and even names it, he seems less keen
to stress the inevitability of its existence than the difficulty of detect-
ing it. If Dirac had been confident, he would have included a plain-
spoken sentence such as ‘According to this version of hole theory, the
anti-electron should be detectable,” but he held back. Paradoxically,
he did underline a radically new interpretation of protons: they
were nothing to do with electrons, he suggested, but have their own
negative-energy states, ‘an unoccupied one appearing as an anti-
proton’. Within twenty lines of prose, he had foreseen the existence
of the anti-electron and the anti-proton.

Though chary about predicting new particles, Dirac showed no
timidity at all when he introduced what amounted to a new way of
doing theoretical physics. In two paragraphs, consisting of 350
words and no equations, he argued that the best way to make
progress was to seek ever-more-powerful mathematical foundations
for fundamental theories, not to tinker with existing theories or look
to experiment for inspiration. He envisaged the future of physical sci-
ence as an unending series of revolutions, driven by mathematical
imagination, not by opportunistic responses to the latest announce-
ments from experimenters. This was tantamount to a new style of
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scientific investigation: seeking laws of ever-greater generality — as
Descartes, John Stuart Mill and others had recommended — but rely-
ing on mathematical inspiration to find them, rather than taking
their cues mainly from observations.

He began by pointing out that before Einstein used non-
Euclidean geometry as the basis of the general theory of relativity
and before Heisenberg used non-commutative algebra in quantum
mechanics, these branches of mathematics were ‘considered to be
purely fictions of the mind and pastimes for logical thinkers’. The
solution to the hardest problems in fundamental physics, Dirac
inferred, will ‘presumably require a more drastic revision of our
fundamental concepts than any that have gone before’. He set out
his manifesto with the blazing confidence of a young scientist at the
height of his powers:

Quite likely these changes [to our fundamental concepts| will be so great
that it will be beyond the power of human intelligence to get the necessary
new ideas by direct attempts to formulate the experimental data in mathe-
matical terms. The theoretical worker will therefore have to proceed in a
more indirect way. The most powerful method of advance that can be sug-
gested at present is to employ all the resources of pure mathematics in
attempts to perfect and generalise the mathematical formalism that forms
the existing basis of theoretical physics, and after each success in this direc-
tion, to try to interpret the new mathematical features in terms of physical
entities . . .

His message was clear: theorists should concentrate much more on
the mathematical foundations of their subject and much less on the
latest bulletins from the laboratories — to abandon centuries of tradi-
tion. No wonder Dirac became known as ‘the theorist’s theorist’.’

Early in May 1931, when Dirac was writing his paper, Tamm arrived
in Cambridge to spend a few months in St John’s College, having left
his wife and children in Moscow.” He had no trouble securing per-
mission to work in the UK, as Dirac was officially a favoured scien-
tist in the Soviet Union, having been elected a corresponding member
of the USSR Academy of Sciences three months before.

For once, Dirac was willing to share his ideas and briefed Tamm
on his magnetic monopole theory, suggesting that he use the new
theory to calculate the energy values and quantum waves that
describe an electron in the vicinity of a monopole. Apart from when
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he was asleep, Tamm worked non-stop for three and a half days and
finished just in time for Dirac to include his results — less exciting
than Dirac had hoped - in the paper. In college, Tamm fraternised
easily with the dons, including a few who had become friends with
Dirac, having broken through his crust of reserve. Among them
were the mathematician Max Newman and the Cavendish experi-
mentalist John Cockcroft, both five years older than Dirac.!” The
Yorkshire-born Cockcroft was a trained engineer and a natural
manager, intensely focused to the point of near silence and with a
flair for helping Kapitza and his other colleagues to solve technical
problems. He was “a sort of scientific dogsbody of genius’, Crowther
said.!!

Only four days after Tamm arrived, Dirac organised a breakfast in
his room to talk about Russia with Tamm and the classicist Martin
Charlesworth. Dirac’s gyp will have delivered the food, probably
plates of bacon, eggs and fried bread, served with a pot of tea, toast
and marmalade. The three men talked for four and a half hours.!?
Dirac wanted to learn about the Soviet economy, but he was uneasy
when there was any sign that Tamm might present his Marxist views
in public, as he showed when Tamm told him that he had been
invited to speak on ‘Higher Education in the Soviet Union’ in
London. Dirac remarked pointedly to him that he hoped the talk
would be on education, not politics.!3

From the tone of the letters he wrote to his wife in Moscow, Tamm
was surprised that so many Cambridge dons were interested in the
Soviet experiment. When he had lived in Britain eighteen years
before, the university was known for its conservatism, but around
the time he arrived there this time, the Marxist Bernal and his col-
leagues had established a nucleus of left-wing thought and activity
among the academics.!* As Dirac will have heard, it was standard
Marxist practice to praise the successes of the Soviet Union and not
to dwell on its failures, but to draw attention to the millions of vic-
tims of unemployment and imperialist wars and the economic waste
that could allegedly be prevented by a properly planned coopera-
tion.' The comments Tamm makes in his letters give the impression
that Dirac was then no more than an interested observer of the
Marxist proselytisers; his passion was physics, though he was now
more relaxed about taking time off to pursue other interests. After
lunch, Dirac would often drive Tamm out into the countryside,
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sometimes pausing by a roadside tree so that Tamm could teach
Dirac the elements of rock climbing and help him to overcome his
fear of heights; in return, Dirac taught Tamm to drive and even
helped him pass the recently introduced driving test.

In late June, near the end of Tamm’s visit, he and Dirac headed
north to the more challenging terrain of Scotland, where they spent a
week in the mountains of the Isle of Skye with the industrial chemist
James Bell. An expert climber, he had been a friend of Tamm’s since
their student days in Edinburgh and was a close follower and scepti-
cal supporter of the Soviet experiment, steering a moderate course
between Soviet propaganda and the anti-Soviet articles in the British
press.'® Skye provided just the kind of scenery and company Dirac
loved, and his vacation gave him an excuse to delay his return to
Bristol.

That year, the summer days of Cambridge did not have their usual
languor. They were rudely interrupted by a political frisson whose
unlikely source was the Science Museum in London, the location of
the second International Congress on the History of Science and
Technology.!” For a few days in early July 1931, a red flag flew over
South Kensington. Such gatherings usually attracted no attention,
but this one was special: it was attended by a high-powered Soviet
delegation that included Nikolai Bukharin — formerly one of Lenin’s
closest associates, now a colleague of Stalin’s — and by several
leaders of the Soviet scientific community, notably Boris Hessen.
A few weeks before, Stalin had announced the end to almost eight-
een months of political warfare between the Soviet state and its
intelligentsia, so this conference offered an opportunity to present
the Soviet outlook on science and technology in a favourable light.
Bukharin had been the darling of the Bolshevik Party but had been
pilloried in 1929 when he opposed forced collectivisation of farm-
ing and the crash industrialisation of the economy. A year later, he
was sacked as the editor of Pravda, but remained loyal to Stalin and
gave a full-throated presentation of the Marxist view of science to
his audience in the museum. Bukharin stressed the historical context
of science and the influence of social and economic conditions on
scientific development, dismissing the traditional emphasis on the
achievements of outstanding individuals, such as Newton and
Darwin. The Soviets knew the right way forward, Bukharin con-
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cluded - by developing science as part of a unified plan for the
whole of society:

The building of science in the U.S.S.R. is proceeding as the conscious con-
struction of the scientific ‘superstructures’: the plan of scientific works is
determined in the first instance by the technical and economic plan, the per-
spectives of technical and economic development. But this means that
thereby we are arriving not only at a synthesis of science, but at a social syn-
thesis of science and practice.®

At the end of Bukharin’s lecture, there was silence, followed by
coughs and shufflings. But the talk was a success: it was reported in
several British newspapers and magazines and made an indelible
impression on many of the delegates. Desmond Bernal called the
gathering ‘the most important meeting of ideas [. . .] since the
[Bolshevik] Revolution’.! Dirac did not participate in the meeting
but will have heard about it from Tamm, who accompanied the
Soviet party to visit Marx’s grave in Highgate Cemetery, and from
Kapitza, who organised a lunch in their honour at Trinity College.?’

That MIS was carefully monitoring Bukharin’s activities during his
visit to Britain would not have surprised Kapitza, but he would
surely have been taken aback if he had known that, since January,
Special Branch had been opening, checking and sometimes copying
mail sent to him from Moscow and Berlin. Armed with folders
bulging with vaguely incriminating reports — all of them scientifically
inaccurate, sometimes to the point of illiteracy — MIS5 were concerned
that he had access to sensitive military information and suspected
‘that he may be sending [it] abroad’.?! The search revealed nothing
and the government warrant to intercept his mail was suspended on
3 June. But MIS kept its tabs on him.

Dirac was shortly to travel to the United States for another hiking
vacation and a sabbatical term in Princeton, but he was duty-bound
to visit Bristol first. He disliked confrontations, so he must have been
steeling himself in late July as he prepared to spend a week in 6 Julius
Road.?? Everyone was even more unhappy than they had been when
he had last seen them, as Dirac knew from his mother’s letters. Betty,
unable to afford to run her car, sold it for a knockdown price.
Charles, bitter that he was being forced to retire, consoled himself by
spending the evenings with his friends Mr and Mrs Fisher at their
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bungalow in Portishead. Flo, suspicious that Mrs Fisher was one of
his mistresses, was hoping he would leave to set up home with her or
his girlfriend in the Esperanto group: ‘I can’t help it anyhow, he is
tired of me and likes someone younger.’?3

Dirac thought his family home was a disgrace — it was in a state of
seedy disrepair, as his father refused to have maintenance work done
and his mother disliked housework more every year.2* According to
Flo, the atmosphere inside was toxic, thick with resentment. She
despised Charles, and it would not be surprising if he were upset that
she had exploited their marital problems by thickening the wedge
between him and his son. It would have been out of character for
Dirac to do anything other than to keep his head down and to depart
after putting in a token appearance. He did just that, driving back to
Cambridge after a few days to give a talk. But he could not escape
quite so easily: on the day before the seminar, another harrowing let-
ter from his mother arrived:

19 July 1931

My dear Paul,
I don’t know if this will surprise you but your father & I are going to part
(as his own father & mother did.)

It is his own idea; he says he has hated me for 30 years. I know I could
never please him but didn’t know it was quite so bad as that.

He will give me £1 a week or more (it will have to be more) & I am to
clear out.

I don’t mind, if I have never pleased him. I sent one of his lady friends
away when you were just born because she came in every night & he took
her home to Bedminster & returned nearly 12 p.m. She has kept in with him
ever since & he says he wishes he had married her. She is a nurse now & I
suppose will come & look after him.

