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There are a handful of people who soar, whose accom-
plishments are so off-scale as to nearly defy belief. Hans


Bethe (2 July 1906–6 March 2005) was of that caliber. As
just one measure of his stature, imagine the task of copy-
ing his published opus by hand, for that is how he wrote
most of it; an industrious scribe would labor for many years
without even tackling his innumerable government stud-
ies and reports. This quantitative dimension would be un-
remarkable were it not that the mountain of paper would
contain seams of previously unknown intellectual gold,
nuggets of ingenious invention, brilliant syntheses of new
knowledge, technical analyses that altered the geopolitical
landscape, and calls to keep morality in mind.


This issue of PHYSICS TODAY breathes life into the pre-
ceding paragraph with articles that sketch Hans’s contri-
butions to most, but certainly not all, of the areas in which
he played such seminal roles for more than 70 years. Ap-
pearing in roughly chronological order, 
� Silvan Schweber writes (beginning on page 38) on the
period before World War II—Hans’s education, swift rise
to international prominence, emigration to the United
States, and impact on American physics;
� The late John Bahcall and Edwin Salpeter discuss
(page 44) Hans’s work on energy production in stars, nu-
clear astrophysics in general, and neutrino physics;
� Freeman Dyson relates (page 48) the history of Hans
and quantum electrodynamics, both before the war and,
later, after the discovery of the Lamb shift;
� Richard Garwin and I describe (page 52) Hans’s long 
involvement with national defense—the Manhattan Proj-
ect, the hydrogen bomb, the cold war, and arms control;
� John Negele tells (page 58) of Hans, the nuclear many-
body problem, and nuclear matter; and
� Gerald Brown gives us (page 62) an intimate look at his
remarkable collaboration with Hans on supernovae and
other astrophysical topics, in the last decades of Bethe’s life.


We provide an overview of Hans’s accomplishments
and offer glimpses of the talents and erudition that made
it all possible. These talents and erudition can easily be
inferred from the scientific literature itself. But that lit-
erature cannot describe his personality and character.
The authors of these articles, all having had the good for-
tune to enjoy long and unforgettable friendships with
Hans, have sought to offer some insights into how it came
to be that he had so special a place in the hearts and minds
of his colleagues and of the community at large—a respect
and esteem that are not explicable solely in terms of his


tangible contributions to scientific knowledge and the
public good.


A fuller picture
In an effort to give a fuller picture of the man, I add a few
words to what you will find in the articles that follow.


Hans loved nature and the outdoors—he was a very
strong man physically, and until late in life, he hiked over
distances and at altitudes that few of his contemporaries
could match. At Cornell, he would take a roundabout route
to lunch if the flowers were in bloom. But his self-discipline
was daunting—in a discussion in his office he would always
be fully focused on the topic at hand, but if you looked over
your shoulder as you left he would already be writing on his
stack of paper. If the air conditioning broke down in the heat
of summer, he would have a fan brought in.


Hans had a great sense of humor and a resonant
laugh. He made sure that his Selected Works (World Sci-
entific, 1997) included the “scandal” of his youth—the
spoof of Eddington described by Sam Schweber in his ar-
ticle. And late in life he liked to quote Justice Oliver Wen-
dell Holmes’s line “Oh, to be 80 again.” With a twinkle in
his eye, he once told me that he had just told Senate staff
that he could not testify at an important hearing if it were
postponed by a few hours, because of a prior commitment;
what he had not told them was that the engagement was
a dinner with his former student Leonard Maximon. Stu-
dents at all levels—from  high school to PhD candidates—
were a high priority for him and they always found him
available.


Hans was an unassuming man—anything but a prima
donna. Once during lunch with him and Victor Weisskopf,
the conversation led Viki to say that a particular physicist
was habitually arrogant toward his colleagues, and I
agreed. Hans was astonished—“Gosh! He’s never been
that way with me.” Viki and I just looked at each other
silently, and then Hans blushed a bit and quietly cleared
his throat.


Nevertheless, Hans had an objective evaluation of his
off-scale talents and strengths, combined with a clear
recognition that he was not a magician like Paul Dirac.
And he was competitive—he once told a younger colleague
that one should only work on problems for which one had
an unfair advantage!


To the end, he was a seeker of new knowledge, devoted
to actually doing science. Well into his nineties, in conver-
sations about his work with Gerry Brown, he continued to
display a stunning command of physics—his strong voice
moving steadily within a few sentences from shock waves
to neutrino interactions to thermodynamics.


Kurt Gottfried is an emeritus professor of physics at Cornell
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For almost seven decades, his wife Rose was his con-
stant companion and closest adviser. Together, they ex-
plored the Rocky Mountains in the summers before Pearl
Harbor. In the difficult decisions that Hans faced during the
controversies surrounding the H-bomb, it was primarily
with Rose that he discussed how to deal with the unprece-


dented moral dilemmas that arose. In the last years of his
life, as his physical strength ebbed, it was Rose and their
son Henry who kept him abreast of the political scene, which
distressed him deeply, and who made it possible for him 
to continue to participate in public policy debates and to
satisfy his unquenchable curiosity. �
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Hans and Rose Bethe in
the Canadian Rockies in
the summer of 1959. 


Hans in his office
at Cornell, circa
1935–36.


Hans in the Alps, where he
would go for a week or two
every summer before he emi-
grated to the US. This photo is
circa 1930. (All photos courtesy
of Rose Bethe.)
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I got to know Hans Bethe in the 1950s, when I was a lodger
at the home of Rudolf and Eugenia Peierls in Birmingham,


England. Bethe and Peierls had been close friends ever since
they were graduate students together under Arnold Som-
merfeld; the two went on to devise a comprehensive theory
of the deuteron. Their comradeship affected many people,
including some of the authors in this special issue of
PHYSICS TODAY. My room still had University of Canberra
stationery from when Edwin Salpeter lived with the
Peierlses, and I bought the bicycle Freeman Dyson had left. 


During his 1955 sabbatical at the University of Cam-
bridge, Hans worked on the nuclear many-body problem
and, in particular, on difficulties associated with Brueck-
ner theory. (See the article by John Negele on page 58.)
Shortly after that, I began work on applying to finite nu-
clei the effective interactions he had obtained for infinite
nuclear matter, and visited him often at Cornell Univer-
sity. After he retired from Cornell in 1976, he and I worked
together on astrophysics problems; Hans also continued to
work on neutrino physics, arms control, and energy issues.


I soon learned why Hans had no long-term collabora-
tors earlier in his life, aside from Peierls. (The two are
shown together in figure 1.) Even after he retired, it was
nearly impossible to keep up with him. Not that he worked
rapidly, but right away he could identify the essential
physics and see the light at the end of the tunnel. Then,
like a bulldozer, he moved toward that light, undeterred
by temporary obstacles. The scope of problems he could
solve pretty much had no limit: In that sense, I think he
was the most powerful scientist of the 20th century. 


He was famous for his statement “I can do that!” A
couple of years after his retirement, I unleashed Hans’s ar-
senal of physics knowledge and experience on a problem
worthy of his abilities. 


Not enough entropy 
On the morning of 1 April 1978, my wife Betty and I picked
up the Bethes from the airport in Copenhagen, then pro-
ceeded to take them to the house where they were renting
some rooms. Hans had sprained his ankle on Mount Pion
in Turkey, and on the way I said that the accident was a
bad omen for his work on the pion–nucleon many-body
problem, in which each new higher-order term was about
as large as all the previous lower-order terms put together.
Hans asked, “What should we work on?” I replied, “Let’s
work out the theory of supernovae.” Hans countered that


he didn’t know anything about them. 
I told him that workers in the field had the nuclear


physics all wrong and that I knew how to correct it. I’d
written a research paper with James Lattimer and Ted
Mazurek showing that the many excited states of nuclei
had essentially been left out in works to date.1 But, I told
Hans, in order to work out the theory, I needed an expert
on explosions. Hans, who had worked at the Los Alamos
Laboratory as head of the theory group for the Manhattan
Project, admitted that he knew something about them. We
delivered Hans and his wife Rose to their apartment, and
then I went to work at the Niels Bohr Institute. Before
going home that afternoon, I left on Hans’s desk a com-
puter printout of a large star that Stan Woosley had
evolved up to the point of collapse. At that point, stellar fu-
sion has converted all the core material into iron, the nu-
cleus with the greatest binding energy per nucleon, and no
additional energy can be produced via stellar burning.


I came in the next morning and went to see Hans. He
said, “The entropy in the iron core is very low, less than
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A scientific colleague and friend reminisces about a nearly 30-year collaboration working on
supernovae, collapsing binaries, and California condominiums with nice bathtubs.
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Figure 1. Rudolf Peierls (left) poses with Hans Bethe. Be-
fore Hans’s nominal retirement from Cornell University in
1976, Peierls was his only long-term collaborator. This
photograph of the two friends was taken in 1971.







unity [in units of Boltzmann’s constant kB] per nucleon.” 
“So what?” I asked.
He said, “That means that the iron core will collapse,


without being held up, until the iron nuclei merge into nu-
clear matter at nuclear-matter density. There isn’t enough
entropy for them to break up.” I said that since World 
War II, all supernova calculations had shown that the col-
lapse is held up at about 1/1000 of nuclear-matter density. 


“They’re wrong!” he replied.
Hans was right. Stellar collapse is slow when consid-


ered on the time scale of the strong interaction, so, setting
the weak interactions aside for the moment, entropy is
conserved. And there simply isn’t enough entropy for iron
to break up. The weak interactions actually decrease the
entropy in the core via neutrinos that carry energy and en-
tropy out of the star. To stop the infall of matter, a strong
repulsive force is necessary, and such a force is available
only if the density is well above nuclear-matter density. In
that regime, the high compression modulus of nuclear
matter can stop the collapse. 


Stellar explosions
Because each iron nucleus in the core contributes about 1/27


as much to a star’s pressure as do the relativistic, highly
degenerate electrons of the atom, the collapse of the core
is comparable to the collapse of a white dwarf. And as dis-
covered by Subrahmanyan Chandrasekhar, the maximum
dwarf mass M that can be supported by relativistic de-
generate electron pressure is given by M ⊂ 5.76M�Y2,
where M� is the mass of the Sun and Y is the ratio of the
number of electrons to the number of nucleons (protons
and neutrons). In relativistic white dwarfs, Y ⊂ 1/2, but in
large stars some electrons are captured by protons before
collapse, so that Y is typically about 0.43 in the crucial
stage of the collapse. Thus the mass of the so-called ho-
mologous core of a collapsed large star is about 1 solar
mass, or perhaps a little greater. The result of the collapse,
astrophysicists believe, is a neutron star, typically with a
mass of 1.4M�.


By 1978 the basics of the collapse were understood.
The homologous core collapses subsonically, but the matter
beyond the core’s outer edge is supersonic. When the den-
sity at the center of the star exceeds the density of nuclear
matter, pressure waves that travel at the speed of sound
are formed. Those waves, which tend to bring infalling mat-


ter to rest, can only get as far as the edge
of the homologous core: Were they to go be-
yond, they would be swept back in by the
supersonic flow outside. Pressure and den-
sity discontinuities build up at the edge of
the homologous core. Eventually they lead
to a shock wave that blows off the part of
the star well outside the homologous core.
Explosions of stars that had previously
converted all their core material into iron
are called type II supernovae. They pro-
vide the universe with the heavy elements
such as carbon and oxygen that make up
human bodies.


The devil, of course, is in the details.
Hans could solve almost any problem, but
in attempting to understand the explo-


sion, he probably had not encountered one more suited to
his abilities and experience—especially in light of what he
learned at Los Alamos. Alas, when the details were worked
out, the better the calculation, the less well the explosion
succeeded at blowing off the outer part of the star. The
shock wave spent so much energy in dissociating the iron
outside of the homologous core—about 1051 ergs (1044


joules) for each 0.1M� of iron dissociated—that it didn’t
have enough remaining energy to blow off the outer region;
instead it just traveled some few hundred kilometers and
stalled, until the investigator ran out of computer time.


The energy scale of 1051 ergs came up often enough in
our work that I gave it a special name: the foe (short for
51 ergs). In 1990 Hans and Pierre Pizzochero2 analyzed
the speed of the hydrogen recombination wave in the su-
pernova SN1987a and showed that the total mechanical
energy in the explosion was 1–1.4 foe. Thus, dissociation
of 0.1M� of iron would remove from the shock wave about
as much energy as was contained in the mechanical part
of the explosion.


But the explosion has another source of energy: grav-
itational binding. As the core of the large star settles into
the tightly bound neutron star, neutrinos carry off about
300 foe of gravitational binding energy. So Hans tried to
see if some of that energy could be deposited into the mat-
ter outside the homologous core but inside the shock. Then,
through convection, the hot matter could move up behind
the shock and repower it. 


In late 1987 Hans discussed his convection ideas at
the Nuclear Theory Institute in Seattle. When he came to
the calculation, he said he had two coupled differential
equations that he had to solve numerically. For Hans, “nu-
merically” meant with his slide rule. Throughout our en-
tire supernova work, he would take out sections of com-
puter output, check different quantities against each
other, and then pose questions to whoever had made the
computation (see figure 2).


