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Abstract

Research on thorium as an energy source began in 1940 under the direction of
Glenn Seaborg at the University of California, Berkeley. Following the discovery
of plutonium-239 and its fissile qualities, similar experiments demonstrated that
uranium-233 bred from thorium was also fissile. Seaborg viewed uranium-233 as
a potential backup to plutonium-239, whose production was one of the Manhattan
Project’s primary efforts. The central appeal of U-233 was that the chemistry of
uranium was well understood, unlike plutonium, but plutonium-239 had the potential
to be produced from natural uranium in a critical nuclear reactor. Natural thorium
lacked fissile isotopes and so a critical nuclear reactor (to produce U-233) from thorium
alone was not possible. Not until the X-10 graphite reactor was constructed at Oak
Ridge in 1943 was sufficient U-233 created to conclusively assess its nuclear properties,
which were found to be superior to Pu-239 in a thermal-spectrum reactor. Early
production of plutonium at X-10 showed significant contamination by Pu-240, which
made plutonium unsuitable for simple ”gun-type” nuclear weapons. Researchers
in the "Metallurgical Laboratory” at the University of Chicago, which included
Seaborg’s chemistry group, suggested that the plutonium produced be used as a fuel
in a special reactor to convert thorium to uranium-233 for weapons. This effort
encountered many severe difficulties in fuel fabrication and dissolution. Seaborg
also recognized the severe issue that uranium-232 contamination would play in
any effort to use uranium-233 for weapons. Through tremendous effort, weapons

designers at Los Alamos were able to design workable weapons using the implosion



principle, which accommodated for the impure plutonium produced. Interest in U-
233 for weapons effectively disappeared by 1945, but the Metallurgical Laboratory
continued to investigate the potential of a thorium-U-233 "breeder” reactor, based
on a homogeneous mixture of uranium salts in heavy water. This effort also came
to an end in early 1945. With the end of World War II, the United States was fully
focused on growing its nuclear weapons stockpile, and thorium/uranium-233 lacked
relevance to that mission as the Manhattan Project concluded at the end of calendar

year 1946.
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Preface

Historians may one day lament that the discovery of nuclear fission in 1939 by Otto
Hahn in Germany and the initiation of World War IT by Hitler’s Nazi regime took place
in such close spatial and temporal proximity. Because of these proximities, the process
of nuclear fission was immediately seen as a military threat against the United States
by European refugee scientists, many of whom were Jewish or had Jewish relatives.
They urged a national response that led to the development of nuclear weapons on
an industrial scale without modern precedent. The discovery of fission, along with
the advent of powerful particle accelerators in the United States, also made possible
the discovery of new elements and new isotopes of existing elements. Their existence
and potential was immediately viewed through the prism of war and destruction.

This paper is an attempt to understand the early history of thorium as a source of
nuclear energy. In discussing thorium, I often refer to the isotope thorium-232 and its
fissile daughter product uranium-233 as if they were one material. I realize that they
are distinct and the manufacture of uranium-233 depends on neutron absorption in
thorium from a source such as a nuclear reactor, but it is also true that thorium-232
is the only significant source of uranium-233, and that energy from uranium-233 is
energy from thorium, abstracted by the step of neutron bombardment.

There have been scores of accounts written about the early history of the nuclear
age, specifically the wartime program code-named the ”Manhattan Project” which
led to the development of nuclear weapons. These histories focus on the two strands of

effort that led to successful nuclear weapons, namely the isotopic separation of U-235
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from natural uranium and the creation of plutonium in dedicated production reactors
fueled by natural uranium. One could easily wonder when the story of thorium as an
energy source really began. The official history of the Atomic Energy Commission
that covered this era, The New World 1939-1946 (Hewlett and Anderson (1962)),
gives scant mention of thorium and its potential, and no details as to the discovery
of uranium-233, its fissile nature, nor the potential of thorium as an energy source.

Other important works chronicling this time, including Richard Rhodes’ Pulitzer-
Prize-winning work The Making of the Atomic Bomb, also give little mention to
thorium. This can easily be forgiven, for thorium and uranium-233 did not lead to
the production of nuclear weapons, but the question of why they did not is a subject
that has persistent historical relevance. Today we consider whether thorium is a
natural energy source of sufficient magnitude and merit to power human civilization
for many hundreds of thousands of years, and it is necessary to understand why
decisions were made long ago, and what lessons those decisions could have for us
today.

This thesis began originally as an attempt to tell the story of the thorium-fueled
molten-salt reactor effort at Oak Ridge National Laboratory, strongly motivated by
the discovery of a series of books (Seaborg and Loeb (1981), Seaborg and Loeb
(1987), Seaborg and Loeb (1993)) written by Glenn Seaborg and Benjamin Loeb
covering Seaborg’s years as the chairman of the US Atomic Energy Committee. In
the last of these, The Atomic Energy Commission Under Nizon (Seaborg and Loeb
(1993)), Seaborg describes budget cuts early in the Nixon Administration that led the
AEC to curtail research into breeder reactors. He describes how Alvin Weinberg, head
of the Oak Ridge National Laboratory (ORNL) and ardent proponent of the thorium-
fueled molten-salt breeder reactor (MSBR), argued for the continuation of that line of
research. Seaborg goes on to describe how the MSBR program was cancelled in favor
of the plutonium-fueled, liquid-metal fast-breeder reactor (LMFBR) but concedes
later that that may have been a mistake. (Seaborg and Loeb, 1993, pg.179)
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This significant admission led me to probe deeper into the earlier histories of both
the fast-breeder and the molten-salt reactor. At the time of the molten-salt reactor’s
cancellation, the fast-breeder reactor effort was at a far greater stage of maturity.
A commercial fast-breeder reactor called ”Fermi-1” had been built near Detroit,
Michigan, and had operated briefly in 1966 before suffering a partial core meltdown.
(Alexanderson and Wagner (1979)) Fermi-1 had been built using the private funds of
a large industrial consortium that included some of the most prominent utilities and
nuclear suppliers of the time. In today’s funds, it had cost hundreds of millions of
dollars. The AEC had facilitated its construction and operation through fee waivers
on nuclear fuel and a generous approach to siting and licensing. Several other smaller
test reactors, such the Experimental Breeder Reactors -1 and -2 (EBR-1 and -2) and
the Southwest Experimental Fast Oxide Reactor (SEFOR) had also been built and
operated, with varying degrees of success. There was also a large international effort
underway to develop the sodium-cooled fast breeder reactor.