Otherwise, he sits in the waiting room at Zetland Road with Mrs Fisher
from Portishead & she comes up here pretty often, or he is always out. Betty
says she will stay with him as they are both after his money.

I am going to see a lawyer Fred [my brother| knows, to-morrow morning
& will get it settled before he leaves school on Friday or he may clear out.

Do you know of a tiny cottage or bungalow near the sea up your way? It
would be a complete change & I love the sea. I expect Louie or Nell would
come along occasionally & I should not meet anyone I know.

If you could find me a tiny place anywhere I should be so grateful. I
wouldn’t interfere with you in the least but you could come & see me in your
car whenever you had time.
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We are not having any row about it — it is not dignified so you need not
stay away if you care to come along earlier. I’ll post this while they are at
Church.

With love from Mother?®

Dirac could now understand a scene that had haunted him since he
was a child: his parents bawling at each other in the kitchen while he,
Felix and Betty were locked outside in the garden. The phrase ‘he has
hated me for 30 years’ probably struck home in Dirac’s mind, con-
stantly in search of numbers to process: as he was only twenty-nine
years old, she had, in effect, told him that he had not been conceived
in a loving relationship, let alone raised in one.

Flo did not wait for her son’s advice. She went straight to her
lawyer, who advised that Charles could not legally throw her out
unless she was with another man, otherwise he would lose his pen-
sion. As soon as she was alone, she wrote to Dirac: {Charles and I]
don’t speak, but never did much, but I guess it better to stick to Betty.
Two of us ought to manage him.”2¢

Ten days after he received his mother’s most recent letter, on 31 July
1931, Dirac sailed from Liverpool to North America, then in the
tightening grip of economic depression. He took his mother with him
for the first part of the journey, apparently to give her a short break
from the acrimony in 6 Julius Road (she appears to have returned
home immediately).?” After another long hiking vacation with Van
Vleck, in the Glacier National Park, Dirac arrived in Princeton — a lit-
tle over an hour’s drive from both New York and Philadelphia — then
stirring after the long torpor of the summer vacation.?® The mathe-
matician Malcolm Robertson, who arrived there at the same time,
later remembered being overwhelmed when he drove through the
town for the first time at dusk:

This was my first glimpse of the charming college town that was to play such
a large part in my life, and a joyful and exhilarating experience it was
indeed. I have never forgotten that first encounter, and my feeling of excite-
ment and awe at the lovely stately homes among the old trees, the magnifi-
cent university campus with both new and old stone buildings, acres of

well-kept lawns, and even a lake and a peaceful golf course.?’

Soon after Dirac arrived there at the end of August, he was given a
handsomely appointed office in Fine Hall, home of the university’s

193



SPRING 193 I—MARCH 1932

mathematics department, the newest building on the campus. It was
largely the initiative of the tweed-suited Princeton mathematician
Oswald Veblen, who oversaw every detail of the building’s opulent
design, right down to the locations of the electrical sockets.3? Almost
a third of its budget for internal decorations had been allocated to
rugs woven from seamless Scottish chenille. Throughout the new
building, there was other evidence of his Anglophile tastes, with a
firm nod to the ambience in Gottingen: the hall’s faux Oxbridge
architecture and furnishings, its freshly varnished oak-panelled
walls, even the ritual of taking afternoon tea. In the common room
used for special occasions, Veblen had arranged for Einstein’s apho-
rism Raffiniert ist der Herr Gott, aber boshaft ist Er nicht (God is
cunning, but He is not malicious) to be engraved in German on the
rim of the huge stone fireplace.?!

On the morning of Wednesday 1 October, Dirac walked to Fine
Hall from his lodgings near the town centre through the blaze of red
and orange foliage, dried-out leaves crackling underfoot. A few
hours later, for the first time in his career, he was to co-present a sem-
inar, and with the least likely of his colleagues, Wolfgang Pauli. For
Princeton University’s physicists, walking to the hall through the con-
necting corridor, and other faculty members, crossing the campus in
the biting chill of the late afternoon, this was an exciting start to the
new academic term, an opportunity to see two of the subject’s lumi-
naries talking about some of their freshest ideas. The occasion was,
Pauli wrote to Rudolf Peierls, ‘a first national attraction’.3?

Each speaker was going to present what amounted to a prediction
of a new particle: Dirac presented the monopole, Pauli another hypo-
thetical particle, later called the neutrino. The event marked the
dawn of a new culture in physics, in which theory could pre-empt
experiment. The figures and demeanours of the two speakers con-
trasted comically. Dirac was thin as a reed, distant and serene, with
the smooth and unblemished skin of a young man but, incongru-
ously, with a pronounced stoop. The overweight Pauli was two years
Dirac’s senior but his waistline made him look older. When sitting, he
looked like a judge deep in reflection, his arms folded over his belly,
his bulbous torso rocking rhythmically back and forth. At the semi-
nar, he probably looked troubled and in some pain, having broken
his left shoulder when he fell downstairs a few months before, the
worse for drink.33
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Many in the audience will have read about Dirac’s prediction, but
Pauli’s had not appeared in an academic journal, though attentive
readers of the New York Times read about it in an article published
a few months before.?* Pauli had first proposed the existence of his
new particle in a private letter to a meeting of experts on radioactiv-
ity.3’ There, he tentatively suggested that the existence of the parti-
cle could explain the problem that Bohr had identified with energy
conservation when a radioactive nucleus ejects an electron. The
essence of the problem was that electrons from these nuclei did not
all have the same energy; rather, the electrons had a continuous
range of energies. Pauli put forward a ‘desperate’ explanation for
this spectrum of energies: the electron in each radioactive decay was
ejected with another particle — hitherto undetected — so that the two
particles shared their total energy in proportions that varied from
one decay to the next. According to Pauli’s theory, the new particle
should have no electrical charge, the same spin as the electron and
only a tiny mass. Few of Pauli’s peers liked the idea: for Wigner it
was ‘crazy’, for Bohr it was implausible and Dirac thought it was
simply wrong.3¢ Pauli later described the neutrino as ‘that foolish
child of the crisis of my life’, referring to his troubled psychological
state. His problems had begun earlier in the year, following a series
of tragedies — the suicide of his mother three years before, the remar-
riage of his father to a woman Pauli loathed, and the ending of his
brief first marriage, when his wife had the impertinence to leave him
for a scientific mediocrity (‘such an average chemist’).3”

The next day, Pauli left Princeton to return to Europe, but Dirac
stayed to give a six-lecture course on quantum mechanics, ending
with a presentation of his hole theory. In the closing few minutes, he
affirmed more clearly than ever in public that anti-electrons should
be detectable because:

[they] are not to be considered as a mathematical fiction; it should be possi-
ble to detect them by experimental means.?$

Dirac repeated his suggestion that the idea could be tested experi-
mentally by arranging for pairs of ultra-energy photons to collide: if
the theory were correct, in some of these collisions the photons
would disappear and an electron would appear with an anti-electron.
But he was pessimistic. So far as he could see, it would not be feasi-
ble for experimenters to test the idea in the next few years.
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He did not realise that the solution to his problem lay in the
columns of the New York Times. Dirac read it regularly and must
have seen the articles on the investigations of cosmic rays being car-
ried out by Millikan, who had given them their catchy name in 1925.
The rays had been discovered in 1912 but were still a mystery: all
that was known for sure was that they had extremely high energy,
typically thousands of times higher than particles ejected from
atomic nuclei on Earth.3 Millikan developed a religion-based theory
of the cosmic rays and, by 1928, regarded it as ‘fairly definite’ that
they were the ‘signals broadcast throughout the heavens [. . .] the
birth cries of infant atoms’, clear evidence for divine benison.*?

Dirac must have known that high-energy cosmic rays could pro-
duce anti-electrons if the rays collided with other particles on Earth.
Yet it seems that he was never much interested in these particles, per-
haps because he was influenced by modish opinion in the Cavendish
Laboratory in the mid-1920s, when no one there studied the rays.
Rutherford’s deputy James Chadwick had sighed when he came
across another of Millikan’s research articles on cosmic rays:
‘Another cackle. Will there ever be an egg?’#! But that was six years
before, and by the autumn of 1931 the attitude to the rays at the
Cavendish was changing. The first of its scientists to latch on to their
importance was Blackett, who was at a crossroads in his career, cast-
ing around for a new research topic.*? This subject must have had a
special appeal to the independent-minded Blackett as it would dis-
tance him from Rutherford, whose ego was becoming overweening.

Blackett was in the audience at a special Cavendish seminar on
Monday, 23 November, when Millikan presented the latest photo-
graphs of cosmic rays to be taken at the California Institute of
Technology (Caltech). The photographer was Carl Anderson, until
recently Millikan’s Ph.D. student, only twenty-six years old and
already touted as one of the brightest experimenters in the United
States. Three weeks earlier, he had pointed out to his boss that the
new photographs showed ‘Very frequent occurrence of simultaneous
ejection of electron and positive particle’.*> Anderson was trying to
take images of the charged particles produced by cosmic rays using a
cloud chamber, which enables the tracks of electrically charged par-
ticles to be photographed as they travel through a cloud of water
vapour. Anderson had built his own cloud chamber and, at
Millikan’s suggestion, arranged for the entire chamber to be bathed
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in a strong and uniform magnetic field, which would deflect the paths
of the charged particles as they hurtled through it. Each track con-
tained crucial information: from the density of droplets along each
track, Anderson could determine the particle’s electric charge, and he
could calculate the particle’s momentum from the deflection caused
by the magnetic field.**

It required great skill for Anderson to take any photographs at all.
Most of his images were blank, but by early November he had
obtained some ‘dramatic and completely unexpected’ images, which
he sent to Millikan in Europe.*® The photographs made no sense in
terms of the theory they were using. In a puzzled letter to Millikan,
Anderson remarked that many of the photographs featured the track
of a negatively charged electron with a positively charged particle,
two particles appearing at the same time, presumably when a cosmic
ray strikes an atomic nucleus in the chamber.

When Millikan presented Anderson’s inexplicable subatomic
images in his seminar at the Cavendish, Blackett was fascinated.
Here was a cloud-chamber expert with a talent that everyone knew
was great but unfulfilled. Here was a new field in a mess. And here
was the perfect opportunity for him to make his name.