To this day, calculated explosions have yet to achieve
success. Investigators are refining ideas about convection
and relaxing assumptions about sphericity to get the ex-
plosions to work.


About the future
For nearly 25 years, Hans and I spent every January to-
gether in California. We’d share a condominium in Santa
Cruz or Santa Barbara, or, most often, in Caltech housing.
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Figure 2. The slide rule was Bethe’s calcula-
tional tool of choice. In this photo, taken at
Cornell University around 1986, Bethe ana-
lyzes computer output. (Photograph by Kurt
Gottfried, courtesy of AIP Emilio Segrè Visual
Archives.)
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I did the cooking since Rose was looking after her parents
and my wife Betty was caring for our children. But in the
last years, the four of us were all joyfully together (see fig-
ure 3). After supper Hans and I would discuss history, pol-
itics, and so forth, always in a structured way. At times,
he would lapse into German and reminisce about his child-
hood and youth. He greatly appreciated my ability in Ger-
man and gave me Johann Wolfgang von Goethe’s book of
poems Das Leben, es ist gut for a birthday present. Before
we went to bed, I’d outline for him the problems we had
still to solve, and he’d promise to think about them in his
half-hour bath in the morning—we always required a
bathtub for him in whatever condominium was furnished
for us. So it was when we were together.


During a massive, hour-and-a-half breakfast of vari-
ous sliced leftover meats, red currant jam, numerous hot
rolls, and lots of tea, we would discuss how to attack the
day’s problems. Then Hans would estimate how far we
could get, and we would go to our office. He usually iden-
tified a piece of the problem that he could do before lunch,
then filled the pages of blank paper on the top left-hand
part of his desk at a steady pace. He was really cross if he
needed to work until 10 minutes past noon to finish his
preassigned part of the problem, since he clearly desired
lunch. But I cannot remember that we ever got severely
stuck for long. In the evening we compared solutions; his
had been calculated with his slide rule and mine with my
$12 calculator. Since I was 20 years and 20 days younger
than Hans, I could just about keep up with him!


At the end of January 1996, the day before I was to
return to Stony Brook, Kip Thorne came to the office Hans
and I shared at Caltech. He said the production of gravi-
tational waves that LIGO (the Laser Interferometer 
Gravitational-Wave Observatory) should measure from 
coalescing neutron stars had been estimated by several re-
search workers theoretically, but mergers of neutron stars
and black holes had not received as much attention. Hans
and I, he continued, were good at calculating things that
had not been seen. Could we calculate the contribution of


those less-studied mergers?
The previous year I had found that the accepted sce-


nario for evolving a neutron-star binary resulted in a binary
comprising a neutron star and a low-mass black hole.3 So I
knew that binaries with a neutron star and a black hole
would give at least an order of magnitude more mergers
than neutron-star binaries. I said to Hans, “You’ve now cal-
culated Roman numeral VI of your theory of supernovae.
It’s time to change.” After all, he was only 90. I went on to
say that we now had a topic to work on next year at Cal-
tech. He replied, “Oh, no! I want to begin now.” So after I
got back to Stony Brook, I sent him a 20-page paper by Evert
Meurs and Edward van den Heuvel.4 A few days later, I re-
ceived from him a page-and-a-half fax, in which he’d derived
their main conclusions. “I don’t seem to have done it as ac-
curately as they did, but I got the same results,” he noted.


We wrote a paper, “Evolution of Binary Compact Ob-
jects that Merge,” that I think is the best thing Hans and I
did.5 The paper appears in about the middle of the collected
works6 that I edited along with Hans and Chang-Hwan Lee.
It and the papers that followed are mostly “about the fu-
ture,” like Ejlert Lövborg’s manuscript in Henrik Ibsen’s
great play Hedda Gabler. But since Lee coauthored several
of those papers, they cannot be thrown into the fire and
burned; in any case, he has computer backups of them. 


Hans and I made lots of predictions that only the fu-
ture will test. The chief among those will not be checked
for at least a decade, when LIGO II is completed: We pre-
dict that LIGO II will find 20 times more mergers of low-
mass black-hole, neutron-star binaries than of neutron-
star binaries.


A large piece of life
I hope to see our predictions come true. I am on a low-fat,
chiefly fish diet in order to live until LIGO II can test our
prediction about mergers of neutron stars and black holes.
One of the key ingredients that went into the merger pre-
diction was a result we had obtained for the maximum mass
of a neutron star. I must admit I had to do a bit of selling to


Figure 3. In our final years in California, Hans and I were joined by our wives. Shown here, from left to right are Hans, Rose
Bethe, Betty Brown, and me. The photo was taken in 1999, at the 60th birthday celebration of nuclear theorist and col-
league Chun Wa Wong.
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convince Hans of a strangeness-condensation calculation7


that we worked out in 1994. Based on that calculation, we
concluded that the maximum neutron star mass was about
1.5M�. But Hans believed the result, and the next year we
calculated a comparable maximum mass starting from the
approximately 0.75M� of nickel production in SN1987a that
we were certain went into a black hole.8


My close friend Marten van Kerkwijk, who is an ex-
cellent observational astronomer, keeps asking me if I still
believe the neutron-star mass limit. When I firmly say,
“Yes,” he responds, “Good,” because he thinks it’s lovely for
observers to be able to refute theoretical predictions.
Marten’s measured mass of 1.86M� for the neutron star
Vela X-1 exceeds our limit even when statistical errors are
accounted for,9 but he would be the first to admit that the
binary is messy, and notes that “no firm constraints on the
equation of state are possible, since systematic deviations
in the radial velocity curve do not allow us to exclude a
mass around 1.4M� as found for other neutron stars.” In
any case, Marten has been absolutely crucial to the whole
program that Hans, Chang-Hwan, and I had been work-
ing on. He has checked most of our papers and helped us
to avoid published errors. To have our work critiqued by
such a skeptical expert as Marten can only be stimulating.


Hans had a particular warm side that he exhibited to
his family and to friends such as Rudi Peierls and Viki
Weisskopf, as well as to graduate students and colleagues.
I was the young interloper who crassly broke into this hon-
ored circle—and he loved it. Following my talk at the 1993
symposium “Celebrating 60 Years at Cornell with Hans
Bethe,” Hans said, “I knew we had a lot of fun working on
the supernova problem, but I didn’t know that we had that
much fun!” But revealing the warmer part of his character
must be assigned to the angels because he would hate me
becoming maudlin. As evidence, I note that after I had writ-
ten a several-page dedication to his wife for the collected
works I mentioned earlier, Hans shortened it to “We dedi-
cate this collection of papers to Rose Bethe, who throughout
their long evolution fed us, walked us, consoled us and
cheered us on.”


The two of us worked together right up to his death.
In fact, on the phone the morning of the day he died, I told
him that C. N. Yang would prepare an article for the cen-
tennial volume of Physics Reports that I was putting to-
gether for Hans’s 100th birthday, 2 July 2006. 


On the night in 1995 when Rudi Peierls died, Hans
had phoned me and said, “A large piece of my life—and
yours—has gone.” The night that Hans died another large
part—father figure, collaborator, and friend—was taken
from my life, which is greatly diminished without him.


This article is based in part on my commentaries to chapters
1 and 12 of reference 6. I thank World Scientific for permission
to use them. 
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From 2 to 4 June 1947, a carefully selected group of dis-
tinguished physicists assembled at Shelter Island, a


small and secluded spot near the eastern tip of Long Is-
land, to discuss the outstanding problems of physics. This
was the first serious meeting of physicists who had played
leading roles in World War II and then returned to the pur-
suit of peaceful science. The Shelter Island Conference suc-
ceeded in its purpose: It set the direction for physics for
the next 30 years.


The main subject of discussion was the experiment of
Willis Lamb and Robert Retherford, who used the tools of
microwave spectroscopy, developed during the war for mil-
itary purposes, to measure the fine structure of the energy
levels of the hydrogen atom. The results showed a clear de-
viation of the observed levels from the predictions of the
Dirac theory of the hydrogen atom. Lamb and Retherford
measured a quantity that became known as the Lamb
shift—the frequency of a microwave field that induced
transitions between the lowest two excited states of the hy-
drogen atom. According to the Dirac theory, the two states
should have had equal energy and the Lamb shift should
have been zero. Lamb measured it to be 1000 megahertz,
with an uncertainty of a few percent. The discrepancy was
far outside the limits of possible experimental error.


Many people at the conference, including Victor Weiss-
kopf and Robert Oppenheimer, suggested that the devia-
tion resulted from quantum fluctuations of the electro-
magnetic field acting on the electron in the atom. Such
fluctuations would give the electron an additional energy,
called the self-energy. It was well known that the existing
theory of quantum electrodynamics (QED) gave an infinite
value for the self-energy and was therefore useless.
Physics had reached an impasse. On the one hand, the
Lamb experiment gave clear evidence that the effects of
electromagnetic quantum fluctuations were real and fi-
nite. On the other hand, the existing theory of QED gave
infinite and absurd results. It was obvious to everyone at
the meeting that breaking the impasse would require a
new idea.


Hendrik Kramers, one of the few non-US attendees,
provided the new idea, which was named “renormaliza-
tion.” That name was already familiar to physicists in
1947; it had been used in a similar context by Robert
Serber in 1936. Kramers had come from the Netherlands
to spend a term as a visiting scientist at the Institute for
Advanced Study in Princeton, New Jersey. He remarked
that the observed energy of an electron according to QED


is the sum of two unobservable quan-
tities: a bare energy, which is the en-
ergy that an electron is supposed to
have when it is uncoupled from elec-
tromagnetic fields, and the self-
energy, which results from the elec-
tromagnetic coupling. The bare energy


appears in the equations of the theory but is physically
meaningless, since the electromagnetic coupling cannot
really be switched off. Only the observed energy is physi-
cally meaningful. The point of renormalization was to
get rid of bare energies and replace them with observed
energies.


Kramers proposed that the results of the Lamb ex-
periment should be calculated in terms of observed ener-
gies, with all mention of bare energies removed. He con-
jectured that when the bare energies were eliminated from
the calculation, the infinite self-energies would cancel out
and the calculated value of the energy difference that
Lamb and Retherford measured would become finite.
Kramers sketched a simple model of an electron for which
the calculation could be done and the result was finite. But
he did not know how to carry through the calculation for
a real electron in a real hydrogen atom. Nobody at the
meeting knew how to do a realistic calculation following
Kramers’s idea. Except Hans Bethe.


After the meeting, Bethe traveled by train from New
York to Schenectady, a distance of 75 miles. On the train
he finished a calculation of the Lamb shift for a real elec-
tron. The value that he found was 1040 megahertz, a re-
sult agreeing pretty well with Lamb’s experiment. On 9
June he wrote a paper summarizing his calculation,1 and
sent it to the other participants of the Shelter Island meet-
ing. The paper, two pages long with only 12 equations, was
received by the Physical Review on 27 June and published
on 15 August. It was a turning point in the history of
physics. Before it appeared, the prevailing view of such ex-
perts as Niels Bohr and Oppenheimer was that existing
theories of particle physics were fundamentally flawed
and that progress could come only from revolutionary new
concepts. After the paper appeared, the experts began to
think that the existing theory of QED was physically cor-
rect and needed only some new technical tricks to make it
mathematically consistent and practically useful.


How did it happen that Hans Bethe was the one who
broke the impasse? There were two reasons. First, Bethe
understood that the reaction of the electron to electromag-
netic quantum fluctuations was mainly a nonrelativistic
process and could be calculated using ordinary nonrela-
tivistic quantum mechanics. Everyone else at the meeting
assumed that a calculation of the Lamb shift had to use the
notoriously difficult and complicated theoretical apparatus
of relativistic QED. Only Bethe had the courage to plunge
ahead with a calculation using old-fashioned nonrelativis-
tic quantum mechanics to describe the hydrogen atom. Ig-
noring relativity made the calculation enormously simpler.


Second, Bethe was uniquely prepared by his previous
training and experience to do the calculation and get the
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In 1947 no one knew how to calculate the fine structure of
spectroscopic levels of a real electron making transitions in
a real hydrogen atom—except Hans Bethe.
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right answer. By a happy combination of circumstances,
he had unrivaled knowledge of QED, of atomic physics,
and of the art of calculating physical processes in which
QED and atomic physics came together. It was his habit,
when confronted with any physical problem, to sit down
and calculate the answer. So, when the problem of the
Lamb shift arose, it was natural for him to be the one who
sat down and calculated the answer. To explain how Bethe
acquired the knowledge and skills that enabled him to cal-
culate the answer, I go back 20 years.


Mastering QED
The history of QED began at the end of the 1920s with
three independent lines of development. First, in 1927
Paul Dirac developed a version of QED in which both elec-
trons and photons are treated as particles. Second, in
1929 Werner Heisenberg and Wolfgang Pauli used the
complicated mathematics of quantum field theory to de-
velop a version in which both electrons and photons are
treated as fields. Third, in 1930 Enrico Fermi developed
a version in which the electrons are treated as particles
and the photons as fields. Fermi’s version was typical of
his work—mathematically simple and physically trans-
parent. Fermi intended it for use, not for ornament. Of the
three versions of QED, Fermi’s was the most practical and
the best suited for solving real problems. Bethe had the
good sense to go to Rome in 1931 and learn QED from
Fermi. The two men published a paper2 using Fermi’s ver-
sion of QED to calculate the retarded interaction between
two electrons caused by the emission and absorption of


photons. This collaboration gave Bethe his first experi-
ence of using QED for practical purposes and provided the
foundation for his later mastery of QED.