In contrast, the effort to develop the molten-salt reactor was much smaller and
almost entirely confined to ORNL. Why had there been so much more industrial and
governmental interest in the fast breeder than the molten-salt reactor? That search
took me further back in history, to the early 1950s when the Fermi project began
as a commercial effort under the leadership of Walker Cisler of the Detroit Edison
Company. Commercial nuclear reactors were being considered for the first time, and
with the advent of Soviet nuclear testing and the Korean War, the Atomic Energy
Commission was under great pressure to produce more and more fissile material
for nuclear weapons. There were also stronger calls for the use of nuclear energy
to produce electricity for civilian use. The technology decisions made for Fermi-1
were motivated in large part by the desire of the US Atomic Energy Commission
to produce a high-quality form of plutonium, which was uniquely produced by fast
breeder reactors. They were willing to incentivize industry to produce this material
for them in civilian reactors. The AEC had a huge effort to produce highly-enriched

uranium and high-isotopic-quality plutonium for nuclear weapons, and the Fermi
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project was seen as a contributor to that effort. The chairman of the AEC at that
time, Gordon Dean, had no interest in thorium or uranium-233 as materials for a
nuclear weapons effort.

Why was uranium/plutonium useful for weapons and thorium/U-233 wasn’t?
The search for that answer took me back to where this story begins, in the fervent
atmosphere of the wartime program to develop nuclear weapons. It was in this era
that discoveries were first made and the broad lines of reactor development were laid
out.

In the search for referenceable descriptions of early research on thorium, I found
to my disappointment that there was nearly no discussion in historical texts such as
The New World of the early efforts on thorium and uranium-233. But to my delight, I
discovered the wartime journals of Dr. Glenn Seaborg and the first-hand account they
told of the discoveries surrounding thorium. Dr. Seaborg led a small research team
that discovered uranium-233, and his curiosity about nuclear decay chains, along with
his proximity to a powerful cyclotron at the University of California, Berkeley, led to
this historic accomplishment. Seaborg’s pre-war and wartime journals were primary
sources that had never been "mined” along the direction of thorium and uranium-233,
and the remarkable story of these materials merited a new perspective on the entire
Manhattan Project.

Dr. Seaborg compiled his pre-war and wartime journals and records in the late
1970s in a series of documents published by the University of California. The first,
Early History of Heavy Isotope Research at Berkeley (Seaborg (1976)), covered a
period from August 1940 to April 1942, when Seaborg left Berkeley to join the
"Metallurgical Laboratory” at the University of Chicago. The Met Lab, as it was
called, was a branch of the Manhattan Project whose divisions were charged with
some of the greatest challenges of the Project, including the design of plutonium-
producing chain-reacting ”piles” and the chemical separation processes that would

isolate the plutonium from the remaining fuel and fission products.



In the Farly History, Seaborg describes the discovery of plutonium-239 and
uranium-233 using the large 60-inch cyclotron at Berkeley. He also describes the
processes by which their fissile natures were discovered through precision chemistry.
Plutonium-239 was discovered about a year earlier than uranium-233, and this gave it
an important head start in the effort to develop materials for the Manhattan Project.

Seaborg’s later efforts at the Met Lab are chronicled in four volumes, titled History
of Met Lab Section C-I (Seaborg (1977), Seaborg (1978), Seaborg (1979), Seaborg
(1980)), each covering approximately a year of history. Events related to thorium
and uranium-233 are mentioned tangentially in the first two volumes, but in volume
3 new data on the properties of U-233, which became available from the X-10 graphite
reactor at Oak Ridge, led to extensive discussion about the potential of uranium-233
and the most concentrated efforts on its development. For a period it was even
considered as a replacement for plutonium-239. But in this same period some of its
persistent flaws as a weapons material were also uncovered.

The FEarly History, published in June 1976, is approximately 150 pages in length.
The History of the Met Lab volumes, which cover shorter spaces of time, were
published in February 1977, May 1978, 1979, and May 1980, respectively. The
volumes range from 560 to 690 pages each in length, and represent a tremendous
amount of source material from which to follow the thread of development of the
thorium story.

Beginning in December 2012 and continuing until March 2013 I combed through
the five volumes of Seaborg’s history and extracted all of the relevant passages about
the development of thorium and uranium-233. Volumes 1, 2, and 4 were in electronic
form and this greatly facilitated scans on keywords like "thorium”, 7233”7, and
"protactinium”. Volume 3 was not available in electronic form, much to my dismay,
but through the assistance of Dr. Jess Gehin at Oak Ridge National Laboratory I
obtained access to a paper copy. Personally scanning through the pages and finding
the relevant passages was tedious but volume 3 ended up having the majority of the

source material that made its way into the final work. My goal was to find the precise
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moments in history when the understanding of the potential of thorium as an energy
source began to distill upon the parties involved, and also the moments that made
clear that thorium and uranium-233 would not have useful application in nuclear
weapons. [ believe that I have succeeded in this effort and can now tell the story,
from primary sources, of how thorium as a weapons material didn’t happen, and why
that has persistent significance in the later development of nuclear energy.

The official history of the Manhattan Project, The New World, 1939-19/6, served
as an excellent ”big-picture” view of the Manhattan Project and as a contrast to
Seaborg’s rather narrow focus on his chemistry group’s effort to purify plutonium.
But Seaborg’s diaries remain the primary source material for this entire paper. A
supplemental source was Alvin Weinberg’s 1994 autobiography The First Nuclear
Era (Weinberg (1994)). Weinberg also served in the Met Lab, but in the reactor
design division rather than Seaborg’s chemistry division. His insights into the period
are limited to a single short chapter of his autobiography, but they offer a different
perspective on some of the same events. Often, he is able to describe, from the
perspective of many decades later, the ramifications of work that was pursued at the
Met Lab and discarded as a failure.