Millikan’s audience in the Cavendish seminar did not include Dirac,
who was still in Princeton. Many of his colleagues, including Martin
Charlesworth in St John’s, feared they were about to lose him to one
of the higher-paying American universities. Charlesworth wrote to
Dirac saying how much he missed his ‘kindly irony’, imploring him
‘Don’t let them persuade you to stay in the USA. Here is your
home.’#¢ Charlesworth was right to be concerned, for Veblen was
energetically wooing Dirac. Even before the carpenters and decora-
tors had put the finishing touches to Fine Hall, Veblen had begun to
work with the educator Abraham Flexner, who was trying to set up
an institute for advanced study, where world-class thinkers could
study in peace, free of all distractions. Einstein was at the top of
their wish list, but they were competing with others, including the
wily Millikan, at Caltech.*”

Charlesworth may have worried, too, that Dirac might not be
looking forward to returning home. From newspaper and radio
reports, Dirac knew that his homeland was plunging into difficult
times. On 21 September, the Government removed the pound from
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the gold standard and allowed the currency to settle down to what-
ever price the money-market dealers were prepared to pay for it. It
was a national humiliation. The economy plunged deeper into crisis:
unemployment continued to escalate, and soon the pound had been
devalued by 30 per cent, making Dirac’s $5,000 fee for his single-
term stay look even more generous. The inevitable General Election
returned a stabilising coalition government, but the economic priva-
tions continued: that year, one in every two British industrial work-
ers had been unemployed for over four months.

Yet the depression was still more serious in the United States, even
in affluent Princeton. At the university, many students struggled to
pay their fees. Around the town, young vagrants were walking the
streets, some of the two million roaming the country in search of
work. About thirty million Americans, a quarter of the population,
had no income at all. Many people who had money were so fright-
ened of losing it that they hoarded their dollars under mattresses or
buried it in the garden. Even President Hoover — long in denial about
the extent of the depression — realised that ordinary people were los-
ing faith in the American way of life.*

As Dirac will have been aware, unemployment was said to be
zero in the USSR. The admirers of Stalin’s Five Year Plan in the
press included the New York Times’s Moscow correspondent
Walter Duranty, who called the plan a ‘stroke of genius’ and won
the Pulitzer Prize the next year for his reports.*’ Yet Dirac’s friends
in the Soviet Union suffered terribly when Stalin’s attitude towards
science changed abruptly, from a subject worthy of study for its
own sake to a weapon for fighting capitalism. Tamm and Kapitza
supported the new Soviet line, at least in public, but Dirac heard
the other side of the story from Gamow, who had been exasperated
by the change in the Government’s attitude when he returned to
Russia in the spring of 1931. The Communist Academy had
declared Heisenberg’s version of quantum mechanics anti-material-
istic, incompatible with the state’s increasingly rigid version of
Marxist philosophy. During a public lecture at the university on the
uncertainty principle, Gamow experienced the full force of state
censorship when a commissar, responsible for supervising moral
standards, interrupted him and told the audience to leave. A week
later, Gamow was forbidden to speak again about the principle in
public.>?
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Since the mid-1920s, Gamow and Landau had been two leaders of
the informal group of young Soviet theorists nicknamed the ‘Jazz
Band’.>! In its seminars, the group discussed new physics, the Bolshoi
Ballet, Kipling’s poetry, Freudian psychology and any other subject
that took their fancy. The Jazz Band was mastering the new quantum
physics much more quickly than their professors — ‘the bisons’ —
whom they teased unmercifully, while taking care to remain within
the bounds of decorum. The Band overstepped the mark in 1931,
however, when they ridiculed a new encyclopedia article on relativity
theory, edited to conform to the Party’s views on the subject. The
butt of the Jazz Band’s barbs was the Director of the Physics Institute
in Moscow, Boris Hessen, a thoughtful Marxist who had fended off
several of the Government’s attempts to make orthodox theories of
physics conform to ‘dialectical materialist’ principles, the philosoph-
ical basis of Stalinist Marxism, which accords much higher priority
to concrete matters than to abstractions. Hessen had only a meagre
knowledge of quantum mechanics and general relativity, so he was ill
equipped to defend them against ideological interference from
Stalin’s officials.>? This ignorance led him to write a ludicrous article
in the Greater Soviet Encyclopedia about the ether, declaring it to be
‘an objective reality together with other material bodies’, contrary to
Einstein’s teaching. Gamow, Landau and three colleagues sent a
mocking note to Comrade Hessen and were put on trial as saboteurs
of Soviet science. Landau was temporarily banned from teaching at
the Moscow Polytechnic, and the miscreants were banned from liv-
ing in the five largest cities of the USSR, though the ban was not
enforced. According to Gamow, the offending physicists had been
found guilty by a jury of machine-shop workers.

Even Dirac fell foul of the censors when the Russian translation of
his book was being edited, when his publishers objected that his
quantum mechanics was in conflict with dialectical materialism. The
book eventually appeared in bookstores after an uneasy deal
between the publisher and the editor, Dmitry ‘Dimus’ Ivanenko, a
Jazz Band leader and another of Dirac’s effervescent Russian friends.
In the awkward opening to the book, it is easy to see reflections of
the delicacy of the deal: Ivanenko’s preface is conventionally lauda-
tory, but it is preceded by an apologetic note from the ‘Publishing
House’, arguing feebly that although the material in the book is ide-
ologically unsound, Soviet scientists need to use its methods to
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advance dialectical materialism.>3 A ‘counterflow’ of ideologically
correct science will then follow, the publishers hoped.>* In a simper-
ing conclusion, Ivanenko thanked Dirac, ‘a sincere friend of Soviet
science’.

Censors were also scrutinising science in Germany, where the
Depression was wreaking economic mayhem. Scruffy buskers,
match-sellers and bootlace salesmen walked the streets in the hope of
being paid a few pfennig to buy a loaf; tens of thousands of the
unemployed queued outside Nazi offices, waiting for the storm
troopers to reward them with a mug of hot soup. The once-peaceful
Gottingen, where Born was Dean of his faculty, was now seething
with political tensions: in the physics library he saw Communist
leaflets, while outside the Nazis greeted each other ostentatiously
with a click of their heels and a ‘Heil Hitler’ salute.’® The Nazis, the
majority party in the local government and student congress, were
insisting that Einstein’s ‘Jewish physics’ was wrong and pernicious.
Born was beginning to think that he had no alternative but to emi-
grate.

To most people who came across Dirac, he seemed to be no more
engaged with world affairs than an automaton. With no need to
share his thoughts with others, unless they were close friends, he gave
the impression that he was indifferent to the fate of others. He
appeared to have none of the usual need to be warmed by the good
opinion of other human beings.

At work in his office in the new Fine Hall, he was putting into
practice the philosophy that he had preached earlier in the year,
learning advanced topics in pure mathematics in the hope that they
would find application in theoretical physics.*® He had also returned
to field theory, a subject he had co-founded four years before. The
theory seemed fated to generate predictions that were not ordinary
numbers but infinitely large. While Dirac was preoccupied with his
ideas, Heisenberg and Pauli had been developing a full-blown theory
of how electrons and photons interact with one another, a quantum
theory that accounted for the spontaneous creation and destruction
of particles, consistent with the special theory of relativity.
Heisenberg and Pauli’s theory was also consistent with both quan-
tum theory and experiment, but it was ugly and unwieldy.

Oppenheimer later described it as ‘a monstrous boo-boo’.%”
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Unconvinced that this was the right way to describe nature at a fun-
damental level, Dirac sought a superior description, one that was
logically sound and not plagued with infinities. The more Dirac
looked into the Heisenberg—Pauli theory, the more he disliked it. In
his view, it was not even consistent with the special theory of relativ-
ity because it describes processes throughout space using time meas-
ured by a single observer, whereas Einstein had taught that no single
time could suffice for all observers, as they make different measure-
ments of time. Dirac spent hours in Fine Hall examining the
Heisenberg—Pauli theory and coming to terms with the problem of
curing the sickness of field theory. The challenge would obsess him
for the rest of his life.

By the end of the autumn, as Dirac’s sabbatical was ending, it was
clear that the industrialised world was sliding into its worst-ever eco-
nomic crisis, and there was a disturbing new militarism in Germany,
Japan, Italy and throughout much of east-central Europe. In Britain,
everyone was talking about the possibility of another war. The spirit
of the age was no longer caught in the freewheeling, life-affirming
bravura of Rhapsody in Blue but in the headlong, ominous prelude
to Die Walkiire.

In Bristol, it had been a sombre autumn at 6 Julius Road. In her
letters, Dirac’s mother told him that she and his father had recovered
from their climactic row and were back to their routine: she waited
on him almost full-time, feeding him his vegetarian meals, washing
his clothes and spending hours helping him dress. Each Sunday, she
would give him — in silence — the ‘ninety-degree’ bath that he insisted
was good for his rheumatism. After one of them, he had a heart
attack. The family doctor told her soon afterwards that her husband
‘is a man accustomed to his own way & will not take advice [. . .] He
may live 20 years or he may go suddenly.’’®

By September, the family were feeling the pinch of the economic
crisis: Charles cut his tuition fees and insisted that they could no
longer afford to run the car. When Betty told the family’s bank man-
ager this, he laughed, Flo told her son. She believed Charles had
plenty of money stashed away, although he was spending virtually
nothing. Earlier, when Flo tried to claim the small amount of money
Felix had left six years before, the authorities sent her a form for her
husband to sign as the law specified that the funds must be paid to
him. She told Dirac: I tore up the form.”>”
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Dirac did not return in time for Christmas. Three days before the
holiday, his mother wrote to him: ‘I am always so grateful that you
broke away from our narrow little life.”®?

Dirac was about to have one of his most exhilarating years. The
word on the physicists’ street was that Chadwick was on to some-
thing important at the Cavendish Laboratory.®! Chadwick — a lean,
severe figure — was usually busy overseeing his colleagues’ work, dis-
pensing the paltry annual budget for equipment. But he had tem-
porarily put administration to one side. Soon after the Christmas
vacation, Chadwick had read an article that he suspected might lead
to the neutron, a particle whose existence Rutherford had pre-
dicted.®? In the article, two French experimenters — Frédéric Joliot
and Madame Curie’s daughter Iréne — reported from their Paris lab-
oratory that they had fired helium nuclei at a target made of the
chemical element beryllium and found that particles with no electri-
cal charge were ejected. They argued that these particles were pho-
tons, but Chadwick believed they were wrong and that the particles
were Rutherford’s elusive neutrons. Rutherford agreed. Having just
turned forty, Chadwick may have sensed that this could be the last
chance for him to make his name, to emerge from the shadow of his
imperious leader. He hungrily grabbed the opportunity, working
alone night and day, borrowing apparatus and radioactive samples
from colleagues all over the laboratory, making new equipment, fill-
ing his notebook with data and calculations. Oblivious of the freez-
ing Cambridge midwinter, he was in a world of his own, as his
colleagues saw. After three exhausting weeks, he had nailed the neu-
tron. He proved to his satisfaction, and Rutherford’s, that his results
made sense only if a particle with no charge and about the same mass
as a proton is ejected in the nuclear collisions he observed. But when
he wrote a report on his work for the journal Nature, he gave it the
cautious title ‘Possible Existence of the Neutron’.