After Bethe returned to Germany from Rome in 1932,
he wrote a monumental review article for the Handbuch
der Physik on the quantum theory of one-electron and two-
electron systems.3 That review, concerned mainly with hy-
drogen and helium atoms, provided an outstanding display
of Bethe’s thoroughness and attention to details. All the
wavefunctions of states of the hydrogen atom are precisely
calculated in several different representations, using
spherical, cylindrical, or parabolic coordinates as required
for the interpretation of various experimental observa-
tions. After writing the review, Bethe probably had a
deeper understanding of the hydrogen atom than anyone
else on Earth. He knew under which conditions a rela-
tivistic theory of the atom was necessary and under which
conditions a nonrelativistic theory was sufficient.


After leaving Germany in 1933 and finding temporary
refuge in Manchester, England, Bethe collaborated with
his fellow refugee Walter Heitler, who was also expert in
QED. Together they carried out the first precise relativis-
tic calculation of the two dominant processes of high-
energy electrodynamics—the production of photons by high-
energy electrons and the production of electron–positron
pairs by high-energy photons passing through matter.4


The Bethe–Heitler calculation of photon production (called
by its German name, “bremsstrahlung”) and pair produc-
tion was the most important achievement of QED in the
1930s. The calculation was a tour de force of analytical
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Richard Feynman explains a point during the 1947 Shelter Island Conference. Standing (from left to right) are Willis Lamb,
Karl Darrow, Victor Weisskopf, George Uhlenbeck, Robert Marshak, Julian Schwinger, and David Bohm. Seated are Robert
Oppenheimer, Abraham Pais, Feynman, and Herman Feshbach. (Courtesy of National Academy of Sciences.)
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skill, and it explained quantitatively the observations of
cosmic-ray showers, in which high-energy electrons pass-
ing through the atmosphere generated a multitude of
lower-energy electrons, positrons, and photons traveling
together in the same direction. Bethe and Heitler called
attention to the fact that not all high-energy cosmic rays
generated showers. 


The theory of QED appeared to apply well to some cos-
mic rays and not to others. Bethe and Heitler thought that
the absence of showers accompanying some of the fast par-
ticles indicated a breakdown of QED at high energies.
Some years later the particles that did not produce show-
ers were identified as mesons, and the evidence for a
breakdown of QED disappeared. The Bethe–Heitler cal-
culation remained the gold standard for careful and accu-
rate work in high-energy physics.


In 1935 Bethe found his permanent home at Cornell
University. For the rest of the 1930s, he was mainly occu-
pied with nuclear physics and with understanding the nu-
clear reactions that keep the Sun and the stars shining
(see the article by John Bahcall and Ed Salpeter on page
44). He received a richly deserved and long overdue Nobel
Prize for this work in 1967. And still, in my opinion,
Bethe’s calculation of the Lamb shift was a more profound
and, in the long run, a more important contribution to sci-
ence. It broke through a thicket of skepticism and opened
the way to the modern era of particle physics. It showed
us all how to connect QED with the real world.


After the Lamb shift calculation, Bethe continued to
work out the consequences of QED. The most original of his
later discoveries was the Bethe–Salpeter equation, a rela-


tivistic wave equation for bound states of two particles.5 With
his student Leonard Maximon he worked out a new version
of the Bethe–Heitler calculation of bremsstrahlung and pair
production; they used more modern methods and gave re-
sults that are more accurate when the atoms causing those
processes are heavy.6 With Ed Salpeter he published a
greatly revised and expanded version of the Handbuch der
Physik article on quantum mechanics of one-electron and
two-electron systems.7


Hans Bethe never ceased to give help and encourage-
ment to Toichiro Kinoshita and other colleagues at Cor-
nell, who continued to push the calculation of QED
processes to fourth, sixth, and eighth order of perturbation
theory and thus keep pace as experiments in atomic
physics became more and more accurate. Theory and ex-
periment are now both accurate to 12 significant figures,
and QED still stands confirmed. The confirmation of QED
as the most precisely tested of all the laws of nature is one
of the great triumphs of 20th-century science. We owe that
triumph chiefly to the vision of two men, Willis Lamb and
Hans Bethe.
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ARTICLES


"The Happy Thirties"


Despite the political upheavals of the 1930s, the decade played a pivotal
role in Hans Bethe's life.


Silvan S. Schweber


Hans Bethe was born on 2 July 1906 in Strasbourg, when Alsace was
part of the Wilhelminian empire. His father, Albrecht Bethe, was
trained as a physician and became a widely respected physiologist.
In 1915 he accepted a professorship in the newly founded Frankfurt
University. Hans's mother, Ella, was raised in Strasbourg where her
father was a professor of medicine. An only child, Hans grew up in a
Christian household, but one in which religion did not play an
important role. His father was Protestant; his mother had been
Jewish but she became a Lutheran before she met Hans's father.
Hans's mother was a talented and accomplished musician, but a
year or two before World War I her hearing was impaired as a result
of contracting influenza. The illness left psychological scars, and she became prone to
what was diagnosed at the time as bouts of "nervous exhaustion," or extended periods of
depression. The marriage suffered under the strain, and Hans's parents eventually
divorced in 1927. From the mid-1920s on, it was Hans who looked after his mother's
well-being.


One of Bethe's earliest memories was being interested in numbers and playing with
numbers. His numerical and mathematical abilities manifested themselves early. His
father told of Hans at age four sitting on the stoop of their house, a piece of chalk in each
hand, taking square roots of numbers. By the age of five, he had fully understood
fractions and could add, subtract, multiply, and divide any two of them. At age seven he
was finding ever-larger prime numbers and had made a table of the powers of two and of


three, up to 214 and 310, and had memorized them. At age fourteen he taught himself
the calculus by reading Walther Nernst and Arthur Schönflies's Einführung in die
mathematische Behandlung der Naturwissenschaften (Introduction to the Mathematical


Treatment of the Natural Sciences), which he had "stolen"1 from his father's library and
read on the sly.


Bethe started reading at the age of four and began writing in capital letters at about the
same age. Very soon after mastering the art of handwriting, he began filling large
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same age. Very soon after mastering the art of handwriting, he began filling large
numbers of little booklets with stories. His mode of writing was distinctive: He would
write one line from left to right and the next line from right to left! Many years later
while visiting Crete, he was pleased to learn that the Greeks wrote the same way on
their tablets in 700 BC: in capital letters, left to right and then right to left.


Though somewhat sickly as a young boy and frequently absent from school, Bethe
nonetheless was an outstanding student. His mathematics teacher in Frankfurt recognized
his outstanding mathematical talents and encouraged him to continue studies in
mathematics and the physical sciences. By the time Bethe finished high school
(gymnasium) in the spring of 1924 he knew he wanted to be a physicist because
"mathematics seemed to prove things that are obvious." After completing two years of
studies at Frankfurt University, he had exhausted the resources in theoretical physics in
Frankfurt and was advised to go to Munich. In the summer of 1926, he joined Arnold
Sommerfeld's seminar in Munich.


From Sommerfeld to Fermi


Sommerfeld was a forceful and charismatic figure,2 and although he was very much the
Herr Geheimrat (literally "Privy Councillor," an exclusive, greatly respected honorary title
bestowed on civilians by the government), the atmosphere of the seminar was
nonetheless characterized by the intellectual give-and-take between him and his
students and assistants. In contrast to the usual practice at other German universities,
where only invited guests spoke, Sommerfeld had his students and assistants make
presentations in his seminar. Thus, shortly after coming to Munich, Bethe reported on
Schrödinger's paper on perturbation theory in wave mechanics.


It was in Munich that Bethe anchored his self-confidence. There he discovered his
remarkable talents and his exceptional proficiency in physics. Sommerfeld told him that
he was among the very best students who had studied with him. His self-confidence in
physics quickly extended to other matters. At a symposium held in October 1988 to mark
the 80th birthday of his friend Victor Weisskopf, Bethe was introduced by Kurt Gottfried,
who narrated the following story. In 1934 Weisskopf told Bethe that he was about to
undertake a calculation of pair production for spin-0 particles, a calculation similar to one
that Bethe had performed the previous year for spin-1/2 particles. Weisskopf wanted to
know how long it would take to do the computation. Bethe answered, "Me it would take
three days; you three weeks." At the start of his talk, Bethe commented, "I was very
conceited at that time. I still am—but I can hide it better."


Bethe obtained his doctorate summa cum laude in 1928 with a thesis on electron
diffraction in crystals. In his thesis he explained why electrons within certain energy


intervals were observed to be totally reflected.3 Building on previous work by Paul Ewald
on the diffraction of x rays by crystals, and making use of the fact that the electron's
wavefunction inside the crystal must be of the form exp(ik·r) uk(r), with uk(r) having


the periodicity of the crystal lattice, Bethe established that for certain incident directions
and energy intervals there did not exist any wavefunctions corresponding to an electron
propagating in the crystal. The calculation was a difficult one, and the connection
between the forbidden intervals and the gaps between the energy bands of electrons in
metals was not recognized until later, after Felix Bloch's work had received wide







11/20/2005 11:31 AM"The Happy Thirties" - Physics Today October 2005


Page 3 of 13http://www.physicstoday.org/servlet/PrintPT


metals was not recognized until later, after Felix Bloch's work had received wide
acceptance (see reference 3).


In the fall of 1929, Sommerfeld recommended Bethe for a Rockefeller Foundation
fellowship. And so during 1930 Bethe spent a semester in Cambridge under the aegis of
Ralph Fowler, and a semester in Rome working with Enrico Fermi.


Bethe found the openness and cordiality of his British hosts, Fowler and Patrick Blackett
in particular, most engaging and attractive. Clearly the Cambridge surroundings allowed
some of the stiffness that a German education bestowed on scholars to be shed, for the
year 1931 opened with an astonishing short original article (Kurze Originalmitteilung)
entitled "On the Quantum Theory of the Temperature of Absolute Zero" in the journal
Naturwissenschaften. The paper was signed by Guido Beck, Bethe, and Wolfgang Riezler,
three postdoctoral fellows at the Cavendish Laboratory. Coming on the heels of Arthur
Eddington's attempt to explain the numerical value of the fine structure constant, the


article pretended to give an alternative derivation of its value.4 Since papers in respected
scientific journals in those days were read with absolute trust in the honorable intentions
of the authors and editors, it took a while for the community to realize that
Naturwissenschaften had been had and that the paper was a prank. Arnold Berliner, the
editor of Naturwissenschaften, was not amused. Nor was Sommerfeld. Berliner demanded
an apology and on 6 March a "correction" appeared in the journal.


From Cambridge, Bethe went to Rome (see his reminiscences in PHYSICS TODAY, June
2002, page 28). After a few weeks there he wrote Sommerfeld


9 IV 31


The best thing in Rome is unquestionably Fermi. It is absolutely fabulous
how he immediately sees the solution to every problem that is put to him,
and his ability to present such complicated things as quantum
electrodynamics simply. . . . I am now actually sorry that I cannot stay here
longer, or as the case may be, that I did not come here for all of the


Rockefeller-time.5


Bethe returned to Rome in the spring of 1932, but in the meantime he had obligated
himself to write two lengthy reviews for the new edition of the Handbuch der Physik that
Adolf Smekal was editing. One, on electrons in metals, was to be written with
Sommerfeld, and the other was to present the state of knowledge of one- and two-
electron atoms.


In Rome, Bethe was exposed to the much freer and more informal mode of interaction
between Fermi and his students than what he had experienced in Munich. Though only
five years older than Bethe, Fermi became—besides Sommerfeld—the other great
formative influence on him. Fermi helped Bethe free himself from the rigorous and
exhaustive approach that was Sommerfeld's hallmark. From Fermi, Bethe learned to
reason qualitatively, to obtain insights from back-of-envelope calculations, and to think
of physics as easy and fun, as challenging problems to be solved.


Bethe's craftsmanship was an amalgam of what he learned from these two great
physicists and teachers, combining the best of both: the thoroughness and rigor of
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physicists and teachers, combining the best of both: the thoroughness and rigor of
Sommerfeld with the clarity and simplicity of Fermi. This craftsmanship is displayed in full
force in the many reviews that Bethe wrote. His first, the result of Sommerfeld's asking
him to collaborate in the writing of his Handbuch der Physik entry on solid-state physics,


exhibited his remarkable powers of synthesis. Of his reviews, the two Handbuch6 entries


and the "Bethe bible"—three articles on nuclear physics7 in Reviews of Modern Physics in
1936 and 1937—were the most famous. Calling Bethe's reviews "reviews," however, is a
misnomer. They were syntheses of the fields, giving the subjects coherence and unity
and charting the paths to be taken in addressing new problems. They usually contained
much that was new, material that Bethe had worked out in preparing the essay.