But it is Glenn Seaborg that is the central character of this story for reasons that
go beyond his authorship of the history volumes. In my opinion, Seaborg is one of
history’s truly great scientists. He had a vision that saw beyond the years, and it was
his penetrating insights that gave clear guidance to the people that served under him.
Some of them also showed great talent and insight; some were disappointingly short-
sighted and dull. But his was the animating spark that led so many to accomplish
greatness. Although he later went on to serve as the Chairman of the Atomic Energy
Commission from 1961 to 1971, I do not think anything he ever did matched the
significance of his work from 1939 to 1945 in the era of the Manhattan Project.

Although I cannot claim to have read every work that covers this subject and
this period of time, I have studied this era extensively and have not been able to

find anything that covers the topic of the discovery, development, and discarding of
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thorium during the Manhattan Project era to the degree these sources do. This thesis
is a unique addition to the body of work on this era covering a subject that I believe
will be of great importance to us as we seek to develop a lasting energy source for the

twenty-first century and beyond.
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Chapter 1

Introduction

On August 8, 1967, Dr. Glenn Seaborg, chairman of the United States Atomic Energy
Commission, sat at the controls of an experimental reactor in Oak Ridge, Tennessee.
The reactor was about to become the first to operate on uranium-233, an isotope
of uranium that no longer occurs naturally on the Earth. Uranium-233 had been
created from thorium, a natural material that was three to four times more common
in the Earth’s crust than uranium.

In the early 1940s, when Dr. Seaborg was a young professor at the University
of California, Berkeley, he had suspected that thorium could be converted from
its natural form into a nuclear fuel. The process of nuclear fission itself had only
been discovered the previous year by scientists in Germany. Seaborg’s suspicion was
correct, and he was the first to realize that thorium could become one of the world’s
greatest energy resources.

But Seaborg’s discoveries about thorium and its daughter product uranium-233
were overshadowed by his previous discovery of plutonium. Plutonium’s relationship
to natural isotopes of uranium positioned it to become the material of choice for
nuclear explosives. Soon after the discovery of plutonium Seaborg and tens of

thousands of other scientists, engineers, soldiers, and workers were part of a wartime



Figure 1.1: Dr. Glenn Seaborg, head of the Atomic Energy Commission, at
the controls of the Molten-Salt Reactor Experiment guiding the reactor to achieve
criticality for the first time using uranium-233 as its fuel. Image courtesy of Oak
Ridge National Laboratory, U.S. Department of Energy.



project known as the Manhattan Project whose goal was to develop nuclear weapons
to end the war against Germany and Japan.

But what of thorium? For a variety of reasons, it had not shown the promise
for nuclear weapons that plutonium did, and research on thorium and uranium-233
received far less attention during the Manhattan Project than research on plutonium
and the natural isotopes of uranium. To understand why, we must follow the thorium
story from its discovery up through the Manhattan Project, its success, and its

dissolution into the civilian US Atomic Energy Commission at the end of 1946.



Chapter 2

Before the Manhattan Project

2.1 Radioactivity and the Stability of Matter

From its discovery in 1828 in Scandinavia until 1898, there was little to distinguish
thorium from the other eighty or so elements that had been discovered. It was about
as common as lead in the Earth’s crust, accounting for roughly six parts per million
on average. A cubic meter of average crustal material contained about two cubic
centimeters of thorium, if refined to metallic form. A ceramic compound of thorium,
thorium dioxide, attained a degree of commercial usefulness in the mantles of gas
lanterns beginning in 1890, when Carl Auer von Welsbach showed how thorium
dioxide gave off a glorious white light.

In 1896, Henri Becquerel discovered that uranium was emitting rays that caused
a photographic plate to darken, even when it was kept from exposure in a drawer.
His discovery intrigued 28-year old Marie Sklodowska Curie, a Polish physicist and
chemist who worked with Becquerel along with her husband Pierre. Curie and her
husband began a campaign to examine all materials to discover if they also displayed
the "radioactivity” that Becquerel had seen in uranium. In 1898 she noted: (Curie

(2001))

I examined a large number of metals, salts, oxides, and minerals.



All the uranium compounds studied are active, and are, in general, more

active to the extent that they contain more uranium.

The compounds of thorium are very active. Thorium oxide surpasses even

metallic uranium in activity.

It is remarkable that the two most active elements, uranium and thorium,

are the ones which possess the greatest atomic weight.

Her discovery that thorium was also radioactive, and the penetrating insight that
thorium and uranium were the two elements with the greatest atomic masses, was
one of the key intellectual steps that would lead to a revolution in our understanding
of atomic structure.

Within a few decades, the notion of an atom as an impenetrable, unchangeable
sphere of particular composition had given way to our current understanding of the
atom—a positively charged nucleus composed of protons and neutrons, surrounding
by tiny orbiting electrons in a variety of orbital configurations.

Furthermore, there were further forces acting at the scale of the nucleus that made
the structure of matter possible. They had previously been indetectable due to their
very short ranges, but without them there would be no reasonable explanation for
the structure of matter or the order of the universe.

The most basic of these was the nuclear force, or the strong nuclear force as
it is known today. The nucleus is composed of positively-charged protons and
neutrons that have no electrical charge. Based on an understanding of electromagnetic
forces (which was correct) these positively-charged protons should be continuously
attempting to rip the nucleus apart, since electric charges of the same sign repel one
another. This repulsion grows stronger and stronger the closer the particles are to
one another, and by all indications, the protons were very very close together.