On 17 February, Chadwick sent off his paper to Nature, which
rushed it into print. Six days later, after a good dinner in Trinity
College with Kapitza, he presented his results to his colleagues at the
Kapitza Club. Relaxed and emboldened by a few glasses of wine,
Chadwick confidently described his experiments, giving appropriate
credit to his colleagues, and finally set out the powerful arguments
for the existence of the neutron. It was a coup for Chadwick and for
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the Cavendish Laboratory, which had at last come up with the kind
of ground-breaking result that Rutherford longed for — one that put
nature into fresh focus, clarifying the very nature of matter. The audi-
ence gave him the unusual accolade of a spontaneous ovation. After
the meeting, he asked ‘to be chloroformed and put to bed for a fort-
night’.®3

The discovery gave fresh impetus to the notion that new types of
subatomic particle might be predicted before they were detected. The
ability to foresee the different types of grain in nature’s fabric was a
challenge to even the greatest scientists: Einstein had, in effect, pre-
dicted the existence of the photon but occasionally lost confidence in
his idea before he was proved right; Rutherford — the experimenter’s
experimenter — had actually been more consistent, never wavering in
his belief in the reality of neutrons. Perhaps Dirac’s anti-electron and
Pauli’s neutrino were worth taking seriously, after all?

203



Sixteen

I hope it will not shock experimental physicists too much if I say
that we do not accept their observations unless they are confirmed by
theory.

SIR ARTHUR EDDINGTON, 11 September 1933!

The character of Paul Dirac first appeared on stage in a special version
of Faust, the Hamlet of German literature. Goethe’s drama is the lit-
erary antithesis of Agatha Christie’s penny-plain narratives that Dirac
wolfed down in the evenings. He had no taste for epic plays, but he
will have been absorbed in this Faust, a forty-minute musical parody
of the twenty-one-hour play, written as a physicists’ entertainment.”

The authors, the cast and the audience were the physicists at Bohr’s
spring meeting in April 1932, and Dirac was there. In the oasis of the
institute, physics had not looked more exciting for years, in hideous
contrast to the world outside. Chadwick’s discovery had revitalised
interest in the atomic nucleus, whose detailed structure was a mys-
tery to theoreticians. They had a wealth of other problems to solve,
too, including the status of quantum field theory and of the predicted
anti-electron, monopole and neutrino — each controversial, none yet
detected. As Bohr liked to point out, science often flourishes quickest
when it faces problems and contradictions; the Princeton physicist
John Wheeler once went so far as to spell out the central idea of the
institute as ‘No progress without paradox’.’

The version of Faust performed at the Institute was in the tradition
of office Christmas parties, with their licensed burlesque and private
jokes that stay close to the boundaries of good taste but carefully
avoid crossing them. The journalist Jim Crowther was among the
audience of twenty-odd conference delegates who entered into the
spirit of the occasion, happily indulging the manifold crimes against
artistic taste.* Bohr, represented in the play by the Lord Almighty, sat
in the middle of the front row of the audience, convulsed with laugh-
ter as one of his colleagues mimicked his tortured oratory.

In Goethe’s original play, the sharp-tongued Mephistopheles
seduces Faust, discontented with his limited wisdom, into a bargain
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that grants him universal insight and the love of the beguiling virgin
Gretchen. The main theme of the Copenhagen version is the story of
the neutrino and of Pauli’s attempts to persuade Ehrenfest of its exis-
tence. Pauli (not at the meeting) was represented by Mephistopheles,
Ehrenfest by Faust, and the neutrino by Gretchen, whose songs
Heisenberg accompanied at the piano. The original version of the play
opens with speeches from three archangels, and the Copenhagen ver-
sion began in the same way, except that the trio was represented by
the English astrophysicists Eddington, Jeans and Milne, who stood on
the almost room-wide desk of the main lecture theatre, declaiming in
rhyming doggerel about the latest theories of the universe.

Ehrenfest’s leg was pulled unmercifully. He was played as a char-
acter who lay on the couch with his trousers in disarray, meditating
on the vanity of science and life. This probably struck some partici-
pants, including Dirac, as being too close to home: Ehrenfest was
morose, deeply uneasy about the state of physics and losing his
spark. At the meeting, when Darwin approached him with a ques-
tion, he rebuffed him, saying only, ‘’'m bored with physics.”

In the second half of the playlet, Dirac comes under the spotlight.
His monopole is a singing character, treated with respectful curiosity,
in contrast to his hole theory, portrayed as bizarre and not wholly
serious. In a few revealing lines, the character of Dirac describes the
state of his subject:

A strange bird croaks. It croaks of what? Bad luck!
Our theories, gentlemen, have run amuck.

To 1926 we must return;

Our work since then is only fit to burn.

These few words accurately capture Dirac’s despondency about the
state of quantum field theory. He had tried to produce an improved
version of Heisenberg and Pauli’s relativistic version of quantum
field theory but had found out during the meeting that his theory
was no improvement at all: both field theories were shot through
with infinities. The root of the problem appeared to lie in ‘singular-
ities’, particular points in the theory where the mathematics become
ill defined or even incomprehensible. It was a deft decision of the
authors of the Copenhagen Faust, headed by Max Delbriick, to
arrange for Dirac to exit the stage chased by the actor playing a bit
part, Singularity.
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The jibes about hole theory were not confined to the entertain-
ment; throughout the meeting, Dirac had to put up with Bohr’s hos-
tile questioning and the taunts of other colleagues. Dirac appeared to
take it all on the chin; according to one colleague, during the meet-
ings that week he did not utter a word.® In the final session of the
meeting, Bohr lost patience and put him on the spot: “Tell us, Dirac,
do you really believe in that stuff?’ The room went silent, and Dirac
stood briefly to intone his twelve-word reply: ‘I don’t think anybody
has put forward any conclusive argument against it.” Although out-
wardly loyal to his interpretation of hole theory and to his proposal
of the anti-electron, the absence of the particle was sapping his
morale. Soon, even he stopped believing in his hole theory, he later
told Heisenberg.”

Just less than three weeks after the Copenhagen meeting, news broke
from the Cavendish of another experimental sensation: the atom had
been split. It was the work of John Cockcroft and the dishevelled
Irishman Ernest Walton, an expert in engineering hardware. Together,
the two men had built the largest machine ever constructed in the
Cavendish, capable of accelerating protons through 125,000 volts and
smashing them into a metal target.® Quantum mechanics predicted
that the accelerated protons should have enough energy to break up
the nuclei at the heart of the lithium atoms, but it was a challenge to
prove it. Cockcroft and Walton increased the intensity of their beam
until it was high enough to stand a chance of splitting some of the
atoms in their lithium target. After eight months of work, when the
beam was delivering a hundred trillion protons per second, telltale
flashes on the detector in Cockcroft and Walton’s darkened laboratory
told them that they had split lithium nuclei into two nuclei of a differ-
ent element, helium. Here, on the nuclear scale, Cockcroft and Walton
realised the dream of alchemists by transforming one type of element
into another. For the second time in three months, Rutherford was
overseeing the announcement of a great experiment. He was not best
pleased when Crowther’s news-management skills faltered and the
story leaked to the press and broke in the popular Sunday newspaper
Reynolds’s Illustrated News, which trumpeted the latest Cavendish
finding as ‘Science’s Greatest Discovery’.” Other newspapers soon fol-
lowed, including a nervous Daily Mirror: ‘Let it be split, so long as it
does not explode.’10
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When the discovery was announced, Einstein happened to be in
Cambridge to give a lecture. On 4 May, at the height of public inter-
est in the experiment, an intrigued Einstein paid a private visit to the
Cavendish Laboratory for a demonstration.!’ He must have been
gratified to see that Cockcroft and Walton’s results were consistent
with his most famous equation: the total energy of the particles
involved in the nuclear reaction is conserved only if energy and mass
are related by E = mc?. Cockcroft and Walton had been the first to
verify the equation.

Eddington — ready, as ever, with a down-to-earth analogy — linked
Cockcroft and Walton’s fragmentation of the nucleus to what
appeared to be the fissuring of society. He observed that splitting the
once-indivisible atom had become the ordinary occupation of the
physicist since 1932 and that the social unsettlement of the age
seemed to have extended to atoms.? By 1932, Cambridge University’s
political centre of gravity had moved sharply to the left. Only six
years before, the great majority of students worked to break the
General Strike; by May 1932, the Cambridge Union — bellwether of
student opinion — supported the motion that they saw more hope in
Moscow than in Detroit.!3 The students were fearful of another war,
angry that the spirit of the Locarno Treaty was being mocked by
events. Another war was beginning to look all but inevitable.

The Cavendish triumphs demonstrated the quality of Rutherford’s
leadership of experimental physicists in Cambridge. By comparison,
the university’s theoreticians were embarrassingly unproductive —
their titular head was the Lucasian Professor Sir Joseph Larmor, then
seventy-five and about to retire, not before time. To no one’s surprise,
the authorities announced in July that his successor was Dirac, who
was not quite thirty and just a few months older than Newton’s age in
1669 when he took the Chair. As soon as the authorities announced
his appointment, he left Cambridge for a while to escape the clamour
of congratulations.'*

Dirac knew that the Chair was more than an accolade: it was a
vote of confidence but also a challenge. He was expected to continue
to be a leader, to set the pace in his field, to leave a legacy that scien-
tists would talk about for centuries. By no means all the holders of
the Lucasian Chair had justified their promise: William Whiston,
John Colson and Isaac Milner are in no one’s list of great mathemati-
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cians or scientists. Dirac still had more to prove. He was confident in
the durability of his early work on quantum mechanics, though he
had good reason to fear that his later ideas — field theory, hole theory,
the monopole — might one day be regarded as honourable failures.
Worse, he worried that he was becoming too old to come up with
original theoretical ideas: earlier in the year, soon after Heisenberg’s
thirtieth birthday, Dirac told him: ‘You are now past 30 and you are
no longer a physicist.’®

Rutherford wrote to congratulate Dirac, hoping that he ‘will still
continue to be a frequent visitor to the Cavendish’, probably an
allusion to Larmor, who rarely set foot in the Laboratory. One of
Dirac’s colleagues summed up the mood when he told the new pro-
fessor: ‘I don’t think any recent election to a professorship can have
been more popular.’'® Only Larmor was sniffy about his successor’s
appointment, later cattishly remarking that Dirac was ‘an ornament
of the German school [. . .] though a minor one.”'”