1933 and its aftermath


Already as a teenager, and throughout the 1920s, Bethe kept
abreast of the political and economic developments in Germany.
As attested to by his letters to Sommerfeld from 1928 on, finding
suitable employment and making ends meet were constant
worries. In the fall of 1932, Bethe obtained an appointment in
Tübingen as an acting assistant professor and started teaching
theoretical physics there. But Adolf Hitler's rise to power on 30
January 1933 changed all that.


In April 1933, shortly after the enactment of the racial laws which forbade any Jew, half-
Jew, or quarter-Jew from holding any state or federal governmental position, Bethe lost
his job. Sommerfeld was able to help by awarding Bethe a fellowship in Munich for the
summer of 1933. He also got William Lawrence Bragg to invite Bethe to come to
Manchester for a year to replace Evan James Williams, who was going to Copenhagen to
work with Niels Bohr.


The warm relationship between Bragg and Sommerfeld dated back to the 1910s, after
the discovery of x-ray diffraction at Sommerfeld's institute. It had become even closer in
the early 1930s when Sommerfeld helped Bragg recover from a bout of deep depression.
Bethe conveyed his impression of Manchester in the first letter he wrote to Sommerfeld
after arriving there:


23 XI 33


The best thing in Manchester are the people at the Institute. Bragg is
marvelous, humanly and physics-wise. . . . He makes very interesting
experiments about the arrangement of atoms in alloys (superlattices) and I
attempt to devise theory for them. It is a pleasure to tell him things: He
understands all essential points in the shortest time, while that is mostly


very difficult with experimenters. . . .5


The appointment in Manchester was for a year, and thus the question of what would
happen the following year came up early on. There then occurred a confluence of events
that determined Bethe's subsequent life. Cornell University was looking for a theorist,
and Lloyd P. Smith, a young theorist there who had studied with Bethe in Munich,
recommended him strongly for the position. At the same time, Bragg was visiting Cornell
for the spring semester and could corroborate Smith's assessment of Bethe.
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for the spring semester and could corroborate Smith's assessment of Bethe.


On 18 August 1934, R. Clifton Gibbs, chair of the Cornell physics department, wrote
Robert M. Ogden, the dean of arts and sciences, recommending the "appointment of Dr.
Hans Bethe as Acting Assistant Professor of Physics for the year 1934–35, at a salary of
$3000":


The strong recommendations of Profs. Sommerfeld and Bragg and our
intimate knowledge of the admirable way that he exerted his influence in
promoting the work in theoretical physics at the University of Munich
together with his numerous outstanding publications (a list of which is
attached) have convinced a large majority of the Faculty in Physics that Dr.


Bethe is a most promising candidate in meeting our needs.8


Bethe accepted, but because he had received an offer of a yearlong fellowship in Bristol
with Nevill Mott, he asked and obtained permission from Cornell to assume his duties
there in the spring term rather than at the beginning of the academic year. He stayed in
Bristol during the fall semester of 1934 and arrived in Ithaca, New York, in February
1935.


Cornell University


When Bethe joined the physics department at Cornell, it consisted of some 15 faculty
members, and about 40 graduate students were enrolled. He very soon felt "quite at
home." When he went back to Germany that summer to visit his mother, he had become
convinced "that probably [he] would remain at Cornell for a long, long time." In the fall of
1935, Robert Bacher joined the department. Bethe, Bacher, and M. Stanley Livingston
made Cornell into an outstanding center of nuclear research. Although Cornell's cyclotron
only produced 1.2-MeV deuterons, Livingston and his associates developed an arc source
that transformed the cyclotron into a particularly useful tool for neutron research. Bethe
not only provided suggestions for experiments and the theory for their interpretation, but
was intimately involved with their design and data analysis. At Cornell, like at the other
centers where nuclear physics was being cultivated, theorists and experimenters worked
closely together. At the beginning of the 1936–37 academic year, Bethe confessed to
Sommerfeld that although he had gone to Cornell with mixed feelings,


like a missionary going to the darkest parts of Africa in order to spread
there the true faith . . . already half a year later I no longer held this opinion
and today I hardly would return to Europe even if I would be offered the
same amount of dollars as at Cornell.


   The characteristic trait of physics in America is team work. Working
together within the large institutes—in every proper one everything that
physics encompasses is being done—the experimentalist constantly
discusses his problems with the theorist, the nuclear physicist with the
spectroscopist. By virtue of this cooperation many of the problems are
immediately disposed of, [whereas] that would take months in a specialized
institute. More team work [in English in the original]: the frequent


conferences of the American Physical Society. . . .5







11/20/2005 11:31 AM"The Happy Thirties" - Physics Today October 2005


Page 6 of 13http://www.physicstoday.org/servlet/PrintPT


Table


The influence of the émigré scientists who had come to
the US was particularly noticeable at the many
theoretical conferences organized to assimilate the
insights that quantum mechanics was providing in
many fields, especially molecular physics and the
emerging field of nuclear physics. The Washington
Conferences on Theoretical Physics, initiated in 1935 by
Merle Tuve and John Fleming of the Carnegie
Institution, jointly sponsored by the Carnegie
Institution and George Washington University and held


annually until 1942, were paradigmatic of such meetings. Their intellectual agenda was
set by George Gamow and Bethe's friend Edward Teller. Their purpose was to evolve in
the US something similar to the Copenhagen Conferences, in which a small number of
theoretical physicists working on related problems would assemble to discuss in an
informal way the difficulties they had met in their research. The conferences proved to be
extremely influential and seminal, partly because they were restricted to theory and
partly because their size was strictly regulated so they could remain working conferences
(see the table on page 42).


Bethe attended the 1935 and 1937 Washington Conferences;
when invited to the 1938 conference, though, he indicated to
Teller that he was not interested in the problem of stellar-
energy generation. It was only after Teller's repeated urgings
that Bethe agreed to attend. The subject of the conference
had been suggested by Gamow, who in 1938 was ideally
positioned to solve the problem of energy production in stars. He recognized the
interrelation of nucleosynthesis and energy production, and together with Edward Teller
he fashioned the tools to solve the problem. But perhaps because of his fascination with
problems of origins and genesis, he came to regard nucleosynthesis as the all-important
problem and the explanation of the relative abundances of the elements the criterion by
which the theory would be tested. He was unable to see that energy generation and
nucleosynthesis need not be addressed simultaneously.


Bethe—always a theoretician who based his work on firm empirical data and sound
phenomenological knowledge—decoupled the two aspects of the problem. Thus, after he
had attended the 1938 Washington Conference and had been made aware of the
problem, of the data, and of the tools at hand, Bethe was able to give the definitive
answer to the problem of the energy generation in stars. He was awarded the Nobel Prize
in 1967 for this work.


When World War II broke out in Septem-ber 1939, Bethe certainly felt at home in the
US. He had earned the affection and admiration of his colleagues at Cornell, had been
recognized internationally as one of the outstanding theorists of his generation, and had
married the woman he had fallen in love with. Despite the upheaval that Hitler's rise to
power had engendered, for Bethe the decade had indeed been the "happy thirties." His
own perspective on what had happened to him was movingly conveyed to Sommerfeld
after the war, when Bethe was offered the chair in theoretical physics in Munich (see the
box on page 43).
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The 1930s in retrospect


One can't help but be overwhelmed when looking back on Bethe's scientific output during
the 1930s. More than half of the papers that were particularly meaningful to him and


included in his selected works9 were from that decade. Together with Wolfgang Pauli,
Sommerfeld, Felix Bloch, Rudolf Peierls, Lev Landau, John Clark Slater, and Alan Wilson,
Bethe was one of the founding fathers of solid-state theory (see PHYSICS TODAY, June


2004, page 53 for David Mermin's interview with Bethe on solid-state theory).10 He was
one of the first theorists to apply group-theoretical methods to quantum mechanical


calculations.11 His theory of energy loss of charged particles in their passage through
matter became the basis for extracting quantitative data from cloud chamber tracks and,


later, nuclear emulsions.12 After hole theory was formulated, his calculations of cross


sections for pair production and bremsstrahlung became classics.13 With Peierls he laid
the foundations for understanding the structure of the deuteron, neutron–proton and


proton–proton scattering, and the photodisintegration of the deuteron.14 The Bethe bible
summarized what was known and understood in nuclear structure and nuclear reactions.
And his paper on energy generation in stars solved that problem and created the field of
nuclear astrophysics.


Along the way Bethe created little gems that proved seminal. In 1931, when he had
decided "to treat the problem of ferromagnetism decently [by] . . . really calculating the
eigenfunctions," as he wrote to Sommerfeld, he first considered a one-dimensional chain
of spins with an exchange interaction between nearest neighbors that was either positive,
as in the Heisenberg model, or negative, as in the "normal" case. With the help of his
famous ansatz—which in recent decades has found numerous other applications—Bethe
started with the fully aligned ground state and determined the wavefunctions of states
having an arbitrary number of reversed spins. Similarly, his refinement of the Bragg–


Williams method15 offered important insights into long-range correlations near the
phase-transition point in alloys—and thus into phase transitions in general.


One can identify three fairly well delineated periods in Bethe's life through the mid-
1950s. Until the early 1930s, it was German culture and German institutions that molded
him. The two Handbuch der Physik articles are the fruition of stage one.


The period from the early 1930s till 1940 reflects his interactions with Fermi and with the
physicists at Cambridge, Manchester, Bristol, and Cornell. It is also indicative of the sense
of belonging these communities had offered him. Unlike the Handbuch articles, the Bethe
bible was undertaken on his initiative. It was designed to give to the American nuclear-
physics community the theoretical perspectives that would direct their researches. The
Reviews of Modern Physics articles and his solution of the problem of energy generation


in stars16 epitomize the capacities of the mature scientist who helped shape the new field
of nuclear physics.


The third period, which began with the outbreak of World War II, saw Bethe solve, again
on his own initiative, important problems in armor penetration and the physics and
chemistry of shock waves. After Pearl Harbor, he acquired new authority at the Radiation
Laboratory at MIT and at Los Alamos Laboratory: He became the charismatic leader of
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Laboratory at MIT and at Los Alamos Laboratory: He became the charismatic leader of
important divisions of those laboratories. The postwar years from 1946 to 1955
constituted one of the most exhilarating phases of Bethe's life, both scientifically and
professionally. The stage for his activities became national and international. Bethe was
at the center of important new developments in quantum electrodynamics and meson
theory. He helped Cornell become one of the outstanding universities in the world. He
was a much sought-after and highly valued consultant to the private industries trying to
develop atomic energy for peaceful purposes. He was deeply involved and exerted great
influence in issues concerning national security. He was happily married and the proud
father of two very bright children. But the demands from his activities outside Cornell
were enormous, the pace was grueling, and the activities were exacting a heavy toll both
at home and in his research. In 1955 Bethe went to Cambridge University to spend a
sabbatical year there. It was a year of taking stock and of narrowing his scientific focus.


Epilogue


In an article entitled "We Refugees," Hannah Arendt describes her experiences as a
refugee first in France and then in the US following Hitler's rise to power:


We lost our homes, which means the familiarity of daily life. We lost our
occupation, which means the confidence that we are of some use in the
world. We lost our language, which means the naturalness of reactions, the


simplicity of gestures, the unaffected expression of feelings.17


Bethe's experience was almost the opposite of Arendt's. He did not lose the familiarity of
daily life; on the contrary he became less isolated, and life in general became more
intense, more rewarding, and more fulfilling for him. Nor did he lose his occupation; in
fact, he obtained a temporary position that quickly became permanent and that allowed
him to grow and to meet and surmount new challenges on a time scale much shorter
than would have been the case had he remained in Germany. In addition, by virtue of the
collective efforts he became engaged in, he became much more creative and productive.
Until he had gone to England, Bethe was the sole author of his research publications. The
prank with Beck and Riezler was his first collaborative effort, and a paper with Fermi his
first true scientific collaboration. Many of Bethe's publications thereafter were joint efforts
—with Peierls, with Livingston, with Bacher, with his graduate students and post-doctoral
fellows.


Bethe didn't lose his language or suffer the consequences of its loss. He had secured his
command of English during his first visit to England in 1930, and his stay in Manchester
and Bristol had made him a native English speaker, except for a slight accent.
Furthermore, the Anglo-American context evidently had allowed him to give genuine
expression to his feelings. At a symposium on nuclear physics during the 1930s, Bethe
entitled his talk "The Happy Thirties." Although he was referring primarily to
developments in nuclear physics, his own personal and professional life had likewise been
transformed for the better—despite the fact that "politically the thirties were anything but


happy."18


Sam Schweber is a fellow of the Dibner Institute at the Massachusetts Institute of
Technology and an emeritus professor of physics and the history of ideas at Brandeis
University. He is working on a biography of Hans Bethe.
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University. He is working on a biography of Hans Bethe.
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Lothar Nordheim, Hans Bethe, I. I. Rabi, and Edward Condon in the mid-1930s.
(Courtesy of AIP Emilio Segrè Visual Archives.)


Participants at the 1938 Washington Conference on Theoretical Physics, the
fourth of a series sponsored by the Carnegie Institution of Washington and George
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fourth of a series sponsored by the Carnegie Institution of Washington and George
Washington University. The conference introduced Bethe to the problem of stellar-
energy generation; his definitive solution to that problem earned him the 1967 Nobel
Prize. (Courtesy of Special Collections and University Archives, George Washington
University, Washington, DC.)