The neutrons should be no help at all in this situation, since they had no charge.
But the nuclear force, as postulated, was a force that strongly bound nucleons (protons

and neutrons) together. It had the ability, somehow, to overcome these forces of



electric repulsion and to make nuclear structure possible. Now we understand these
forces come from interactions of subatomic particles, quarks and gluons, which form
the structure of nucleons.

The strong nuclear force also helped uncover the mystery of radiation, and why
various nuclear configurations, particularly those associated with very heavy nuclear

masses, were unstable and radioactive.

2.2 Three Decay Chains, One Missing

Long before the nature of radioactivity was understood, Marie Curie and those who
extended her research studied what radioactivity did.

The first radioactive decay identified was the alpha decay, where an alpha-particle
is emitted from the nucleus. The alpha particle was identical to a nucleus of helium-4,
containing two protons and two neutrons. It is the most stable nuclear arrangement.
Through emission of an alpha particle, a nucleus loses four units of atomic mass
and changes into another element, two locations lower on the periodic table. Thus
uranium upon alpha emission immediately becomes thorium, radium becomes radon,
radon becomes polonium, and so forth.

The second radioactive decay process was the beta decay, where a beta-particle
(an electron) is emitted from the nucleus and a neutron transforms into a proton.
Unlike alpha decay, the nucleus retains essentially the same atomic mass, since the
proton has nearly the same mass as the neutron. However, the chemical nature of the
nucleus changes. There are two types of beta decay: in beta-minus decay the nucleus
moves up one step on the periodic table and in beta-plus decay it moves down one
step. But atomic mass remains essentially constant.

The third type of radioactive decay process was the gamma decay, where a nucleus
in an excited state emits a high-energy photon. These photons are distinguished from
most others by their point of origin—rather than being emitted by changes in the

electron configuration, they are emitted from the nucleus. The nucleus is typically



left in an excited state after the emission of alpha or beta radiation, and gamma
emission is a way for an atomic nucleus to radiate that excess energy out as a photon.
Like beta emissions, gamma emissions do not change the atomic mass of the nucleus
by any significant amount. Unlike beta emissions, they do not change the chemical
identity of the nucleus.

Thus the three common forms of radioactive emission have a variety of effects on
the nucleus. Both alpha and beta emission change the chemical identity of the nucleus,
but only alpha decay changes the atomic mass. Gamma emission changes neither
atomic mass nor elemental identity. Since only one form of radioactive emission
changed atomic mass, and since it always changed it by exactly four atomic mass
units, an invariant relationship was soon discovered in the decay of heavy radioactive
elements like uranium and thorium. When they lost atomic mass through alpha
emission, it was always by four atomic mass units. Beta emission changed their
elemental identity, but not their atomic mass. Thus if one knew what that atomic
mass of a radionuclide was in an integer number of atomic mass units—for example,
238 atomic masses in a nucleus of uranium-238—then one could divide by four and
examine the remainder.

It would always be the same, no matter how many times the nuclide decayed.

So it stood to reason that there would be four natural ”chains” along which a
radionuclide would decay, each characterized with a different remainder when their
atomic mass was divided by four. The first one of these chains that was elucidated
was the "uranium” chain, which began with common uranium-238 and ended on
stable lead-206. Between U-238 and Pb-206 there were many intermediate steps,
such as radium-226, radon-222, and polonium-210, but each of these radionuclides
had a common basis. Their atomic masses, when divided by four, had a remainder
of two.

Another decay chain began with common thorium-232 and terminated on stable
lead-208. This decay chain was called the "thorium” decay chain and its atomic

masses, when divided by four, had a remainder of zero.



The final natural decay chain began with rare uranium-235 and included notable
isotopes of protactinium (Pa-231) and francium (Fr-223), and astatine (At-219),
terminating on stable lead-207. This decay chain was called the "actinium” decay
chain and its atomic masses, when divided by four, had a remainder of three.

Three decay chains, but four possible remainders when a number is divided by
four. One appeared to be missing. The only hint left to its possible existence was
bismuth, which consisted of a single isotope, bismuth-209. Bismuth-209, when its
atomic mass was divided by four, had a remainder of one, the same as the missing
decay chain. Where was it? Had it ever existed? Which radionuclides laid on that
decay chain, and did they have any value to humanity?

Like an abandoned ruin, bismuth-209 was the only indication that another path
of radioactive decay had once existed, perhaps billions of years ago when the solar
system was young and its elements were fresh. And there was no way to recreate it,
until insight and determination produced a powerful new tool to rearrange matter at

the nuclear level.

2.3 Ernest Lawrence and the Sixty-Inch Cyclotron

Ernest Orlando Lawrence was 27 years old when he arrived at Berkeley in the summer
of 1928 to begin a campaign of physics research that would have the most profound
consequences. Lawrence had been inspired by a paper from a Norwegian engineer
to develop a unique circular particle accelerator, which he referred to as his ”proton
merry-go-round,” but which became better known as the cyclotron. The earliest
cyclotron was not much to look at, just a handful of glass and bronze, but the concept
could be adapted to larger and larger units. Fundamentally, a cyclotron accelerated
charged particle beams using a high frequency alternating voltage which is applied
between two electrodes. Because it was based on accelerating charged particles, only

particles like protons, deuterons, and helium-4 nuclei were suitable for use.
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Figure 2.1: Three natural decay chains, but was one missing?



Figure 2.2: Ernest Lawrence in 1939. Photo courtesy of Lawrence Berkeley National
Laboratory.
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Figure 2.3: The 60-inch cyclotron where uranium-233 was first synthesized in 1941.
Photo courtesy of Lawrence Berkeley National Laboratory.
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The first cyclotron of significant size was built in 1932 and was capable of boosting
protons to energies of 80 keV. Soon a cyclotron 11 inches in diameter was attaining
proton energies of over 1 MeV. It was followed by a 27-inch cyclotron that achieved
5 MeV, and by 1936 even that had been replaced by a 37-inch cyclotron which could
accelerate deuterons to 8 MeV and alpha particles to 16 MeV.