Dirac did not look the part of the distinguished Cambridge profes-
sor. Shy as a mouse, he had so little gravitas outside the lecture thea-
tre that in the streets of Cambridge he passed for a tyro graduate
student. He was nervous in the company of women of his own age,
so many of his colleagues assumed he was gay, that he would die a
bachelor and had no interest in having children. Yet Kapitza knew
better. He came to know Dirac well during their relaxed conversa-
tions in the Kapitzas’ house, a noisy den that always seemed to be
teetering on the edge of familial anarchy. Dirac was at ease there,
talking with Kapitza and Rat over a Russian-style meal, playing
chess and larking about with their two rumbustious sons. The con-
trast between the dysfunctional household of 6 Julius Road and the
happiness he saw in the Kapitzas’ home could scarcely have been
plainer. Perhaps Dirac was already longing for the vibrant family life
that Kapitza and Bohr had shown him, an environment in which
sourness and unkindness were rare, not the norm.

By the standards of British academics, Dirac was wealthy. When he
took up the Lucasian Chair, his annual salary rose sharply, from
£150 to £1,200, supplemented by his annual college ‘dividend’ of
£300. The modern value of his salary at the end of 1932 is £256,000.
He had seen the last of penury, though for him frugality was too
ingrained to be anything other than a way of life.!® So far as he was
concerned, a suit and a tie were all he needed, and he wore them

208



APRIL 1932—DECEMBER 1932

indoors and outdoors, rain or shine, until most men would regard
them as being fit only for the bin. His mother, perpetually chivvying
him to smarten up, thought it was high time she bought some new
clothes for herself and asked him to pay for them: ‘If you have a
really substantial salary in the autumn you may be able to treat your
mother to a winter coat.’!”

Charles and Flo were the toast of the city for producing its most
famous scientist, but the old quarrels continued. Worried that
Charles was planning to convert their daughter into a nun, Dirac’s
mother suggested that he pay for Betty to take a degree in French at
the university. There was not much chance that Charles would pay
for it as he believed that higher education should be a male preserve.
Betty sensed this, as she told her brother in a letter: ‘I haven’t actually
asked Pa for financial assistance, but he takes no interest in it and
doesn’t seem willing to help in any way.’? But Betty was not resent-
ful: she accepted it as part of her father’s character and, besides, most
other men felt the same way.

In Betty’s letters to Paul around this time, she seems conventionally
affectionate to him, but nothing of substance is known about their
relationship. It seems safe to conclude that he thought well of her,
however, because in July 1932 he generously offered to pay for his
sister’s fees and expenses for the next four years.?! Although she
struggled before successfully crossing the first hurdle of gaining a
mandatory pass in Latin, she was a contented student. In a touching
letter to her brother she assured him, ‘I will do my best to give you
value for your money, and I am honestly working, for the first time
in my life, I believe.”??> Her educational liberation seems to have dis-
heartened Charles, now a stooped and tottering invalid. He was
slowly losing his grip on his family, Flo reported to her son: during a
routine domestic stand-off about the use of their car, he huffily
agreed to give in to her and Betty, but only after an hour’s sullen
reflection. It was a momentous moment, the first time in thirty-two
years of marriage that she could remember him backing down.?* He
may well have wondered how his life had come to such a pass.
Perhaps he would have sympathised with Fatty Bowling, the narrator
of Coming Up for Air, George Orwell’s satire on 1930s suburbia.
Like Charles, Bowling was a hostage to his ungrateful family, tied by
convention and financial convenience to a slattern he despised.
Unlike Bowling, however, Charles took pleasure from his friends and
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his work: language students still traipsed up to 6 Julius Road for his
tutorials, and he was still active in the local Esperanto Society.

By early August, Charles was planning to visit his family in
Geneva. As usual, he did not tell his wife about his travel plans but
disclosed them to his son, in a letter written almost entirely in French
(only the final line was in English). He trod carefully:

7 August 1932

My dear Paul

I suppose that you are very busy so I will only take a few minutes of your
time to tell you how happy and proud I am of your great success. All the
newspapers have given us the details. Several friends and acquaintances have
asked me to congratulate you on their behalf.

Will this new position change your plans to go to Russia? I would like to
know the date when you have decided because as soon as I am strong
enough to undertake the journey I should go to Switzerland to sort out some
family matters and I do not want to be away from Bristol when you are here.

Obviously if you could come with me that would please me more.

My fond good wishes and may God prosper you.

Father?*

But Charles was to be disappointed. His son was planning another
vacation in the Soviet Union, this time with Kapitza in Gaspra, a
mountainous coastal resort in the Crimea. In Stalin’s time, it was a
place for the scientific elite to take breaks, away from the forced
migrations of peasant farmers, the food shortages and rationings and
all the other disasters of the Five Year Plan and collectivisation.
Dirac had begun his trip at a conference in Leningrad, where he
spoke about his field theory of electrons and photons. After Boris
Podolsky — an American of Russian-Jewish blood — and Vladimir
Fock told him that they were studying the same problem, Dirac
agreed to work with them. During his stay in Kharkhov, Dirac col-
laborated with his Russian colleagues, and, after a long exchange of
technical correspondence, they produced a surprisingly simple proof
that Dirac’s field theory is equivalent to Heisenberg and Pauli’s
and more transparently consistent with the special theory of rela-
tivity.2> This project was another sign that Dirac was no longer
quite so insular: early in the year, he had written a modest paper
on atomic physics with one of Rutherford’s students and now here
he was, working on quantum fields in equal harness with Soviet
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theoreticians. But Dirac remained wary of collaboration: visiting
theoreticians who were not previously acquainted with him found
him distant, utterly uninterested in sharing his ideas.?® When Dirac
was visited by one of them, Leopold Infeld, the young Pole found
him friendly and smiling but unwilling to respond to any statement
that was not a direct question. After twice receiving a reply of just
‘No’, Infeld managed to phrase a technical query that drew from
Dirac an answer consisting of five words. They took Infeld two days
to digest.?”

When Dirac was relaxing on the Crimean coast, he was unaware that
the story of the anti-electron was approaching its conclusion more
speedily than he had dared to believe possible. Many of the charac-
ters in this strange denouement, including Dirac, behaved in ways
that are now barely comprehensible, even bearing in mind that
hardly any physicists in 1932 took Dirac’s hole theory seriously and
few were even vaguely aware of his prediction of the anti-electron.
The end of the story began shortly before Dirac’s vacation, at the
end of July 1932 in Pasadena, not far from the Hollywood Bowl,
where the Los Angeles Olympic Games were just beginning. It would
be a welcome opportunity for the people of the city and millions of
radio listeners to have some respite from the economic gloom and
political manoeuvrings in advance of the coming presidential elec-
tion.28 At Caltech, many of the scientists were on vacation. But in a
comfortably warm room on the third floor of the aeronautics labora-
tory, Carl Anderson was hard at work on the effects of cosmic rays
within his cloud chamber. By the end of the first day of August, a
Monday, all he had to show for his latest experiments were blank
photographs, but, on the following day, he struck lucky.?’
Anderson managed to take a photograph of a single track, just five
centimetres long. It looked rather like a hair. The density of bubbles
around the track seemed to indicate that it had been left by an elec-
tron, but the curvature of the path suggested otherwise — it had been
left by a positively charged particle, so it could not possibly have
been an electron. Still not quite believing his eyes, Anderson spent an
hour or two checking that the poles of his magnet were correct and
that they had not been switched by jokesters.3? Convinced he was
not the victim of a prank, he was elated, though his euphoria was
cooled by an icy trickle of panic: was this really a discovery or some
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stupid mistake?3! To clinch the existence of the positive electron
Anderson needed more evidence, but by the end of the month he had
found only two more examples of his unusual tracks, neither as cut
and dried as the first. Millikan was not persuaded.

After the Olympic pageant had folded and the Caltech staff had
returned after the summer break, Anderson wrote a short description
of his experiment for the journal Science. Like Chadwick’s presenta-
tion of his apparent discovery of the neutron, Anderson’s account
was cautious: he examined every conceivable reason why the track
might not be a new particle. Even more circumspect than Chadwick
had been, Anderson couched his claim to a discovery in a paper that
he entitled “The Apparent Existence of Easily Deflectable Positives’,
hardly an eye-catching phrase. Readers who reached the end of the
article were rewarded with a sentence that qualifies as a masterpiece
of scientific conservatism: ‘It seems necessary to call upon a posi-
tively charged particle having a mass comparable with that of an
electron.” According to one report, Anderson was so worried by his
failure to find more good examples of the track that he thought of
writing to Science to withdraw his paper. But it was too late: the arti-
cle was at the printers.3?

Here, under Anderson’s nose, was clear evidence for Dirac’s anti-
electron — a particle with the same mass as the electron but with the
opposite charge. Anderson had earlier spent several evenings a week
struggling through Oppenheimer’s evening lectures on Dirac’s hole
theory, so it is practically certain that he knew about the part played
by the anti-electron within it.33 Yet he did not make the connection,
probably because he was directing his attention almost exclusively to
the cosmic-ray theory of his boss.3*

Anderson sent off his paper on 1 September, and it appeared in the
libraries of American physics departments about eight days later, to
be greeted with indifference and disbelief. His finding was ‘non-
sense’, one of his Caltech friends told him. Millikan still believed that
something was wrong with Anderson’s experiment and so did almost
nothing to promote it. Anderson, worried that he had not found
another track like the one he detected in early August, spoke publicly
about the need to be cautious.>> Oppenheimer was almost certainly
among the thousands of physicists who read the article, and he wrote
soon after to his brother that he ‘was worrying about [. . .]
Anderson’s positive electrons’.3® But Oppenheimer failed to put two
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and two together. Perhaps he was blinkered by a narrow interpreta-
tion of Dirac’s sea of negative-energy electrons: Dirac had always
believed that this sea would contain some holes, whereas
Oppenheimer assumed that the electron sea was always completely
full, so that the concept of the hole was redundant. It beggars belief
that Oppenheimer never pointed out the connection between Dirac’s
theory and Anderson’s experiment to Dirac, to Anderson or to any-
one else. Yet that appears to be what happened.