Hans Bethe to Arnold Sommerfeld5


20 May 1947


I am very gratified and very honored that you have thought of me as your successor.
If everything since 1933 could be undone, I would be very happy to accept this offer.
It would be lovely to return to the place where I learned physics from you, and
learned to solve problems carefully. And where subsequently as your Assistent and as
Privatdozent I had perhaps the most fruitful period of my life as a scientist. It would
be lovely to try to continue your work and to teach the Munich students in the same
sense as you have always done: With you one was certain to always hear of the latest
developments in physics, and simultaneously learn mathematical exactness, which so
many theoretical physicists neglect today.


Unfortunately it is not possible to extinguish the last 14 years. . . . For us who were
expelled from our positions in Germany, it is not possible to forget.


Perhaps still more important than my negative memories of Germany, is my positive
attitude toward America. It occurs to me (already since many years ago) that I am
much more at home in America than I ever was in Germany. As if I was born in
Germany only by mistake, and only came to my true homeland at 28. Americans
(nearly all of them) are friendly, not stiff or reserved, nor have a brusque attitude as
most Germans do. It is natural here to approach all other people in a friendly way.
Professors and students relate in a comradely way without any artificially erected
barrier. Scientific research is mostly cooperative, and one does not see competitive
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barrier. Scientific research is mostly cooperative, and one does not see competitive
envy between researchers anywhere. Politically most professors and students are
liberal and reflect about the world outside—that was a revelation to me, because in
Germany it was customary to be reactionary (long before the Nazis) and to parrot the
slogans of the German National ["Deutschnationaler"] party. In brief, I find it far more
congenial to live with Americans than with my German "Volksgenossen." [This word is
identified with Nazi rhetoric, so there is a touch of sarcasm in Bethe using it. It might
be rendered in English as "national comrade."]


On top of that America has treated me very well. I came here under circumstances
which did not permit me to be very choosy. In a very short time I had a full
professorship, probably more quickly than I would have gotten it in Germany if Hitler
had not come. Although a fairly recent immigrant, I was allowed to work and have a
prominent position in military laboratories. Now, after the war, Cornell has built a
large new nuclear physics laboratory essentially "around me." And 2 or 3 of the best
American universities have made me tempting offers.


I hardly need mention the material side, insofar as my own salary is concerned and
also the equipment for the Institute. And I hope, dear Mr. Sommerfeld, that you will
understand: Understand what I love in America and that I owe America much
gratitude (disregarding the fact that I like it here). Understand, what shadows lie
between myself and Germany. And most of all understand, that in spite of my "no" I
am very grateful to you for thinking of me.


copyright © American Institute of Physics 
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How energy is produced in the Sun and other stars was
a big puzzle when Hans Bethe was a teenager in the


early 1920s. When Arthur Eddington wrote his long En-
cyclopedia Britannica article on stars in 1911, he could re-
port only on energy release from gravitational contraction,
a clearly inadequate source. By 1920, however, Francis
Aston had shown experimentally that the mass of the he-
lium atom is slightly less than that of four hydrogen atoms.


Modern measurements tell us that the alpha particle’s
mass is less than four times the proton mass by 26 MeV,
about 7%. Soon after Aston’s discovery, Eddington sug-
gested that the Sun’s energy source might be the conver-
sion of hydrogen to helium. If that were so, he argued, the
Sun could shine for a very long time.


But no one in the 1920s knew how this putative fu-
sion process might work. In the following decade, however,
quantum mechanics became well established and nuclear
physics was greatly stimulated by the discoveries of the
neutron and the positron. Much of the progress on nuclei
was due to Hans. His contributions included several pa-
pers with his friend Rudolf Peierls on neutron–proton scat-
tering and on the deuteron. George Gamow’s elucidation
of Coulomb-barrier penetration was a huge step. But per-
haps the greatest advance during that period was “the
Bethe bible,” a set of three full issues (one each with Robert
Bacher and Stanley Livingston as coauthor, and one alone)
of Reviews of Modern Physics in 1936 and 1937. The three
review articles summarized all that was known, or even
surmised, about nuclear physics at the time.


How the Sun shines
Following up on a suggestion by Carl von Weizsäcker,
Hans and Charles Critchfield, a graduate student of
Gamow’s, teamed up to calculate the rate at which two pro-
tons would fuse to form a deuteron with the emission of a
positron and a neutrino.1 They calculated a moderately ac-
curate energy production rate for the p–p fusion chain as
a function of temperature, but they did not have a detailed
model of the solar interior from which to deduce realistic
temperatures. Consequently, their inferred energy-
production rate disagreed badly with the Sun’s known lu-
minosity. So Hans considered that work with Critchfield
at the beginning of 1938 to be just an exercise rather than
the start of a new science.


But his gloom vanished promptly
after he attended a conference in
Washington, organized by Gamow in
March 1938. There he heard of new es-
timates of solar interior temperatures
that brought his calculations into en-
couraging agreement with the Sun’s
luminosity. Exploiting his intimate


knowledge of nuclear physics, Hans examined all reactions
that might lead from hydrogen to helium. Studying all the
exothermic reactions between a proton and the various iso-
topes of carbon and nitrogen, he found a cyclic phenome-
non: Starting with 12C, you don’t simply end up with 16O.
Mostly, you come back to 12C plus the desired helium nu-
cleus.


Hans was able to calculate not only the reaction rates
for this “carbon-nitrogen-oxygen cycle” as a function of
temperature, but also the abundance ratios for the vari-
ous isotopes that served as catalytic intermediates in the
cycle. He correctly deduced that the CNO cycle and the p–p
chain would supply about equal amounts of energy at a
temperature of about 16 million kelvin. With reactants
having high Coulomb barriers produced by nuclear
charges of six and seven, the CNO thermonuclear reac-
tions were more temperature-sensitive than the p–p chain. 


It was already known that the luminosity of main-
sequence stars much more massive than the Sun is a
steeper function of temperature than it is for less massive
stars. Working out the details of the CNO cycle took Hans
only two weeks. It was immediately clear to him that this
conjectured chain of fusion and breakup reactions must
play an important astrophysical role. He concluded that
stars significantly heavier than the Sun would shine via
the CNO cycle and that lighter stars would shine via fu-
sion initiated by the p–p reaction.


The overly simplistic models of the solar interior in
use before the 1938 Washington conference gave central
temperatures that were too high. Unlike those very inac-
curate estimates, the central temperature in the Bethe–
Critchfield paper was high by only 20%. That overestimate
didn’t make much difference for p–p energy production,
but it did for the temperature-sensitive CNO cycle. So
Hans inferred, incorrectly, that the Sun shines primarily
via the CNO reactions. But his result for more massive
main-sequence stars fit the observations remarkably well.
As for stars that have left the main sequence, he already
knew that red giants were altogether different.


Characteristically, until the end of his life, Hans re-
mained interested in the question of the relative impor-
tance of p–p and CNO energy generation in the Sun. At
age 96, he sent a short handwritten note to one of us (Bah-
call), commenting on, and offering congratulations for, the
exploitation of solar-neutrino observations to set a 7%
upper limit on the CNO contribution to solar energy gen-
eration (see PHYSICS TODAY, July 2002, page 13).


Hans’s great 1939 paper was a landmark achievement
that showed how stars shine.2 It set the agenda for nuclear
astrophysics for the next half century. Hans was awarded


John Bahcall, professor of natural sciences at the Institute for
Advanced Study in Princeton, New Jersey, died on 17 August, as
this article was being prepared for press. Edwin Salpeter is a
J. G. White Distinguished Professor in the Physical Sciences,
emeritus, at Cornell University in Ithaca, New York.


Half a century after he explained how the Sun shines,
Hans Bethe addressed the problem of why we see too few 
of its neutrinos.
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a New York Academy of Sciences prize for that work even
before its publication. But his Nobel Prize did not come
until 1967. The delay may have been due, in part, to the
difficulty of deciding which of his many important contri-
butions to recognize.


Two interesting aspects of the 1939 paper are not well
known. First, given his important role in solar-neutrino
studies in the 1980s and 1990s, it is amusing that Hans
did not include a neutrino in any of the paper’s nuclear re-
action equations. For example, he
left out the emerging neutrino in


p ⊕ p O 2H ⊕ e⊕ ⊕ n.


The explanation is simple. In
1934, Hans and Peierls, invoking
dimensional arguments, had set
an upper limit of 10⊗44 cm2 on neu-
trino absorption cross sections.3


Not unreasonably, they concluded
that it would be “impossible to ob-
serve processes of this kind with
the neutrinos created in nuclear
transformation.” The following
year, Hans concluded from the ab-
sence of observed ionization by
neutrinos that any neutrino mag-
netic moment must be much less
than that of the electron.4


Second, Hans discussed the
reactions 2H ⊕ 2H and 4He ⊕ 4He
in the 1939 paper, but not the
analogous reaction 3He ⊕ 3He. The
3He reaction is, in fact, the domi-
nant way of completing hydrogen
burning to helium in modern solar
models. So we asked Hans why he
hadn’t considered it in his compre-


hensive survey of nuclear fusion in main-sequence stars.
Characteristically, he answered immediately: “I didn’t
think of it.” Hans didn’t waste time tooting his own horn.


Hans’s 1939 paper laid the conceptual foundation for
solving the energy-production problem in main-sequence
stars. He explained, in outline, how the Sun shines. But
he always wanted to make the theory more quantitative.
Hans brought a few things up to date on the CNO cycle in
a 1940 paper, but there was still a fair bit of unfinished


Hans Bethe explaining the role of recently discovered vector mesons in nuclear
forces to a press conference at the January 1967 meeting of the American Physi-
cal Society in New York. Seated facing the camera are (left to right) Rudolf
Peierls, William Fowler, and Allan Bromley. Bethe worked with Peierls in the
1930s, and he inspired much of the later work of Fowler’s astrophysics group at
Caltech. (Courtesy AIP Emilio Segrè Visual Archives.)


Raymond Davis and John Bahcall in
1966 at Davis’s solar-neutrino detec-
tor deep inside the Homestake mine
in South Dakota, shortly before the
start of the experiment that first re-
vealed the shortfall of neutrinos from
the Sun. (Courtesy Institute for Ad-
vanced Study.)
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business on both
the p–p chain and
the CNO cycle.
Then, with the
coming of war, as-
trophysics had to
wait.


After the war
After his work di-
recting the theory
group at Los
Alamos during the
war, Hans returned
to Cornell in 1945.
In his reminis-
cences, Hans said
modestly that he
did not return to
astrophysics in
earnest until 1978,
when he and Ger-
ald Brown started
to work on super-
novae. That was in-
deed a major effort,
which Gerry de-
scribes in his arti-
cle on page 62 of
this issue. But
Hans also had a
tremendous, al-
though indirect,
impact on astrophysics in the 1950s and 1960s, partly by
energizing William Fowler’s group at Caltech. That stim-
ulation involved many youngsters, including the two of us,
who worked on subtopics of stellar energy generation—
including the unfinished business of the p–p chain and the
CNO cycle.


One example of Hans’s prowess in making things
clear-cut and simple was the effective-range theory5 of nu-
clear scattering he invented in 1949. This new analysis
technique soon enabled others to put the p–p reaction rate
on a more secure footing. Hans’s encouragement went be-
yond proton burning in main-sequence stars to another
topic in which he had first become interested at the 1938
Washington meeting—that is, energy generation and the
production of heavier elements in evolved stars consisting
mainly of helium.


Besides his involvement in Fowler’s endeavors, Hans
had other indirect influences on astrophysics. Already in
the 1940s, together with Robert Marshak, he had written
some definitive papers on white dwarf stars. That work
stimulated interest in transitional evolutionary stages
preceding the white-dwarf stage, especially in central
stars of planetary nebulae, where energy losses to neutri-
nos are important. Papers on the relevant neutrino reac-
tions were written in the 1960s by Giles Beaudet, Hong-yi
Chiu, Vahe Petrosian, and Hubert Reeves, all of whom had
been Cornell graduate students at one stage or another.


The missing solar neutrinos 
Starting in the late 1960s, Raymond Davis and coworkers
reported that their neutrino detector, deep inside a South
Dakota gold mine, recorded solar neutrinos at only about


1/3 the rate predicted by a rather precise solar model from
which one would have expected better. Davis’s radiochem-
ical detector, a large vat of chlorine-rich fluid, was sensi-
tive only to electron neutrinos—the only neutrino type pro-
duced by p–p or CNO reactions in the solar core.


Addressing the mystery of the missing solar neutrinos
in 1986, the 80-year-old Hans wrote an influential paper
that explained the Mikheyev-Smirnov-Wolfenstein (MSW)
effect in language with which nuclear, atomic, and molec-
ular physicists would be familiar.6 In a Soviet journal,
Stanislav Mikheyev and Alexei Smirnov had recently
made the important suggestion that if neutrinos oscillate
between different types, as Lincoln Wolfenstein and oth-
ers had suggested, the metamorphosis of solar neutrinos
might be resonantly amplified by matter effects in the Sun.