But the machine that would make history was the seemingly colossal 60-inch
cyclotron, which began operations in 1939. Its magnet weighed 220 tons, and it could
generate a stream of 16 MeV deuterons. New innovations came when the chemists
and physicists of Berkeley began to point that high energy stream of deuterons at
various elements.

Initially physicists pointed the deuteron beam of the cyclotron directly at various
materials to look for interactions at the nuclear scale. Despite the great power of
the cyclotron, the high energy deuterons that it produced were still charged particles,
and the positively charged nucleus of the atom repelled them, leading to relatively
few events where a nuclear reaction took place.

High-energy deuteron bombardment was a difficult way to alter the configuration
of a nucleus, yet it led to the discovery of both neptunium and plutonium, when
abundant uranium-238 was exposed to the power of the cyclotron.

An uncharged particle, the recently discovered neutron, had the potential to bring
about greater changes in the nucleus than the charged particles of the cyclotron. But
how could neutrons be produced? There was no such thing as a neutron beam nor
any real prospect of making one. But some materials tended to eject neutrons when
bombarded by deuterons. One of these was phosphorus, which consists entirely of a
single stable isotope, phosphorus-31. When phosphorus-31 is struck by a high-energy
deuteron, it can absorb the deuteron and eject a neutron, in the process becoming
sulfur-32. Thus deuteron bombardment of phosphorus was one of a very few ways
known at the time to make a relatively large flux of neutrons, far more than had been

produced ever before.
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These neutrons were ejected from the phosphorus target at high energies, and at
these high energies they had less potential to be absorbed in other atomic nuclei.
By slowing neutrons down, it was found that the probability they would be absorbed
increased. Neutrons could be slowed down through collisions with other atomic nuclei
that had about the same mass they did. The best nucleus for the job was one that
had a single proton—common hydrogen—and so materials that contained a great
deal of hydrogen, like water or paraffin, were well suited to the task of slowing down
the neutrons generated by the deuteron bombardment of phosphorus.

The recipe was coming together: a mighty cyclotron capable of accelerating
deuterons to very high energies, impinging on a target of phosphorus, adjacent to
a block of paraffin that would slow down the neutrons that were produced in the
collision. The last ingredient was at the discretion of the researchers—what material
should be placed in this flux of slow neutrons?

For young professor Glenn Seaborg, the ability to make neutrons, albeit indirectly,
from the 60-inch cyclotron was an opportunity to recreate the missing decay chain

and see what wonders it might hold.

2.4 Glenn Seaborg Begins to Use the Cyclotron

Glenn Theodore Seaborg was born in Ishpeming, Michigan on April 19, 1912 to
Herman Theodore Seaborg and Selma Olivia Erickson Seaborg. While he was still
a boy, the family moved from Michigan to an unincorporated area of Los Angeles
County, California. Inspired by a high school chemistry teacher, Seaborg graduated
high school at the top of his class and went on to study chemistry at the University
of California, Los Angeles (UCLA), where he graduated in 1933. He went on to earn
a Ph.D in chemistry from the University of California, Berkeley in 1937.

13



Figure 2.4: Glenn Seaborg in 1938. Photo courtesy of Lawrence Berkeley National
Laboratory.
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He remained at Berkeley after graduation and became an instructor in chemistry
on July 1, 1939 and was fascinated by the recent discoveries by Otto Hahn and
Lise Meitner in Germany of nuclear fission. Otto Hahn was a radiochemist as
Seaborg aspired to be, and so it was natural that Seaborg would take an interest
in using chemical techniques to ascertain whether nuclear processes such as fission
or transmutation had occured in a sample. With the powerful 60-inch cyclotron at
his disposal, Seaborg began to bombard a variety of material samples with neutrons,
then to chemically ”dissect” the resulting products in his lab looking for the results
he expected, and occasionally, for some surprises.

Working with his friend and research partner Joseph Kennedy, Seaborg began to
bombard samples of uranium with neutrons produced from the 60-inch cyclotron in
late August 1940. He already knew that neptunium-239 would quickly form from
that reaction, but since the Np-239 had a short half-life, he anticipated that it would
decay into a new element—element 94—which at that time had no name. We now
know element 94 as plutonium, and Seaborg, Kennedy, and several other colleagues
are credited with its isolation and discovery on February 23, 1941. By March 28, 1941,
they had ascertained that plutonium-239 undergoes fission by slow neutrons. This
would have profound implications for the world, but the story of this paper follows
another thread. Seaborg had shown that he could use the neutrons from the 60-inch
cyclotron to turn uranium into a new element. His penetrating curiosity made him

wonder what would happen if he repeated the attempt with thorium.

2.5 Gofman Begins Thorium Research

Two new graduate students arrived at Berkeley to begin the fall semester of 1940, and
both elected to study under Seaborg. One of them, John W. Gofman, had previously
studied at Oberlin College, a private liberal arts college about 35 miles southwest
of Cleveland, Ohio, where he had earned a bachelor of arts degree. Seaborg saw in

Gofman an opportunity to investigate the missing 4n+1 decay chain of the elements,
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Figure 2.5: Dr. Glenn Seaborg visiting Room 307 of Gilman Hall at the University of
California, Berkeley. This was the room where on March 28, 1941 it was demonstrated
that plutonium-239 was fissile. Photo courtesy of Lawrence Berkeley National
Laboratory.
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using the sixty-inch cyclotron to bombard the most suitable representative of the
4n decay chain, thorium-232. Seaborg anticipated that radionuclides from the 4n+1
decay chain would represent an entirely new family of radioactive isotopes, whose
properties and half-lives would have unknown benefits. Seaborg was already aware
of the existence of short-lived thorium-233 produced by neutron bombardment of
natural thorium-232. Thorium-233 was the first representative of this 4n+1 decay
chain, and it was already known to decay to protactinium-233. There were hints
from the work of Hahn and Strassmann that a fissile nuclide might be produced. But
what happened beyond the decay of Pa-233 was a new frontier of science. (Seaborg,
1976, pg.2)

Gofman arrived on September 23, 1940 and spent several weeks familiarizing
himself with the chemistry of thorium, protactinium, and uranium. He gathered
the chemical equipment that would be required as well as the radioactive decay event
counting equipment that would be necessary to determine the rate of radioactive decay
and whether it was based on alpha or beta emissions. His work began in earnest on
November 4 (Seaborg, 1976, pg.3), and on Sunday, November 10 he undertook his first
bombardment of thorium (in the form of thorium nitrate) by neutrons produced from
the bombardment of phosphorus by deuterons accelerated by the sixty-inch cyclotron.
The neutrons were slowed to thermal energies by a block of paraffin surrounding the
thorium nitrate target, thus maximizing the likelihood that the neutrons would be
absorbed by the thorium. The sample was exposed for only 75 minutes.