One of Anderson’s colleagues did, however, take his result seri-
ously. Rudolph Langer — a Harvard-trained mathematician, talented
but not noteworthy — had read Dirac’s work on the anti-electron and
talked with Anderson and Millikan about the new cosmic-ray photo-
graphs. The day after Science published Anderson’s paper, Langer
sent a short paper to the journal, making connections between the
new observations and Dirac’s theories. Showing none of Anderson’s
restraint, Langer concluded that Anderson had observed Dirac’s anti-
electron. He did not stop there; he went on to build an imaginative
new picture of matter, suggesting that the photon is a combination of
an ordinary electron and a negative-energy electron, that the mono-
pole is built from a positive and negative monopole and that the pro-
ton ‘of course’ comprises a neutron and a positive electron. The
paper looks impressively imaginative today, but it made no impact in
1932, probably because Langer was not sufficiently respected to
command attention and because it was simply not done to speculate
with such abandon. His insight left no trace in Anderson’s memory
and was soon forgotten.

By early autumn, Anderson’s ‘easily deflected positive’ appears to
have been a minor query in the minds of most Caltech physicists, a
rogue result to be refuted or possibly a puzzle to be solved. In
Cambridge, no one seems to have been aware of Anderson’s experi-
ment or of Langer’s article. The journal Science arrived in the
Cambridge libraries by early November, but neither Dirac nor any of
his colleagues appear to have read it. But, by then, Blackett was hot
on Anderson’s trail.

Rutherford had agreed that Blackett could begin a new pro-
gramme of research into cosmic rays. But Blackett’s patience with his
boss’s despotic style had worn thin, as a graduate student saw when
Blackett returned from Rutherford’s office white-faced with rage and
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said, ‘If physics laboratories have to be run dictatorially [. . .] I would
rather be my own dictator.”3” Blackett carved out a niche in the
Cavendish, working with an Italian visitor, Giuseppe Occhialini, a
light-hearted Bohemian commonly known by his nickname
‘Beppo’.38 Ten years younger than Blackett, Occhialini was an expert
experimenter who tended to rely on his intuition, rarely pausing to
write down an equation, preferring to spell out the steps in his rea-
soning with an impressive range of accompanying gesticulations.
When Occhialini arrived in Cambridge the year before, in July 1931,
he had already been involved in experiments to detect cosmic rays
and brought to the Cavendish years of experience working with
Geiger counters, only recently introduced to Cambridge. These coun-
ters were delicate and unreliable, Blackett later remembered: ‘In
order to make it work you had to spit on the wire on some Friday
evening in Lent.® For Occhialini, Blackett was a jack of all trades in
the laboratory:

I remember his hands, skilfully designing the cloud chamber, drawing each
piece in the smallest detail, without an error, lovingly shaping some delicate
parts on his schoolboy’s lathe. They were the sensitive yet powerful hands of

an artisan, of an artist, and what he built had beauty. Some of my efforts

produced what he called ‘very ugly bits*.40

Occhialini often visited Blackett at home in the evening. The two of
them would relax in the front room and review their day’s work over
glasses of lemonade and a plate of biscuits, while Blackett fondled
the ears of his sheepdog. During their conversations at home and in
the Cavendish, they came up with a clever way of getting cosmic rays
to take photographs of themselves: the trick was to place one Geiger
counter above their cloud chamber and another counter below it, so
that the chamber was triggered when a burst of cosmic rays entered
both the upper and lower counters. By the autumn of 1932, Blackett
and Occhialini had used this technique to take the art of photograph-
ing cosmic rays from a time-wasting matter of pot luck to a new era
of automation. Soon, word circulated round the Cavendish corridors
that something special was emerging from the Anglo-Italian duo.
Even the reserved Blackett, the quintessence of the upper-crust
Englishman, was excited.

Soon Blackett and Occhialini were ready to treat their colleagues to
the clearest batch of cosmic-ray photographs ever taken. At their sem-
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inar, Dirac was in the audience. This was surely his moment: he could
quite reasonably have suggested that Blackett and Occhialini had dis-
covered the anti-electron and, therefore, vindicated his hole theory.
But he stayed silent. The mention of the possible presence of positive
electrons drew Kapitza to turn to the new Lucasian Professor, sitting in
the front row, exclaiming, ‘Now, Dirac, put that into your theory!
Positive electrons, eh! Positive electrons!” Kapitza had spent hours
talking with Dirac but had evidently not even heard of the anti-
electron. Dirac replied, ‘Oh, but positive electrons have been in the
theory for a very long time.”*! Here, unless electrons really were shoot-
ing upwards from the Cavendish basement, the anti-electron seemed
to be showing its face. Yet Dirac’s colleagues so mistrusted his theory
that none of them was prepared to believe that it could predict new
particles. Nor, it seems, did Dirac try hard to persuade them, perhaps
because he believed that there was still a chance that every positive
electron in his colleagues’ photographs was in some way a mirage.
This was reticence taken to the point of perversity.

At that time, Dirac was not concentrating on his hole theory but
on one of his favourite subjects: how quantum mechanics can be
developed by analogy with classical mechanics. In the autumn of
1932, he found another way of doing this, by generalising the prop-
erty of classical physics that enables the path of any object to be cal-
culated, regardless of the nature of the forces acting on it. Newton’s
laws could also do this job, and gave the same answer, but this tech-
nique — named after the French-Italian mathematician Joseph Louis
Lagrange — was more convenient in practice. Dirac had first heard
about this method when he was a graduate student, from lectures
given by Fowler: it had taken some six years for the penny to drop.*?

Although the technique is usually easy to use, it sounds compli-
cated. At its heart are two quantities. The first, known as the
Lagrangian, is the difference between an object’s energy of motion
and the energy it has by virtue of its location. The second, the so-
called ‘action’ associated with the object’s path, is calculated by
adding the values of the Lagrangian from the beginning of the path
to its end. In classical physics, the path taken by any object between
two points in any specified time interval turns out, regardless of the
forces acting on it, to be the one corresponding to the smallest value
of the ‘action’ — in other words, nature takes the path of least action.
The method enables physicists to calculate the path taken by any
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object — a football kicked across the park, a moon in orbit around
Saturn, a dust particle ascending a chimney — and, in every case, the
result is exactly the same as the one predicted by Newton’s laws.

Dirac thought that the concept of ‘action’ might be just as impor-
tant in the quantum world of electrons and atomic nuclei as it is in
the large-scale domain. When he generalised the idea to quantum
mechanics, he found that a quantum particle has not just one path
available to it but an infinite number, and they are — loosely speaking
— centred around the path predicted by classical mechanics. He also
found a way of taking into account all the paths available to the par-
ticle to calculate the probability that the quantum particle moves
from one place to another. This approach should be useful in rela-
tivistic theories of quantum mechanics, he noticed, because it treats
space and time on an equal footing, just as relativity demands. He
sketched out applications of the idea in field theory but, as usual,
gave no specific examples; his concern was principles, not calcula-
tions.

Normally, he would submit a paper like this to a British journal,
such as the Proceedings of the Royal Society, but this time he chose
to demonstrate his support for Soviet physics by sending the paper to
a new Soviet journal about to publish his collaborative paper on his
field theory. Dirac was quietly pleased with his ‘little paper’ and
wrote in early November to one of his colleagues in Russia: ‘It
appears that all the important things in the classical [. . .] treatment
can be taken over, perhaps in a rather disguised form, into the quan-
tum theory. 3

Even if Crowther had wanted to publicise this idea, he would have
found it hard to get his article published in the Manchester
Guardian: it was too technical, too abstract. The ‘little paper’
appears to have been too abstruse even for most physicists and so
remained on library shelves for years, a rarely read curiosity. It was
not until almost a decade later that a few young theoreticians in the
next generation cottoned on to the significance of the paper and
realised that it contained one of Dirac’s most enduring insights into
nature.

In the closing months of 1932, the news from Germany was that
Hitler stood a fair chance of being elected chancellor in the impending
elections: if Dirac’s later comments on the Fuhrer are anything to go
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by, he will have been uneasy at the prospect. Einstein, sick of the
political climate and the violent anti-Semitism, fled to the USA and
agreed to join Abraham Flexner’s Institute for Advanced Study in
Princeton, while Born hung on in Goéttingen, where the Nazis were the
largest single party: half its voters now supported them.** In the
USSR, Stalin was showing ever-greater intolerance of academic free-
dom. In the USA, Franklin D. Roosevelt had been elected by a land-
slide, but the country remained in desperate economic straits. In the
UK, unemployment rose to unprecedented levels, and there were mass
demonstrations about unemployment benefits all over the country.

In the normally calm centre of Bristol, near the Merchant Venturers’
College, hundreds of protestors were baton-charged by the police.*> A
mile away, the Dirac household was again a battlefield. With Betty
spending most of her time at university, her parents were left to
explore every crevasse of their fractured marriage. Flo told Dirac that
his father, becoming more aggressive, was still trying to throw her out
of the house. Charles was incensed when he heard that she had given
a pupil wrong information about his tuition fees and threw a glass of
hot cocoa at her, she reported to Dirac. Yet, to most of the people he
knew, Charles looked like a model of the contented retiree. At the
Cotham School prize-giving, the Headmaster praised him for his son’s
success, and they talked over tea and cakes about Dirac’s recent trip to
Russia. Flo wrote to her son, ‘Really, he is quite a gossip outside his
own home, where he only condescends to scold.’*®

The Dirac family was together for what promised to be a torrid
Christmas. But Charles and Flo ceased hostilities, and the family had
what Flo described as ‘quite the best Xmas we have had for years’.”
Part of the reason for this may have been that Dirac was in a good
mood, as news he had wanted to hear for eighteen months had just
arrived.
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Seventeen

Einstein says that he considers Dirac the best possible choice for
another chair in the Institute [for Advanced Study]. He would like to
see us try for Dlirac| even if the chance of getting him is very small.
He rates him ahead of everyone else in their field. He places Pauli of
Zurich second, apparently.
Letter from OSWALD VEBLEN to ABRAHAM FLEXNER, 17 March
19331

It seems that it was not until mid-December 1932 that Dirac was
confident that the anti-electron exists. Later, memories were too
hazy for the date to be made precise: Dirac recalled that he ‘proba-
bly’ heard the news from Blackett, who never said publicly when he
was sure of the new particle’s existence. It may be that he discovered
it independently of Anderson, though Blackett was always careful to
give credit to his American rival for being the first to put his obser-
vation into print. Blackett and Occhialini probably learned of
Anderson’s photographs in the autumn through the grapevine, but
they read his article on ‘easily deflectable positives’ only in January,
three months after its publication, when they were taking cosmic-
ray photographs by the dozen every day.? In this bitterly cold
Cambridge winter, Blackett and Occhialini had to trudge each
morning to the entrance of the Cavendish through snow, slush and
ice; inside, the laboratory was buzzing with the thrill of the new
cosmic-ray photographs. It seemed that another success was in the
offing, but there was a problem: no one was sure precisely what the
images were showing.