Using Wolfenstein’s formalism, Mikheyev and
Smirnov showed that resonant neutrino conversion by
matter outside the solar core could elegantly explain the
discrepancy between Davis’s observations and the solar
model. The MSW effect would convert a large fraction of
the electron neutrinos produced in the solar core to neu-
trino types invisible to Davis’s detector.


Hans’s explanation of the MSW effect—in terms of
avoided crossings of nearly degenerate energy levels—
appeared before the Mikheyev–Smirnov paper was pub-
lished in English translation. The fact that he considered
the MSW idea in particular, and new neutrino physics in
general, worth exploring as a possible solution of the long-
standing astrophysical problem energized a number of nu-
clear and particle physicists. Some of them went on to do
extraordinarily beautiful and important solar-neutrino ex-
periments. It suddenly became more fashionable to discuss


Bethe and his wife
Rose in 1995
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ways in which physics beyond the standard model of par-
ticle theory could affect neutrino propagation from the in-
terior of the Sun to detectors on Earth.


In 1990 Hans and one of us (Bahcall) demonstrated
that if one compared the Davis results with newer data
from a water-Cherenkov detector that had some limited
sensitivity to other neutrino types, one had to conclude
that the overall observational picture of the solar-neutrino
deficit “requires new physics.”7 The case was made even
clearer in 2001 by first results from the Sudbury Neutrino
Observatory (SNO) in Ontario, whose heavy-water core
could record neutrinos of all three types with equal sensi-
tivity. Therefore SNO could confront the solar model in de-
tail, irrespective of neutrino metamorphoses on the jour-
ney from the solar core to the terrestrial detector. The SNO
experiment confirmed that the Sun’s total output of neu-
trinos of all types was in excellent agreement with the
solar-model prediction for the production of electron neu-
trinos in the Sun’s core.


After the beautiful SNO result, Hans never wavered
from his conviction, expressed in the 1990 paper, that
physics beyond the standard model of particle theory was
required to solve the solar neutrino problem. The standard
model assumes, for simplicity, that all neutrino types are
massless and therefore cannot metamorphose into one an-
other. In 1993, with new gallium radiochemical detectors
also reporting solar-neutrino shortfalls, Hans undertook a
detailed Monte Carlo simulation of solar-model uncertain-
ties.8 The simulation showed unambiguously that without
neutrino oscillation no plausible tweaking of the solar
model was consistent with all the solar-neutrino data.


Before 1996, Hans often expressed the hope that he
would learn the result of the SNO experiment in time for
his 90th birthday. In fact, the results did not come until
June 2001, when Hans was almost 95. Arthur McDonald,
leader of the SNO effort, phoned Hans a few days before
the public announcement to tell him  that—although he
couldn’t reveal the result yet—he knew that we would be
pleased to see the data. The result, when it was posted on
the Web, was a strong confirmation of the solar model that
had its beginnings with Hans’s 1939 paper.


Collaborating with Hans was an honor and an enor-
mous pleasure for both of us. He was a wonderfully en-
thusiastic coworker, with tremendous insight and mastery
of an extraordinary range of physics. He was particularly
skilled at making effective approximations.


We admired Hans as much for his personal qualities
of decency, friendliness, honesty, and dedication to moral
principles as for his greatness as a scientist. He used to
advise his protégés: “Never work on a problem for which
you do not have an unfair advantage.” That was, in gen-
eral, good advice. But for Hans himself, it was hardly a
limitation. 


Those of us who had the good fortune of working with John
Bahcall were particularly saddened by his sudden death
shortly after he and I had finished this article. I always en-
joyed writing papers with John. He brought refreshing origi-
nality to the beginning of the work, but then always ended up
with meticulous quantitative detail. I will miss John, as will
all the youngsters whom he has inspired. —E. E. S.
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Prior to World War II, nuclear physics was a phenome-
nological science, and Hans Bethe was unrivaled in his


comprehensive mastery of nuclear phenomena, experi-
mental data, and descriptive models. As described in other
articles in this special issue of PHYSICS TODAY, by apply-
ing the emerging phenomenology Bethe achieved remark-
able successes that ranged from understanding the energy
production in stars to guiding the harnessing of nuclear
fission as part of the Manhattan Project.


The post-war era offered Hans the opportunity to re-
turn to nuclear physics and approach the subject from a
deeper theoretical perspective: understanding the many-
body structure and properties of nuclei directly in terms of
the underlying nuclear interaction. He was freed from the
applied-physics demands of the war effort and could again
pursue theoretical physics for its own sake. His goals were
to understand why the shell model worked in the presence
of nuclear forces containing strongly repulsive short-range
components; to understand nuclear collective motion; and
to calculate the binding energies, excitation energies, nu-
clear charge distributions, and deformations of atomic nu-
clei. Once terrestrial nuclei were sufficiently understood, he
could use that knowledge as a basis for studying the prop-
erties of dense matter in supernovae and neutron stars.


Foundations
One of the keys to his success in confronting complex prob-
lems was that Hans could complement his extensive
knowledge of a field with an acute ability to separate the
essentials from the nonessentials. So it is illuminating to
see what he regarded as the essential issues in nuclear
physics, and how those guided his approach to the nuclear
many-body problem.


I had an inside view of that approach when I took his
nuclear-physics course in the fall of 1967 as his graduate
research student at Cornell University. That same fall,
Hans received the Nobel Prize in Physics. The announce-
ment was made on a lecture day, so we students had the
pleasure of watching his multitalented secretary, Velma
Ray, tuck his tie neatly under his collar for the photogra-
phers. Then we got to hear Hans inform them politely but
firmly that they needed to finish their task quickly because
he had to start his lecture (see figure 1). Another fond
memory connected with the prize was Hans’s crash pro-
gram for learning everything that had happened in stellar
evolution since his 1939 paper on energy production in


stars.1 My reward for helping prepare
the graphs for his Nobel lecture2 was
a detailed explanation of the physics
each graph displayed.


As his starting point for nuclear
physics, Hans chose the nuclear force,
whose long-range behavior was given
uniquely by a one-pion exchange po-


tential. Before the war, Hans had worked out, in his own
characteristic physical way, the spin-dependent part of that
long-range potential, and he used it with an appropriate cut-
off to calculate the properties of the deuteron.3 The short-
range potential could not be calculated by any known the-
ory, so Hans thought about the most physical way to deal
with the problem. The first step was to understand that very
different potentials produce the same low-energy scattering
behavior; that insight led to his famous simplified deriva-
tion of effective-range theory.4 He then adopted the prag-
matic approach of using physical arguments to parameter-
ize the strong short-range repulsion, determining the
parameters from scattering phase shifts, and then studying
the many-body physics the complete potential produced.


An essential feature of nuclear physics, in Hans’s view,
was that nuclei behaved like quantum liquid drops. More-
over, the binding energy per particle and equilibrium den-
sity of the quantum liquid could be deduced from electron
scattering experiments and the few-parameter semi-
empirical mass formula derived from measurements of nu-
clear masses. Thus, the central task of nuclear many-body
theory was to calculate, from the two-body potential, the
properties of nuclear matter—an infinite system of neu-
trons and protons at equal density interacting through nu-
clear forces but without Coulomb interactions. Once nu-
clear matter was properly understood, one could apply
many-body theory to finite nuclei and to the material of
neutron stars.


Hole-line expansion
The starting point of Hans’s solution of the nuclear-
matter problem was Keith Brueckner’s pioneering ap-
proach to solving the two-body scattering problem in the
nuclear medium. Brueckner rearranged perturbation the-
ory so that the contribution to the total energy at each
order was proportional to the number of particles. Thus,
the energy per particle was manifestly finite even in the
limit of nuclear matter. Hans, in his usual style, embarked
on a systematic program to calculate properties of nuclear
matter; his approach was based on a diagrammatic ex-
pansion of perturbation theory in a series ordered by the
number of interacting particles, that is, the number of so-
called hole lines in the contributing diagrams.


The first term in the series involved two particles and
incorporated a sum of all two-body scattering processes in
the background of other particles, as in Brueckner theory.
Hans calculated the reaction matrix, which sums all two-
body ladder diagrams. These correspond to processes in
which two particles in the Fermi sea rescatter any num-
ber of times into unoccupied intermediate states and fi-
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nally return to the original two states. He found it most
physical to formulate his calculation in terms of the two-
body wavefunction. As a consequence of the Pauli princi-
ple, there is no scattering phase shift. The two-body wave-
function thus has a “wound,” where the probability density
is depleted due to the short-range repulsive potential, that
“heals” to the free, independent-particle wavefunction at
large relative separations.5


Analytic solutions of special cases were a regular
source of insight for Hans, so with Jeffrey Goldstone he
solved the case of an infinite hard-core potential. Their so-
lution became a touchstone for calculations with realistic
potentials. With Baird Brandow and Albert Petschek, he
introduced an approximation in which the particle energy
spectrum was treated as quadratic in momentum. That ap-
proximation enabled them to convert the integral scatter-
ing equation into a differential equation that is easily
solved, treat the corrections perturbatively, and include
the full complexity of realistic nucleon–nucleon potentials
at the two-body level.


Goldstone derived the linked cluster theorem using
many-body diagrams,6 and the resulting Goldstone dia-
grams became Hans’s organizing language for the nuclear
many-body problem. In contrast to Feynman diagrams,
Goldstone diagrams retain a fundamental distinction be-
tween hole lines, which represent propagators for nor-
mally occupied single-particle states, and particle lines,
which represent propagators for unoccupied states.


Hans showed that the Goldstone-diagram expansion
for the binding energy of nuclear matter does not converge
in powers of the reaction matrix. Rather, he demonstrated,
one must rearrange the expansion in powers of the den-
sity or, equivalently, in the number of independent hole
lines. Hence, as the next step in the hierarchy, he formu-
lated what is now called the Bethe–Faddeev equation,
which sums all three-body ladder diagrams. In this case,
three particles in the Fermi sea pairwise scatter to unoc-
cupied states any number of times via the reaction matrix
before finally returning to the original three states. Hans’s


approach generalized to
the nuclear medium Lud-
wig Faddeev’s technique
for three-body scattering
in free space. Hans found
it most physical to formu-


late the problem in terms of the three-body wavefunction,
and developed the analytical tools to evaluate the three-
body contributions to the binding energy.7 Terms in the
density expansion that correspond to greater numbers of
hole lines are treated analogously.


Hans and coworkers fleshed out the basic ideas just
sketched. Hans’s student Roderick Reid constructed a po-
tential that had a strongly repulsive core and fit experi-
mental phase shifts. Former student Benjamin Day used
that potential in an extensive set of nuclear-matter calcu-
lations. Overall, the results were quite impressive. Indeed,
the hole-line expansion converged as expected—the three-
hole-line contributions changed the total potential energy
by approximately 13% and the four-hole-line contributions
changed it by an estimated 3%. The binding energy per
particle of 17 MeV was quite close to the mass-formula
value of 16 MeV. The equilibrium density, however, was
approximately 30% higher than the value inferred from
electron scattering experiments on nuclei. Hans inter-
preted the convergence as validation of the nuclear-
matter theory, and attributed the incorrect equilibrium
density to the omission of explicit three-body forces.


Nuclei and neutron stars
Hans’s view was that once nuclear matter was under con-
trol, finite nuclei and the matter in neutron stars would
follow. In keeping with his love of tractable analytical ap-
proximations, his starting point for finite nuclei was the
Thomas–Fermi approximation. In that scheme, each small
region of the nucleus is treated as if it contained nuclear
matter with the same density. Hans’s theory gave a qual-
itative description of the surface energy and surface thick-
ness of large nuclei.


After pulsars were observed and subsequently inter-
preted as neutron stars, Hans applied nuclear-matter
ideas to the charge-neutral matter in those stars. With
Gordon Baym and Chris Pethick, he considered the range
of configurations that result as the density in a star in-
creases from low densities characterized by well-separated
nuclei up to densities typically found inside nuclei.8 The
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Figure 1. On the day he
learned that he would
receive the 1967 Nobel
Prize in Physics, Hans
Bethe insisted on teach-
ing his usual nuclear-
physics class. The day’s
lecture included some
topics discussed in this
article. Just below
Hans’s hand is an equa-
tion for the reaction ma-
trix, and the graph at the
extreme right shows
both the probability de-
pletion at small separa-
tion, or “wound,” in the
two-particle wavefunc-
tion and the “healing”
of that wound at large
separation. (Courtesy of
Cornell University.)
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new feature is that as the density in-
creases, the Fermi energy of the electrons
increases, and so it becomes energetically
favorable for an electron and proton to
combine to make a neutron and also a
neutrino that escapes from the star. 


Using results for nuclear matter at
unequal neutron and proton densities, the
researchers were able to calculate the
equation of state of matter as neutrons
begin to “drip” out of nuclei and form a low-
density neutron gas between them. Hans
and collaborators could then follow the in-
crease of the neutron density and calculate
the eventual merging of individual nuclei
into a uniform gas with a high density of
neutrons, a low density of protons, and an
equally low density of electrons.


With Mikkel Johnson, Hans used 
nuclear-matter theory to calculate the
equation of state of dense matter for sev-
eral potentials similar to the Reid poten-
tial. The two then teamed with Robert
Malone to work out the properties of neu-
tron stars based on each equation of state.
Their approach, based on phenomenolog-
ical nuclear potentials fit to phase shifts,
remains the most viable method for treat-
ing the equation of state for densities up
to several times those occurring in nuclei.