After the exposure of the thorium sample to neutrons Gofman took the sample
to his chemistry lab. It was now far more radioactive than before, since some of
the thorium-232 nuclei had absorbed neutrons to become thorium-233. The parent
material, thorium-232, has a half-life of 14 billion years, meaning that an individual
decay event happened very rarely. But thorium-233 had a half-life of only 22 minutes,
so despite there being very little thorium-233 in the sample, it was easily detectable.

Two weeks later, on November 24, Gofman repeated the experiment with 15 grams

of thorium nitrate exposed for an hour (Seaborg, 1976, pg.4), and again on December
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Figure 2.6: Synthesis of uranium-233 from thorium.
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Figure 2.7: Dr. John Gofman in 1962. Photo courtesy of Lawrence Berkeley
National Laboratory.
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8 with 50 grams of thorium nitrate and an exposure time of several hours. (Seaborg,
1976, pg.5) A longer exposure was necessary to build up more protactinium in the
target, so that chemical separation techniques could be attempted. After a few days
for the thorium-233 to decay away, Gofman judged the sample ready for an attempt
to separate protactinium from thorium using chemical separation techniques that had
previously been noted to concentrate protactinium.

The next step would take a bit longer. There was only one report of the half-life
of protactinium-233, done the previous year by the pioneering discoverers of nuclear
fission, Otto Hahn and Fritz Strassmann. They indicated that Pa-233 had a 25-
day half-life, which meant that if Gofman was to find uranium-233 in his irradiated
sample, he would have to wait several months for it to "grow in” and then wait even
longer to determine what characteristics it might have. By January 14 of the new
year of 1941, he had indeed confirmed the half-life of Pa-233 was 25 days, for he was
seeing the radioactivity of his sample falling by half every 25 days. But the properties
of uranium-233 were going to require further patience.

Seaborg sent a letter to The Physical Review on February 1 called ”Radioactive
Properties of Protoactinium” where they described their experiments and the
chemical techniques they had used to isolate protactinium. (Seaborg, 1976, pg.21) As
part of the wait for uranium-233, they began irradiating other samples of thorium,
so that they would begin their decay process even as they waited for results from
their first experiment. Fifty grams of thorium nitrate were exposed in the cyclotron
previously on December 8, and then 1000 grams of thorium nitrate from February 21
through March 4. Gofman began to extract the protactinium from this much larger
sample on March 28. (Seaborg, 1976, pg.37-38)

Seaborg left the Berkeley lab on April 6 to travel to New York to interview
with a prospective employer, American Cyanamid Corporation. (Seaborg et al., 1994,
pg.37) It was the first time Seaborg had flown in an airplane. While he was gone,
Gofman completed the extraction of the protactinium inventory from the large 1000

gram sample on April 10. Seaborg returned to Berkeley on April 16, having been
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offered the job with American Cyanamid but having chosen to decline it. The magic
he and Gofman had been hoping for was beginning to take shape in their isolated
protactinium sample.

On April 23, Seaborg noted that there was ”a small but discerable quantity of
alpha activity” in their protactinium sample. (Seaborg, 1976, pg.38-39) The fact that
they were discerning alpha radiation from the sample rather than beta radiation
indicated that the source of the radiation was definitely not Pa-233. It was the new
uranium-233 that was being generated as Pa-233 decayed away. The fact that its
alpha radioactivity was growing even as the beta radioactivity was diminishing was a
sure sign that the decay of the Pa-233 was the origin of the uranium-233, and more
and more of it would be present as the isolated protactinium sample continued to
decay.

No one knew what the half-life of uranium-233 was, but by counting the alpha
particles from the sample they could make a rough estimate of 100,000 years. This
was a radically different half-life than Pa-233. This meant that uranium-233 might
decay slowly enough to be useful as a nuclear fuel, provided it had suitable nuclear

characteristics. Seaborg made a prophetic statement in his journal that day:

Of special importance is our demonstration through these results that
U-233 is sufficiently long-lived to be a practical source of nuclear energy
should it be found to be fissionable with slow neutrons and should methods

for its large scale production be developed. (Seaborg, 1976, pg.38-39)

On March 28, the same day Gofman began his chemical extraction, Seaborg and
another part of his research group had discovered that plutonium-239, which was
formed from neutron absorption in abundant natural uranium-238, would fission
with slowed-down (thermal) neutrons. This was a tremendous discovery since
previously only naturally rare uranium-235 was known to fission with thermal
neutrons. Seaborg’s mind must have been fresh to the possibility that his newly-

discovered uranium-233 might possess the same potential as well, and using the
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techniques that had led to the demonstration of fission in plutonium-239, he might
be able to find out.