The photographs featured a ‘shower’ of cosmic rays, with tracks
that curved both to the left and to the right, emanating from a single
location. In several of the snaps it was plain that Blackett and
Occhialini had observed positively and negatively charged particles
of about the same mass as they zipped through the cloud chamber:
these appeared to be electrons and anti-electrons. Blackett asked
Dirac to help interpret the data, and soon he was in the laboratory,
doing detailed calculations using his hole theory. The most likely
explanation was, they concluded, that incoming cosmic rays were
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breaking up nuclei and that in the vicinity of some of these break-
ups, pairs of positive and negative electrons were being created. It
was a classic application of Einstein’s equation E = mc?: the energy of
the collision was converted into the masses of the particles. Dirac’s
calculations persuaded the hyper-cautious Blackett that the photo-
graphs were strong evidence for anti-electrons that behaved just as
the Dirac equation predicted.

When Blackett and Occhialini were preparing to make their results
public, Dirac was also reading about events in Berlin. In the
November election, the Nazis had lost over two million votes and
had seen their representation in the Reichstag fall, but on 30 January,
after weeks of chicanery by Hitler and his supporters, he was
appointed Chancellor. The following night, Gottingen was ablaze
with torchlight as a procession of uniformed Nazis wended its way
through the streets of the old town, singing patriotic songs at the tops
of their voices, waving their swastikas and making anti-Semitic
jokes. Hitler dashed naive hopes that he would moderate his policies
on coming to power, swiftly implementing a dictatorship. On 6 May,
the Nazis announced a purge of non-Aryan academics from universi-
ties, and, four days later, book-burning ceremonies were held all over
Germany, including Gottingen and Berlin. Even before Hitler rose to
power, Einstein had left Germany, and he quickly announced that he
would not return.

Hundreds of other Jewish scientists were desperate to emigrate.
Dozens were rescued by Frederick Lindemann, Rutherford’s counter-
part at Oxford University, a prickly and sarcastic snob who had toured
universities in Germany in his chauffeur-driven Rolls Royce offering
threatened academics a safe haven in his laboratory. Cambridge Uni-
versity did not openly recruit potential refugees but waited for them to
apply: from scientists, it received thirty such applications every day.3
One of them was Max Born, who was given a short-term academic
appointment and — partly as a result of Dirac’s support — an honorary
position at St John’s. In November, his colleague Pascual Jordan
became one of three million storm troopers and proudly wore his
brown uniform, his jackboots and his swastika armband.*

Although Heisenberg never joined the Party, he remained in
Germany and was pleased that Hitler had come to power, if an anec-
dote related by Bohr’s Belgian student Léon Rosenfeld is correct.
Soon after Hitler became Chancellor, Bohr commented to Rosenfeld
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that the events in Germany might bring peace and tranquillity, insist-
ing that the situation ‘with those Communists’ was ‘untenable’.
When pressed by Rosenfeld, Bohr remarked: ‘I have just seen
Heisenberg and you should have seen how happy [he] was. Now we
have at least order, an end is put to the unrest, and we have a strong
hand governing Germany which will be to the good of Europe.”

Although Dirac was privately appalled by Hitler’s appointment,
his outward response was so discreet as to pass unnoticed except by
a few colleagues, including Heisenberg: Dirac vowed never again to
talk in German.® He had learned two foreign languages but now
wanted to speak neither of them.

International politics were not Dirac’s only distraction. He was also
turning his attention to moral philosophy, probably as a result of
talking with the formidable Isabel Whitehead. ‘Don’t despise
philosophers too much,’ she had counselled him after one of his vis-
its, ‘a great deal that they say may be useless, but they are after some-
thing which matters.”” Mrs Whitehead had been on the receiving end
of one of Dirac’s tirades against the only academic discipline he
openly disdained. One of his bétes noires was the internationally
admired Trinity College philosopher Ludwig Wittgenstein, regarded
by many as one of the cleverest academics in Cambridge. Several
decades later, Dirac remarked that he was an ‘Awful fellow. Never
stopped talking.’®

Dirac’s disenchantment with philosophers had degenerated into
hostility when he read the ignorant comments several of them made
on quantum mechanics; in a book review, he had already noted that
it had taken the Heisenberg uncertainty principle to awaken the dozy
philosophers to the revolutionary implications of quantum mechan-
ics.” The philosophers who least offended Dirac and other theoreti-
cal physicists were the logical positivists, who held that a statement
had meaning only if it could be verified by observation.!? There are
traces of this philosophy in three pages of notes Dirac wrote out by
hand in mid-January 1933, the raw and unpretentious jottings of a
young man who wants to take stock and clarify his thinking about
religion, belief and faith.!! He had recently told Isabel Whitehead, ‘I
am mainly guided in my philosophical belief by Niels Bohr’, but
these notes indicate that mainstream philosophers influenced Dirac
more than he knew.!?
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Dirac begins by considering belief. Some of the things a person
believes in, he remarks, are not based on evidence but simply because
they promote happiness, peace of mind or moral welfare. Such things
constitute a person’s faith or religion. In the only example he gives to
illustrate this, he considers suicide, pointing out that most people
believe that it ‘is not a good thing, although there is no logical reason
against it’. He was still haunted by Felix’s demise and by the feeble
purchase of logic on grief.

When Dirac focuses on the transience of life, he is driven to an
important moral conclusion: ‘A termination of one’s life is necessary
in the scheme of things to provide a logical reason for unselfishness.
[...] The fact that there is an end to one’s life compels one to take an
interest in things that will continue to live after one is dead.’

This, he says, is quite different from the unselfishness preached by
orthodox religion, which he characterises as sacrificing one’s interests
in this life for one’s interests in the next. Although he regards such a
sacrifice as wrong-headed, he concedes — with uncharacteristic con-
descension — the argument made by many an imperial missionary
that ‘Orthodox religion would be very suitable for a primitive com-
munity whose members are not sufficiently developed normally to be
taught true unselfishness.’

Although Dirac rejects religious faith, he accepts that another faith
is needed to replace it, something to make human life, effort and per-
severance worthwhile. This leads him to his credo, one that would
later influence his thinking on cosmology:

In my case this article of faith is that the human race will continue to live for
ever and will develop and progress without limit. This is an assumption that
I must make for my peace of mind. Living is worthwhile if one can con-
tribute in some small way to this endless chain of progress.

At the end of his notes, Dirac turns to belief in God. This notion is so
vague and ill defined, he says, that it is hard to discuss with any rigour.
He first gave his views on the subject in his diatribe at the 1927 Solvay
Conference, and is no less scathing here: “The object of this belief is to
cheer one up and give one courage to face the future after a misfor-
tune or catastrophe. It does this by leading one to think that the catas-
trophe is necessary for the ultimate good of the people.’

Perhaps Dirac had at least partly in mind his father’s rediscovery of
his childhood Catholicism after the death of Felix. Dirac himself had
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no such solace and had to try to cope with the tragedy entirely with-
out a spiritual crutch. Unable to fathom what he takes to be the reli-
gious justification for how a benevolent deity could condone natural
disasters — they are part of God’s plan, ultimately to the good of
humanity — Dirac concludes by dismissing the idea that religion has
any place in modern life: ‘Any further assumption implied by belief
in a God which one may have in one’s faith is inadmissible from the
point of view of modern science, and should not be needed in a well-
organized society.’

The entire document reveals that Dirac’s thinking about morality
and religion is suffused with two principal concerns: how these types
of knowledge square with scientific observations and how they can be
used as a guide to living. This is consistent with the approach of John
Stuart Mill, who would have applauded Dirac’s suggestion that a per-
sonally rewarding faith was sometimes needed to replace the unten-
able belief in eternal life and for everyone to feel that they are
contributing in some way to human progress. Some of Dirac’s turns of
phrase — his reference to ‘a well-organized society’ in particular —
might be a result of the influence of Mill’s French colleague and friend
Auguste Comte, the founder of positivism.'> More likely, Dirac was
taking the Marxist line that religion is ‘the opium of the people’.

On Thursday 16 February, dozens of scientists made their way
through the London fog in the fast-fading light of the late afternoon.
They were heading for the grand Piccadilly home of the Royal
Society, in the East Wing of Burlington House, on the site of today’s
Royal Academy of Arts. This was the headquarters of British science,
a stone’s throw from many of the city’s finest shops and restaurants,
a few minutes’ walk from the West End theatres.'# The audience,
including Cockeroft and Walton, probably hoped that the first of the
five talks that they would hear would be more exciting than its title:
‘Some Results of the Photography of the Tracks of Penetrating
Radiation’. Unusually for formal presentations like this, the audience
included a posse of journalists — no doubt tipped off by Crowther —
most of them probably wondering whether they were wasting their
time. If there really was a good story here, why announce it so close
to their deadline? It is likely that the newshounds hoped, too, that the
handsome speaker at the front of the room was more excited than he
looked. Shortly after four-thirty, Blackett rose.
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His talk was sensational.’> He described his experiment and
showed vivid photographs of the showers of charged particles that
continually rain down on the planet and yet, until these experiments,
had never been recorded on film. Blackett had almost no sense of
theatre, but when he projected the photographs of cosmic-ray show-
ers — revealing the hitherto unnoticed showers of particles bombard-
ing the planet from outer space — mouths fell open in disbelief.
Although cautious in his interpretation of his pairs of positive and
negative particles, Blackett said that they fitted ‘extraordinarily well’
with the Dirac hole theory. Here, in front of the audience’s eyes, was
plain evidence for particles emerging out of nothing and for the oppo-
site process, in which electrons and anti-electrons annihilate one
another as soon as they meet. Blackett described this as their ‘death
compact’.