Legacy
The body of work Hans contributed to nu-
clear physics spanned several decades and
played an essential role in laying the foun-
dation for an understanding of nuclear
structure in terms of the underlying nu-
clear force. What physicists learned subse-
quently about strong interactions only reinforces the wis-
dom of Hans’s approach. The nucleon is now understood to
be a composite system composed of quarks and gluons, with
a spatial size of about one fermi (10⊗15 m). Nucleons, in turn,
combine to form a nucleus that typically has a size of sev-
eral fermis. Because the scales of the nucleon and nucleus
are not well separated, one cannot derive an unambiguous
nuclear potential at short distance: The only option is to use
the pion contribution to describe long-distance behavior and
to use an effective theory derived from scattering properties
for short-distance behavior. 


Furthermore, modern local effective field theory nec-
essarily gives rise to many-body forces whose parameters
must be determined from properties of many-body sys-
tems. That result is consistent with the idea that a three-
body force should be introduced to make the equilibrium
density of nuclear matter agree with the value determined
from finite nuclei. Indeed, physicists working with mean-
field theories containing an effective interaction derived
from nuclear matter and a three-body interaction that
yields proper equilibrium densities have found them to be
extremely successful in determining the binding energies,
excitation energies, nuclear charge distributions, and de-
formations of nuclei throughout the periodic table.


Hans’s approach to theoretical physics offers many
valuable lessons. He refused to be stymied by a complex
problem or incomplete information, and never hesitated to
make a physical approximation, if necessary, so that he
could proceed toward his objective. He was fearless in 
introducing a physical cutoff to avoid singularities—
whether it be his truncation of the short-range one-pion


potential in nuclear physics or his truncation of the high-
frequency fluctuations of the electric field as part of his fa-
mous estimate of the Lamb shift, which he formulated be-
fore renormalization theory was developed for quantum
electrodynamics. Analytical calculations, often coupled
with simplifying approximations, were among his stan-
dard tools for obtaining insight into complicated problems.
When, during my student days, I once expressed admira-
tion for the way he reduced a problem to an analytically
tractable form, he quipped “Yes, when you get old, you have
to reuse the same old tricks.” 


His methodical approach to complicated problems like
the many-body theory of nuclei was truly impressive.
Starting from a clear vision of the essential issues and
committing to the necessary approximations, he would
map out a conceptually clear but calculationally compli-
cated program, and then systematically plow through a
huge number of steps. 


One can learn much from his expositions. In his publi-
cations, he explained every aspect of a problem clearly and
completely, without suppressing details. He carefully stud-
ied the work of others and cited it meticulously. Once, after
he suggested that I include all the relevant details in a paper
I was writing, I expressed concern about consequent page
charges. He replied that part of the cost of research is pub-
lication. He was also admirably straightforward in dis-
cussing errors. In a review article about summing three-
particle ladder diagrams, he started a paragraph with
“Bethe originally proposed . . .” and went on to say “This ar-
gument is wrong,” followed by a gracious footnote crediting
a discussion with colleague Thorolf Dahlblom.


Figure 2. Enjoying a moment at the 1967 Nobel Prize ceremonies in Stock-
holm are Hans Bethe and his wife Rose. (Courtesy of Cornell University.)
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Out of the ordinary
Hans was an extraordinary adviser and mentor. When a
student went to see him in his office, he would always in-
terrupt a physics calculation to talk. During my years of
graduate study, he traveled frequently to the national labs
and the federal government in Washington, DC, to advise
them on research, arms control, and the Nuclear Test Ban
Treaty. So I was deeply impressed that he would come to
Newman Laboratory on campus on Saturdays and make
himself available to students. The flip side of that avail-
ability was that, as I learned early on, one should be pre-
pared to receive a call from him at 5:00pm on a Saturday
afternoon to discuss a research idea.


In this age when it appears obligatory to expend so
much professional time on university and national com-
mittees, fundraising, writing and reviewing proposals, and
when the pendulum has swung so far toward promoting
discussions, seminars, and interactions at every available
opportunity, it is inspiring to recall Hans’s enthusiasm for
sitting quietly alone in his office focusing intensely on his
work. That modus operandi served him well. Indeed, I
vividly remember discussing a nuclear-physics problem
with another of his graduate students in the coffee room.
Hans overheard our discussion and said: “I don’t see why
you are talking about this problem when either of you is
capable of sitting down and solving it.” I also remember
the pleasure he took in performing his legendary numeri-
cal calculations in his head; Hans could remember loga-
rithms or expand functions as necessary and quote an-
swers to several decimal places.


He and his wife Rose, seen together in figure 2, were
always warm and hospitable to students and visitors.
When Judit Nemeth arrived from Hungary as a postdoc,
Hans personally met her at the airport and helped her get
settled. Rose’s dinner parties were wonderful affairs where
colleagues, friends, students, and visitors were warmly
welcomed and treated like family. 


I also recall with gratitude Hans’s response to a re-
quest I made in 1968, during the height of the Vietnam
War. I had asked permission to interrupt my graduate
studies to go to New Hampshire with some other Cornell
graduate physics students and work for an extended pe-
riod on Eugene McCarthy’s antiwar primary campaign. He
responded that ordinarily a young scientist like me should
devote himself exclusively to his work so as to have max-
imal influence later. But in this case, the war was so ter-
rible that I should go with his blessing. Looking back, I
find it noteworthy that in Concord, Nashua, and other New
Hampshire towns where Cornell physicists labored to ex-
plain to nonacademic citizens why we believed the war was
wrong, people voted solidly for McCarthy and that the New
Hampshire primary marked the beginning of the end of
the war. Hans’s wisdom in balancing profession and pa-
triotism is as relevant today as it was then.


In theoretical physics and in life, Hans continues to
be a source of inspiration for all those whose lives he
touched.
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Freeman Dyson likes to recall that when he first came to
Cornell University, he was pleasantly surprised that


everyone called the famous Professor Hans Albrecht Bethe
“Hans.” So shall we.


Hans often recalled his pre-war years in America as
“the happy thirties” (see Silvan Schweber’s article on page
38). They were indeed happy times for the elite physicists
who had been able to flee the Nazis and find positions
abroad. But Hans knew better than most Americans that
the 1930s were anything but happy. Like many refugee sci-
entists, he believed that Adolf Hitler’s ambitions made war
almost inevitable, and he worried whether the Western
democracies had the will and the resources to survive. 


So, after the fall of France in the spring of 1940, Hans
did not wait for an invitation to participate in military
work; for an enemy alien who had lived in the US for a
short five years, such an invitation was unlikely. In char-
acteristic fashion, he took the initiative.


From nuclear theory to nuclear weapons
Hans first worked on armor penetration with George Win-
ter, an engineer and fellow refugee at Cornell. Then he 
and his close friend Edward Teller visited Theodore von
Kármán, the great aerodynamics expert at Caltech, to ask
for an unsolved practical problem. The homework assign-
ment, whose ultimate purpose was not explained, soon led
to the Bethe–Teller paper1 “Deviations from Thermal
Equilibrium in Shock Waves,” which Hans considered to
be one of his best. It was mostly written in a Colorado
mountain cabin during one of the Bethes’ annual summer
treks out West and, once submitted, was immediately clas-
sified as secret by the government and thereafter inacces-
sible to the authors.


After Pearl Harbor, and on becoming an American cit-
izen, Hans joined the radar project at the MIT Radiation
Laboratory. There he invented the Bethe coupler, a simple
device with a small round hole in the common wall be-
tween two metal waveguides, which provides a way to
make separate measurements of the power flowing for-
ward and backward in the main waveguide. In typical
style, Hans worked out a new and exhaustive theory of the
coupler, extending it far beyond the immediate need.2


For months Hans resisted entreaties to join the nas-
cent atomic bomb project; he thought it was a boondoggle


because the difficulty of acquiring suf-
ficient weapons-grade uranium meant
that it would not be possible to pro-
duce a weapon in time to contribute to
the war effort. He changed his mind
after witnessing Enrico Fermi’s
progress toward a self-sustained chain
reaction at the University of Chicago.
Fermi’s research held out the prospect


of also using plutonium as the fissile material for a bomb.
Hans went on to the University of California, Berkeley, to
participate in the 1942 summer study organized by Robert
Oppenheimer. Participants quickly concluded that there
was, in principle, no problem facing the realization of a fis-
sion weapon once the highly enriched uranium or the plu-
tonium was in hand. They spent much of their time ex-
ploring the possibility of a fusion weapon triggered by a
fission primary.3 Here Hans’s understanding of stellar en-
ergy production was invaluable.


Soon after the government created the Los Alamos
Laboratory in March 1943, with the inspired choice of Op-
penheimer as its director, Hans was appointed head of the
lab’s theoretical division. It was to carry heavy responsi-
bilities because many of the facts and processes required
for developing the bomb and assessing its explosive yield
were not yet adequately known or understood, or accessi-
ble to experiment, even in principle. At that time the prob-
lems could only be attacked with the mathematical tech-
niques of theoretical physics—without the help of
automated computing. Giving a problem to a computer
meant handing an accountant’s spreadsheet to a person or
team equipped with mathematical tables and motor-
driven desktop calculators for addition, subtraction, mul-
tiplication, and (if inevitable) division. 


The mix of new and old scientific knowledge, techni-
cal invention, educated guesswork, and brute-force com-
putation constituted a new form of sophisticated engi-
neering, an art in which Hans became a virtuoso. His
technical mastery and tranquil but powerful personality
made him a highly effective leader of a crew that was more
habituated to questioning authority than to disciplined
teamwork. The role of the theoretical division grew to be
even more crucial after plutonium became available as the
fissile material, for plutonium had an unanticipated prop-
erty that called for a much more sophisticated weapon de-
sign than did uranium.


When highly enriched uranium is used as fissile ma-
terial, as it was in the untested bomb dropped on Hi-
roshima, two slightly subcritical masses are combined by
firing one against the other in a short artillery gun barrel.
This concept would not have worked with the newly avail-
able plutonium from the Hanford, Washington, reactor be-
cause that material, in contrast to uranium, had so many
neutrons due to spontaneous fission that the chain reac-
tion would be initiated long before assembly could be com-
pleted using the gun technique. The result would have
been an explosive yield far below what was actually
achieved at the Trinity Test site and Nagasaki, where a
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ball of plutonium was imploded by the detonation of a sur-
rounding shell of chemical explosives.


Throughout the Manhattan Project, Hans did more
than lead and manage others. He worked personally on
critical problems. Late in life he still spoke proudly of hav-
ing designed a neutron initiator that Niels Bohr, during a
visit to Los Alamos, thought was superior to Fermi’s. And
with typical candor, Hans told many that John von Neu-
mann solved a problem that had defeated him—the
arrangement of explosive lenses that transform multiple
expanding detonation waves into a single spherically con-
verging detonation to compress the plutonium core.


The hydrogen bomb
The idea that a fission bomb could ignite a thermonuclear
explosion in liquid deuterium was first voiced by Fermi to
Teller in 1941.4 But at wartime Los Alamos, work on a ther-
monuclear weapon was sidelined because a fission trigger
was a prerequisite for that project, and only programs that
could affect the war effort received high priority. Further-
more, it was evident from the first that there would be
many serious problems with a thermonuclear (hydrogen-
bomb) design.5


As relations between the US and the Soviet Union de-
teriorated during the early post-war years, the issue of
whether the US should develop a thermonuclear weapon
became increasingly controversial. The arguments were
complex, with technical, political, and moral facets. Hans
was deeply involved in all of them. His commitment to both
morality and pragmatism often put him under great
stress, and led him to follow a path through this minefield


that was not simply connected, to use a mathematical
term. As Hans, on recalling his journey, once put it,6 “It
seemed quite logical. But sometimes I wish I were more
consistent an idealist.” 


The participants in the 1942 Berkeley study had al-
ready realized that the H-bomb posed far more serious
technical problems than a fission weapon, because the
temperature reached by even an efficient fission bomb
would be rather low compared to what is needed to pro-
duce fusion of deuterons. Furthermore, the complex
processes involved could not be analyzed reliably until
powerful electronic computers became available between
1950 and 1951. Nevertheless, during the war Teller had
become fixated on the “classical super,” in which a long
cylinder of liquid deuterium was to be brought to suffi-
ciently high temperature by a nearby fission explosion.
Teller’s preoccupation with the idea had already led to ten-
sion between him and Hans during the war, long before
the well-known controversies surrounding the post-war 
H-bomb project and the Oppenheimer hearing:7


At the start I regarded Teller as one of my best
friends and as the most valuable member of my
division. Our relation cooled when Teller did
not contribute much to the work of this divi-
sion.