2.6 Elevating the Priority

Through the rest of the spring semester Gofman continued to refine his chemical
techniques for isolating protactinium from irradiated thorium samples, but when the
summer came Seaborg didn’t have sufficient funding to continue his research and sent
him home to his family in Cleveland until the fall semester started. (Seaborg, 1976,
pg-47)

During the summer Seaborg reported the results of the discovery of uranium-
233 to Dr. Lyman Briggs and Professor Lawrence. Briggs was the head of the
National Bureau of Standards and was chairman of the committee whose purpose
was to investigate the use of atomic energy in warfare. (Seaborg et al., 1994, pg.23)

Behind the scenes, Seaborg’s discovery that plutonium was fissile had attracted
a great deal of attention from the men who were secretly leading the American
investigation of nuclear warfare. Seaborg had communicated his results to Ernest
Lawrence on May 19th, who in turn passed the message on to Arthur Compton,
the chairman of the National Academy of the Sciences Review Committee and to
Vannevar Bush, the chairman of the National Defense Research Committee. Compton
told Bush that the demonstration of the fissile nature of plutonium-239 (or ”element
94” as it was then known) increases the importance of uranium by over 100 times,
since now the previously worthless uranium-238 might be converted into a nuclear
weapon material.

Up until this point, Seaborg’s investigations of plutonium, thorium and uranium-
233 had been reflections of his scientific curiosity. But that began to change in June
1941 when Seaborg was brought ”into the fold” of the national effort to develop
a nuclear weapon. On June 16, Seaborg received a letter from Vannevar Bush

appointing him an official investigator in connection with a contract between the

22



University of California and the National Defense Research Committee. Seaborg took
a Pledge of Secrecy and an Oath of Allegiance before an authorized official. (Seaborg
et al., 1994, pg.46) Plutonium work had become military work.

On June 28, 1941, President Roosevelt established by executive order the Office
of Scientific Research and Development, located within the Office for Emergency
Management. Vannevar Bush would be its first director and he would report directly
to the President. OSRD was to mobilize the nation’s scientists and apply the latest
research to national defense. The NDRC would continue but would operate within
the OSRD. (Hewlett and Anderson, 1962, pg.41)

Rare uranium-235 had been the entire focus of the military effort to develop a
nuclear weapon. It was an exceptionally difficult task to separate uranium-235, which
constituted only 7 parts in a thousand of a natural uranium sample, from common
uranium-238. Separating two isotopes of an element is always challenging because
they have identical chemical properties. But plutonium was an entirely new element,
and that meant that if it was created it must be possible to separate chemically—
indeed, the act of discovery of plutonium was made possible by a chemical separation.
If plutonium-239 was fissile, and if it was made from abundant and common uranium-
238, and if natural uranium also contained rare but fissile uranium-235, then an
entirely new option was now available. A nuclear reactor could be built where
uranium-235 fission led to the production of neutrons that would be absorbed in the
far-more-common uranium-238, producing plutonium-239. Then it was theoretically
a straightforward step to extract the plutonium chemically.

This approach was extremely appealing and interesting to the infant nuclear
weapons program in the United States. Rather than difficult isotopic separation
techniques to pull U-235 out of uranium, they could use the U-235 to make something
like it (Pu-239) but chemically extractable! Briggs, Lawrence, and Bush could see
the challenges that must lie ahead but were intrigued at the possibilities.

It is important to consider that previous to the discovery of the fission of

plutonium-239, the notion of building a reactor and the notion of building a nuclear
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weapon seemed like completely separate potential uses of nuclear energy. If one
built a nuclear reactor to make power, then that reactor would be consuming scarce
uranium-235 that could otherwise be isotopically separated and used in a weapon. It
was an either/or proposition, and if one had nuclear weapons as a top priority, then
the investigation of nuclear reactors for power was an expensive diversion that did
nothing more than consume scarce uranium-235. But the discovery that plutonium
was fissile changed all that. It was the bridge between reactors and weapons. Now one
could imagine why building a uranium-fueled nuclear reactor would be an essential
step in producing the plutonium that could be used in a weapon. Enrico Fermi,
working at Columbia University, began to consider the practical difficulties of building
a uranium-graphite pile. (Hewlett and Anderson, 1962, pg.42)

For Seaborg, the summer of 1941 brought something far more practical to his
research: funding. Seaborg flew to Washington D.C. on August 3 to meet with
Briggs and other officials at the National Bureau of Standards. While he was there,
Berkeley was notified that his new project had been assigned ” A-1-a” priority by the
Priorities Division of the Office of Production Management. That meant that they
would have top priority in purchasing key items for their project in competition with

other national demands for needed items.

2.7 Does Uranium-233 Fission?

One of the important acquisitions that Seaborg made with his new funding was a
young post-doctoral chemist named Raymond Stoughton, who had recently graduated
from Berkeley. (Seaborg, 1976, pg.56) Stoughton was born in 1916 and had grown
up in California where he had attended Berkeley as a chemistry student, obtaining
his bachelor’s degree in 1937 and his doctorate in 1940. He had gone on to teach
chemistry for a year at Texas A&M University before returning to Berkeley to join

Seaborg’s group. (Seaborg et al., 1994, pg.54)

24



Figure 2.8: Dr. Raymond Stoughton, chemist and co-discoverer of the fissile
properties of uranium-233. Photo courtesy of Oak Ridge National Laboratory, U.S.
Department of Energy.

25



Seaborg intended for Stoughton to improve the chemical separation techniques for
protactinium and uranium from thorium. If they could discover that uranium-233 was
fissile, much like plutonium-239 was fissile, then Seaborg could add the potential of
thorium to the national effort to build an atomic weapon. The thorium/uranium-233
effort was dwarfed by the rapidly growing effort in plutonium chemical separation,
but it was, for the time, partaking of the bounty of funding and interest that the
plutonium discovery had generated.

Stoughton, with Gofman supporting him, continued the work of isolating
protactinium chemically from an irradiated thorium sample. By September, they had
found promise in a technique where protactinium is co-precipitated with manganese
dioxide. They also intended to apply electrolysis techniques that would prepare thin
samples of Pa-233. Their intent was to bombard a much larger sample of thorium
with neutrons from the cyclotron in order to produce enough U-233 to test for its
fissionability by slow neutrons. (Seaborg, 1976, pg.59)

Using previously-exposed thorium samples, they also tested separation techniques
using zirconium phosphate. Stoughton’s chemical expertise was helping the U-233
project to move along much more rapidly than when Gofman had to act alone. By
October they felt confident in their chemical techniques and began to bombard a
5000 gram thorium sample in the cyclotron beginning on October 30. This time the
thorium would already be dissolved as a nitrate salt in water.