After the talk, when the applause had faded, Blackett agreed to
give interviews to journalists. Always the perfect gentleman, he
stressed that the discoverer of the positive electron was Carl
Anderson and that the best theoretical interpretation of the photo-
graphs had been given by Dirac. Where, then, was Dirac? He was
giving a seminar in another part of Burlington House, unavailable
for comment.'®

The newspaper reports reflected the excitement of the briefing. Of
all the London newspapers, the Daily Herald featured the story most
prominently: the headline ‘Science Shaken by Young Man’s
Researches’ and ‘Greatest Atom Discovery of the Century’ was fol-
lowed by a breathless account of the experiment. It made no mention
of Dirac’s theory. The anonymous writer excised Occhialini from the
story, as did Crowther in the same morning’s Manchester Guardian,
where he interpreted the discovery using Dirac’s theory and used
Millikan’s colourful term ‘cosmic rays’. The New York Times also
featured the story on the Friday morning and included a wary quote
from Rutherford: ‘there seems to be strong evidence of the existence
of a light positive particle corresponding to the electron. But the
whole phenomenon is exceedingly complex and a great deal of work
will have to be done on it.” The reporter did well to extract this
quote, as Rutherford did not attend the meeting, having made clear
that he mistrusted Blackett and Occhialini’s use of Dirac’s ideas,
which Rutherford believed were nonsense.

Not since Eddington’s solar-eclipse announcement thirteen years
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before had a talk at the Society made such a splash in the interna-
tional press. Eddington’s shrewd handling of the press had made
Einstein an international star, but Blackett’s presentation was never
going to do the same for Dirac. He had no wish at all to be a
celebrity; the very thought of it would have revolted him. And, after
Rutherford’s guarded comments, few journalists will have been moti-
vated to draw Dirac out of his carapace.

After the press reported Blackett’s announcement, Anderson was
on edge. Most physicists had not read or even heard of his paper on
the ‘easily deflectable positives’, and he had not yet published his
photographs in a professional journal. He had not even given the
new particle a name. For several months, he and his Caltech col-
leagues had considered contracting the term ‘positive electron’ to
‘positron’ and, at the same time, suggested that the ordinary, nega-
tively charged electron might be renamed the negatron. Other names
were forthcoming, too: the astrophysicist Herbert Dingle in London
recalled that Electra in Greek mythology had a brother Orestes and
so suggested that the positive electron should be called the oreston. It
was Anderson, hurriedly completing a long paper on his discovery,
who chose the name that stuck: the positron.!”

The debate about the positron rumbled on for months. Bohr
thought the particle might not be real but caused ‘by air current drift’
in the cloud chamber. Only after Heisenberg and colleagues went on
a skiing vacation in Bavaria with Bohr and took one of Anderson’s
cloud-chamber photographs did Bohr begin to believe that the
positron existed. In California, Anderson wavered and Millikan
refused to believe that electrons and positrons were produced in
pairs, because the observations did not agree with his theory of cos-
mic rays. Even in Cambridge, the question was controversial for sev-
eral months. Rutherford, uncomfortable with the idea that abstract
theory could predict a new particle, liked his physics done bottom-
up: ‘T would have liked it better if the theory had arrived after the
experimental facts had been established.’!®

Although few theoreticians accepted Dirac’s hole theory, many
interpreted the positron’s detection as another personal triumph,
some once again wearily despairing that it was impossible to com-
pete with him.' Tamm, writing to Dirac from Moscow, was unstint-
ing in his praise and even implied that Dirac had given up hope that
his prediction would be verified: ‘your prediction of the existence of
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the [positron] [. . .] seemed so extravagant and totally new that you
yourself dared not cling to it and preferred to abandon the theory.”??
Dirac, privately pleased that his controversial theory had been vindi-
cated by experiments, showed no emotion. He remarked thirty years
later, with a detachment that went beyond the Olympian, that he
derived his greatest satisfaction not from the discovery of the
positrons but from getting the original equations right.?! In case
Dirac should be in the least pleased with himself, Pauli was as ready
as ever to bring him down to earth: ‘I do not believe in your percep-
tion of “holes” even if the anti-electron is proved.’??

It was only by the end of 1933 that the majority of quantum physi-
cists accepted that the positron existed, that electron—positron pairs
could be created out of the vacuum that the positron had figured in
Dirac’s hole theory before its detection. Only Millikan, almost alone
in standing by his ‘birth cry’ theory of cosmic rays, held out against
the pair-creation idea.?? But by early 1934, the evidence for the new
particle was incontrovertible: the number of positrons detected
annually had risen, owing mainly to Blackett and Occhialini’s tech-
nique, from about four in the previous year to a new annual total of
thirty thousand.?* More importantly, experimenters at the Cavendish
and at other laboratories had demonstrated that positrons could be
produced at will using radioactive sources on the laboratory bench
rather than only as a consequence of showers of cosmic rays bom-
barding the Earth.?’ Again, Dirac monitored the experimenters’
results to see if they agreed with his theory’s predictions.

In hindsight, it was clear that if physicists had taken the Dirac hole
theory seriously, the positron would have been detected several
months earlier. Anderson later remarked that any experimenter who
took the theory at face value and who was working in a well-equipped
laboratory ‘could have discovered the positron in a single afternoon’
using radioactive sources.?® Blackett agreed.?” As Dirac appeared to
realise later, he must shoulder most of the responsibility for this, as he
never advocated strongly that experimenters should hunt for the anti-
electron or suggested how they might detect it using apparatus readily
available to them. Thirty-three years later, when asked why he did not
speak out plainly and predict the anti-electron, Dirac replied: ‘Pure
cowardice.””®

Although Dirac believed he had predicted the positron, and talked
about it publicly from 1933 onwards, some commentators have
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objected that ‘prediction’ is too strong a word.?? Even Blackett wrote
in 1969 that ‘Dirac nearly but not quite predicted the positron,’
words that will probably have stung Dirac if he read them.3? The
consensus among today’s scientists, however, is that Dirac’s role in
foreseeing the existence of the positron is one of the greatest achieve-
ments in science. In 2002, shortly after the centenary of Dirac’s birth,
the theoretical physicist Kurt Gottfried went further: ‘Physics has
produced other far-fetched predictions that have subsequently been
confirmed by experiment. But Dirac’s prediction of anti-matter
stands alone in being motivated solely by faith in pure theory, with-
out any hint from data, and yet revealing a deep and universal prop-
erty of nature.’3!

During the past seven years, theoreticians had driven most of the
progress in physics, but there were now clear signs — particularly
from the Cavendish and Caltech discoveries — that experimenters
were in the driving seat. Disillusioned with quantum field theory, and
having worked for two years without coming up with what he
regarded as a strong new idea, Dirac joined Kapitza in his laboratory.
It was another unlikely pairing: the most reserved, cerebral theoreti-
cian working with the most outgoing, practically minded experi-
menter. Yet they were like brothers at play.

They were among the first users of the state-of-the-art facilities in
the Mond Laboratory, which Rutherford had arranged to be built for
Kapitza in the courtyard of the Cavendish, with funds from the
Royal Society. Its opening in early February 1933 was a grand occa-
sion, dozens of trilby-hatted journalists scribbling on their notepads
as the procession passed, adding flashes of colour to the grey mid-
winter afternoon. Dirac was there, in his scarlet gown, watching the
proceedings led by Stanley Baldwin, the university’s Chancellor and
Deputy to the Prime Minister Ramsay MacDonald. During one of
the ceremonies, Kapitza pointed to the body of a crocodile carved
into the brickwork of the laboratory’s main entrance by the mod-
ernist sculptor and typographer Eric Gill. Inside the laboratory foyer
there was another Gill commission, a bas-relief of Rutherford, a
carving that exaggerated the size of Rutherford’s nose, making him
look like a brother of Einstein. Some artistically conservative author-
ities in Cambridge were so upset by Gill’s depiction that they spent
three months trying to have it removed; their anger was diffused only
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after Bohr declared the carving to be ‘most excellent, being at the
same time thoughtful and powerful’.3? During the furore, Rutherford
remained indifferent, claiming that he did ‘not understand anything
about art’.33

Dirac and Kapitza conceived a new and potentially revealing
experiment to look at how electrons and light interact with each
other. As Dirac had seen for himself in Davisson’s Manhattan labora-
tory, when a crystal is struck by a beam of electrons, their paths are
bent, demonstrating that electrons can behave as waves. Thus, elec-
trons and light resemble one another in that both behave sometimes
as waves, sometimes as particles. Dirac and Kapitza hit on the idea of
replacing the crystal with light. Their idea was to reflect light back
and forth between two mirrors so that only a whole number of half-
wavelengths of light can exist between the mirrors, analogous to the
number of half-wavelengths on a rope that is held down at one end
and swung at the other. Just as the crystal consists of a regular three-
dimensional arrangement of atoms, the reflected light has a regular
pattern of allowed wavelengths, so both should be able to bend the
path of a beam of electrons. Such an experiment should be a unique
probe of the wave-like and particle-like behaviour of both electrons
and light. Dirac’s calculations showed that it should be possible to
detect the electron beam’s bending but only if the reflected light is
extremely bright, brighter than the best-available lamps. So the state
of lighting technology had thwarted the first plans of Dirac and
Kapitza to do experiments together. It would not be long, however,
before they were back in the laboratory.

In spring 1933, the Cambridge Review, sober chronicler of the uni-
versity’s affairs, published an anonymous article pointing out that
‘the young are now more concerned [with politics] than they have
been for a long time past’.3* The hedonism of the late 1920s had all
but disappeared, giving way to alarm about the national economic
malaise and the threat of war. Hitler, Mussolini and Stalin were
shaking the English out of their indifference to political extremes.
Winston Churchill, in the political wilderness, repeatedly warned of
the need to rearm, but he was ignored.

At the Cambridge Union in late February, despite a barnstorming
performance from the Fascist Sir Oswald Moseley, the motion “This
House Prefers Fascism to Socialism’ was heavily defeated, another
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sign that the students favoured Stalin over Hitler.>® The dons were
also turning left, many of them dissatisfied with the unscientific
approach taken by politicians to social issues and revolted by the
harsh treatment meted out to the unemployed. A few political leaders
emerged among the academics, egged on by Jim Crowther, who clev-
erly promoted his Marxist views without ruffling the feathers of the
many scientists who were wary of political commitment. The ones
who emerged as the socialist leaders were all workaholic males, able
to combine high-flying academic careers with an energetic commit-
ment to politics and, in some cases, effective popularisation. Quietest
among them was Blackett, not a Communist but a firm supporter of
the Labour Party. He was horrified to see that ‘the whole structure of
liberalism and free trade is collapsing all over the world’, and was
struck by ‘the paradoxical situation in which so many starve in the
midst of so much plenty’. Scientists and engineers had, in Blackett’s
view, ‘produced the technical revolution which has led to this situa-
tion’, and so ‘rmust therefore be directly concerned with the great
political struggles of the day’.3

Most influential of all was Bernal, ‘the Saint Paul of the science
a