Before the Soviets conducted their first test of a fis-
sion weapon in August 1949, there was a broad, though
hardly universal, consensus among former Manhattan
Project leaders, many still senior advisers to the US gov-
ernment at the time, that an H-bomb should not be 
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Skiing at Los Alamos. (Standing, left to right) Emilio Segrè, Enrico Fermi, Hans Bethe, Hans Staub, Victor Weisskopf, and
(seated, left to right) Erika Staub and Elfriede Segrè enjoy the mountains at Los Alamos in 1943. (Courtesy of AIP Emilio
Segrè Visual Archives, Segrè Collection.)







developed. That position was fundamentally a moral one.
In contrast to fission weapons, thermonuclear devices could,
in principle, produce essentially unlimited yield and become
far more powerful weapons of mass destruction and geno-
cide. However, after the Soviet test, a great deal of pressure
developed both inside and outside the government in favor
of rapid development of the “super.” That pressure resulted
in President Harry S Truman’s public announcement on 30
January 1950 that the US would mount a crash program to
develop an H-bomb. An order forbidding further public dis-
cussion of the matter by government officials and staff fol-
lowed the decision.


Truman’s decision did not end the controversy, how-
ever. Not being a government employee, and having dis-
sociated himself from work on the H-bomb, Hans could
speak out, and did so:8


I believe the most important question is the
moral one: Can we who have always insisted
on morality and human decency . . . introduce
this weapon of total annihilation into the
world? . . . It is argued that it would be better
for us to lose our lives than our liberty, and
with this I personally agree. But I believe that
is not the choice facing us here; I believe that
in a war fought with hydrogen bombs we would
lose not only many lives but all our liberties
and human values as well.


Nevertheless, Hans soon decided to work on the proj-
ect in the hope of demonstrating that the H-bomb was a
practical impossibility. Indeed, many had doubted that


Teller’s classical super would ignite and propagate fusion
reactions efficiently. Later in 1950 Stanislaw Ulam and
Fermi demonstrated as much.


In the spring of 1951, Teller and Ulam sidestepped the
technical problem by inventing the radiation-implosion
mechanism. As one had to assume that the Russians would
also discover this way of detonating an H-bomb, Hans and
others who had initially opposed development of the super
turned to making it a reality. Hans became head of the the-
oretical megaton group at Los Alamos and spent more than
a year there between 1951 and 1953.


Hans would always be tormented by the H-bomb. He
ended his 1954 initially classified, personal account of the
project with this statement:9


I still believe that the development of the H-
bomb is a calamity. I still believe it was neces-
sary to make a pause before the decision and
to consider this irrevocable step most carefully.
I still believe that the possibility of an agree-
ment with Russia not to develop the bomb
should have been explored. But once the deci-
sion was made to go ahead . . . I cooperated to
the best of my ability.


Advising presidents
The possibility of preventing the creation of thermonuclear
weapons by means of a negotiated and verifiable test ban
had been proposed by Fermi and I. I. Rabi in a secret 1949
report to the Atomic Energy Commission, and at an even
higher level by Vannevar Bush in 1952, but the idea was still-
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The American delegation signs an agreement at the 1959 Geneva Conference on the Discontinuance of Nuclear Weapons
Tests. (Left to right) Frank Press, Anthony Turkevich, Hans Bethe, and John Tukey sit in back behind Wolfgang Panofsky,
James Fisk, and Doyle Northrup in the front row. (Courtesy of AIP Emilio Segrè Visual Archives.)
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born.10 From Andrei Sakharov’s
memoirs, we later learned that
the Soviet authorities would
never have considered such an
agreement. 


In 1957, President Dwight D.
Eisenhower established the
President’s Scientific Advisory
Committee (PSAC) and Hans
was among its first members.
Both the US and USSR had con-
ducted successful thermonuclear
tests by then, but some commit-
tee members hoped to constrain
development of ever more power-
ful weapons, especially for the
missiles that were coming on line.


From his position on PSAC,
Hans advocated that the tech-
nical feasibility of a test ban be
studied by the US, and then
explored with the Soviets.11


An interagency committee was
formed, with Hans as chair, and
in 1958 the first in a series of
expert conferences with the So-
viets and British was held in
Geneva. Due to objections from
test-ban opponents, Hans was
only an adviser to the US dele-
gation; nonetheless, he became
an influential participant.


The original goal had been a ban on all tests—in the
atmosphere, in space, at sea, and underground—above a
threshold of several kilotons yield. But Teller and his as-
sociates foiled that goal when they discovered that an un-
derground explosion in a large cavity could be decoupled
from its surroundings to muffle the seismic signal by as
much as a factor of 70. Initially skeptical on hearing the
argument advanced in Geneva, Hans did his own techni-
cal analysis and concluded that cavity decoupling was, in
principle, valid. The upshot was that the atmospheric test-
ban treaty as signed in 1963, although banning tests of
any yield in the sea, the atmosphere, or space, did not for-
bid underground tests, and thus did little to slow the nu-
clear arms race. This outcome prompted Hans to write the
following:12


sometimes insistence on 100 percent security
actually impairs our security, while the bold
decision—though at the time it seems to in-
volve some risk—will give us more security in
the long run.


Missile defense
Throughout history, every new weapon has provoked the
search both for improved versions and for a defense. The
invention of ballistic missiles is no exception. The German
V-2 rocket used against England in World War II had a
range of about 300 km and inspired major programs in the
US and the Soviet Union to produce first medium-range
and then intercontinental ballistic missiles. Those ICBMs
were first fielded in 1960.


And yet, to this day, no effective defense of cities
against nuclear-armed ballistic missiles has come into
view, let alone been deployed, because it is relatively easy
and inexpensive to overwhelm the defense with a variety
of disguises for warheads, fake warheads, and other strat-
agems. The PSAC Strategic Military Panel recognized that


problem early on, along with the inevitable consequence
that deployment of a missile defense would merely provoke
a buildup by the adversary.


Despite the predictable ineffectiveness of city defense
against an attack by nuclear-armed ballistic missiles, the
Soviets committed the blunder of deploying a nuclear-
armed missile defense for Moscow. The US then targeted
additional missiles on Moscow, a reaction that demon-
strated in the most graphic terms how ballistic missile de-
fense would accelerate the arms race. Robert McNamara,
President Lyndon B. Johnson’s secretary of defense, fully
understood the problem. But Johnson ultimately yielded
to domestic political pressure and decided in 1967 to de-
ploy the Sentinel antiballistic missile system, with McNa-
mara explaining that it would be a “light” defense against
China—which was to have no ICBMs for the next 11 years.


Hans, a longtime member of the PSAC Strategic Mili-
tary Panel, had decided before McNamara’s announcement
that he would make public his opposition to such a decision.
Gerard Piel, the publisher of Scientific American, urged
Hans and one of us (Garwin), who had also been involved
in relevant PSAC and Defense Department panels, to pub-
lish our analyses, and we did so after a security review.13


The Bethe–Garwin article became the basic document
in the campaign against deployment of the Sentinel ABM
system. Both authors testified to the House and Senate
committees responsible for the program, and Hans also
privately advised several senators who had concerns about
the Johnson and Nixon administrations’ ABM policy. The
Union of Concerned Scientists (UCS), soon after it was
founded at MIT, featured Hans in its first public event on
3 March 1969. Addressing a standing-room-only crowd at
a Cambridge high school, Hans began tongue-in-cheek: “I
know you are against ABM, and I’m here to tell you why!”


Of course, logic and physics do not suffice to convince
true believers that defense against nuclear-armed ICBMs
remains ineffective, even in principle, except under ex-
ceedingly limited circumstances. But the allure of that


Presidential adviser Hans
Bethe, accompanied by
previous winner Glenn
Seaborg, receives the 
Enrico Fermi medal from
President John F. Kennedy
in 1961. (Courtesy of
Abbie Rowe, White
House, John F. Kennedy
Presidential Library and
Museum, Boston.)
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mysterious belief in missile defense was not properly ap-
preciated in 1983, and President Ronald Reagan’s “Star
Wars” speech that March came as a surprise to all of us
who thought we were in the know. Reality suddenly inter-
vened while one of us (Gottfried) was working with Victor
Weisskopf in his Cambridge home, when, out of the blue,
a call came inviting Weisskopf to the White House for a
dinner that evening. The explanation of the gathering’s
purpose was obscure, but speculations that it would be re-
lated to missile defense were suddenly in the air.


Weisskopf and Gottfried flew to Washington and met
Hans, who had flown in from a briefing at Livermore Na-
tional Laboratory on the x-ray laser by Teller and col-
leagues. The text of a presidential speech that was mak-
ing the rounds did not mention missile defense, but
included a sentence stating that a paragraph remained to
be inserted. Viki and Hans trooped off to the White House,
where Teller lobbied for their support. The president’s tel-
evised speech then aired. Hans declined to appear on Ted
Koppel’s television show Nightline that night and con-
vinced us at UCS that we should not hold a press confer-
ence the next day. He was wondering whether the x-ray
laser, which was supposed to intercept missiles in their
boost phase, would be immune to countermeasures, and
beyond that, whether it would make defense cheaper than
offense—and thus undo the argument that had led to the
1972 US–Soviet ABM treaty.


At the 40th anniversary of the Los Alamos National
Laboratory in early April 1983, a month after Reagan’s
speech, Hans and Garwin reminded the packed audito-
rium (and CBS-TV) that the claimed intercontinental


lethality of the x-ray laser against enemy ICBMs in boost
phase depended on the laser’s ability to reach sufficient al-
titude to “see” over the curve of the earth to a distance of
perhaps 6000 km while the ICBM booster was still burn-
ing. Consequently, interception by the x-ray laser could be
foiled simply by launching hostile warheads with “fast-
burn” boosters. That strategy would give the enemy two
advantages over the defense. First, to reach the laser’s fir-
ing position in time would require the interceptor missile
to carry the laser at double speed, a far more costly propo-
sition for the defense than for the offense, which needed
only to reach ICBM speed in half the time. Second, if
enemy boosters burn out before leaving the atmosphere,
even a still-burning booster would be immune from attack,
because x rays can penetrate only a short distance into the
atmosphere, as Hans had realized shortly after returning
to Cornell from the White House dinner. 


At Cornell, Hans and Gottfried explored a suite of
countermeasure concepts against the various high-tech in-
tercept techniques proposed by the Star Wars advocates.
These began in what we called countermeasure lunches,
occasionally followed by a phone call from Hans to Garwin;
or as Hans would playfully put it, “I’m going to call the
wizard.” 


This work culminated in a UCS report14 that had con-
siderable impact in the press and in Congress—sometimes
held up and pointed to by members of Congress as they
questioned administration witnesses. Unfortunately, the
report had a serious error that greatly overestimated the
number of satellite-based interceptors required to fully
cover the required ground targets. Gottfried discovered the


A press conference, convened in March 1984 by the
Union of Concerned Scientists. Kurt Gottfried, Hans
Bethe, Richard Garwin, and Henry Kendall (shown
left to right) addressed the technical and strategic
problems attending a space-based ballistic missile
defense system. (Courtesy of UCS.)
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error, which was then immediately disclosed and elimi-
nated from our slightly later journal article.15 Moreover,
correct estimates of the required number of lasers still sup-
ported the same conclusion: Even if the proposed Star
Wars technologies functioned as advertised, such a system
would not be “cost-effective at the margin,” to use Paul
Nitze’s formulation; that is, it would be defeated by a much
cheaper buildup of the offense.


Naturally, that study, like any argument based solely
on logic, physics, and common sense, did not settle the
matter. Pentagon officials and their supporters roundly at-
tacked the report. Hans, Carl Sagan, and Gottfried spent
part of their 1984 Christmas break drafting one of several
rebuttals.16


One encounter with critics brought out a wonderful
side of Hans. A press conference was scheduled to convene
following a debate at Cornell between Hans and a Reagan
administration spokesman. Only three members of the
press showed up, representing the Cornell student daily,
the university’s radio station, and a small local newspaper.
The event’s student organizers were clearly embarrassed
by the small turnout. But Hans launched into his presen-
tation with the same care and formality that he displayed
with the Washington press corps or at congressional hear-
ings. He always treated students that way. Once he told
Senate staff that he would be unable to testify if the hear-
ing time was delayed; what he didn’t tell them was that
his unbreakable appointment was for dinner with one of
his former graduate students.


The end of the cold war did not end Hans’s deep con-
cerns about the ongoing threat posed by nuclear weapons.
He believed that we had been lucky to get through that
conflict without a catastrophe, and fortunate that nuclear
proliferation had been much slower than he had feared in
1945. And he was dismayed that the end of the very con-
flict that had stimulated the grotesque accumulation of the
means for mass annihilation had left those means and
their hazards largely untouched.17


On the 50th anniversary of Hiroshima in 1995, Hans
issued what is his testament on the nuclear predicament:18


Now, at the age of 88, I am one of the few re-
maining senior [leaders of the Manhattan Proj-
ect] alive. Looking back at the half-century since
that time, I feel the most intense relief that these
weapons have not been used since World War II,
mixed with the horror that tens of thousands of
such weapons have been built since that time—
one hundred times more than any of us at Los
Alamos could ever have imagined. . . . But in
some countries nuclear development still con-
tinues. Whether and when the various Nations
of the world can agree to stop this is uncertain.
But individual scientists can still influence this
process by withholding their skills.


Accordingly, I call on all scientists in all
countries to cease and desist from work creat-
ing, developing, improving and manufacturing
further nuclear weapons—and for that matter,
other weapons of mass destruction such as
chemical and biological weapons.
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