After 12 days and 14,250 microampere-hours of deuteron bombardment on
beryllium to produce the neutrons needed for their thorium sample, they removed
the sample on November 10, 1941 and immediately began their chemical extraction
procedure. It took a week of chemical effort, using nitric acid, manganous chloride,
and potassium permanganate to effect various chemical shifts in the tiny amount of
protactinium present in the sample. (Seaborg, 1976, pg.69)

The next day they began looking for the alpha radiation that would tell them
that uranium-233 was forming in their protactinium sample (from the decay of Pa-

233) and it immediately showed an alpha-particle count. It was too early for U-233
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to have formed in sufficient quantities, and they realized that another isotope of
protactinium, Pa-231, had formed in the sample from the action of fast neutrons on
thorium. (Seaborg, 1976, pg.70-71) Pa-231 was an alpha emitter but Pa-233 was a

beta emitter. The reaction that formed the Pa-231 is shown in Figure 2.9.

n*,2n 15}
24.8 mb 25.5h

Figure 2.9: Formation of protactinium-231 from fast neutrons on thorium-232

Pa-231 is the only natural form of protactinium. It has a half-life of 32,000 years
and had been independently discovered in 1917-18 by two groups of scientists, Otto
Hahn and Lise Meitner of Germany and Frederick Soddy and John Cranston of Great
Britain. Since it was an alpha-emitter like U-233 it would confuse the measurement
they were trying to make. But fortunately, its long half-life and the very short half-
life of Pa-233 meant that the uranium-233 they desired could be separated chemically
from their protactinium sample if they would simply wait for a period of time.

And so the generation of U-233 became a waiting game, whose rules were set
by the roughly one-month half-life of Pa-233. Throughout the winter of 1941-42,
while most of Seaborg’s lab worked with haste on the new plutonium, Stoughton and
Gofman waited for their ever-so-tiny amount of protactinium to gradually decay into
uranium-233.

While they patiently waited, things were changing. Fermi was making experi-
mental measurements of how neutrons would be multiplied in a pile of graphite and
natural uranium, which would be the form a plutonium production reactor might take.
Eugene Wigner of Princeton was also thinking about how a graphite-uranium reactor
could make plutonium, and later he would design the machine that would. Results
of US and British studies were being disseminated in government channels indicating
that a nuclear weapon using uranium-235 or plutonium-239 could be feasible and likely

would be small enough to be carried by an aircraft. And then the world changed.
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On December 7th, 1941, the Japanese attacked the US Navy base at Pearl Harbor,
Hawaii with 353 aircraft launched from six aircraft carriers. 2402 Americans were
killed in the attack and 1282 were wounded. Four battleships were sunk and four
more damaged. The Japanese also sank or destroyed other ships and 188 aircraft.
The United States was shocked. The next day war was declared on Japan, and
later on Germany. The effort to build a nuclear weapon took on added priority.

Seaborg wrote in his diary:

A greatly expanded effort is getting underway at many places on
the overall project of the preparation of fissionable material for
use in a nuclear weapon. This now has a high national priority and a
large contract ($405,000 for six months) in the name of Lawrence is going
into effect here at the University of California, Berkeley. This covers all of
the work that I am doing, other than a couple of my specific contracts, as
well as Lawrence’s ambitious program for the separation of U-235 by the
electromagnetic process, to which Kennedy and Segre are shifting their
efforts. Similarly, a large program is getting underway at the University
of Chicago under Arthur H. Compton concerned with the production of
the isotope [plutonium]-239 from the nuclear chain reaction with natural
uranium; this will be the center for this research program which has been
given the code name Metallurgical Project, with the main component
of this, at the University of Chicago, to be known as the Metallurgical
Laboratory... I am assuming leave status from my position as Assistant
Professor of Chemistry in order to devote full time to this high priority
research program. My group is being substantially expanded in order to

broaden the scope of my work. (Seaborg, 1976, pg.82-83)

Seaborg now realized that it was only a matter of time before he would be leaving

Berkeley to join the growing group of researchers being gathered from around the
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country to join the "Metallurgical Laboratory” in Chicago, one of the obliquely code-
named branches of the effort we now know as the Manhattan Project. All of the

key plutonium researchers would be relocating from Berkeley to Chicago. Would

uranium-233 be of sufficient importance to bring that small group as well?

Figure 2.10: John Gofman, Glenn Seaborg, and Raymond Stoughton hold a plaque
commemorating the 25th anniversary of the discovery of the fissile nature of uranium-
233, in 1967. Photo courtesy of Lawrence Berkeley National Laboratory.

The answer drew nearer as Stoughton and Gofman began the first chemical
separations of uranium from protactinium in January 1942. Near the end of the
month their pace of work accelerated considerably, with Gofman working nearly day

and night to complete chemical separations. He could sense that the goal was near
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and was almost feverish in his pursuit. On February 2nd, with a freshly purified
sample of uranium that he had finished only the night before, he began to bombard
the sample with neutrons produced from a radium-beryllium source.

And there it was—at 9:44pm he found 39 counts per hour that could be attributed
to the slow neutron fission of uranium-233. (Seaborg, 1976, pg.100) It was a rough
realization, since there was still no knowledge of exactly how much uranium-233 they
had laid down on the sample, nor the relative probability of U-233 fission to other
isotopes, but the broad conclusion was obvious. Uranium-233 underwent fission in
slow neutrons, just like uranium-235, just like plutonium-239. Thorium, a material
three to four times more common than uranium, could be made into a nuclear fuel
through neutron absorption. It was an epic discovery with profound implications for
the future of mankind, but its significance was overshadowed by the haste of war
and the focus on plutonium. The manufacture of plutonium in nuclear reactors and
its chemical extraction and purification were already the central objectives of the
"Metallurgical Laboratory”. Seaborg assumed that the creation of uranium-233 and
its extraction from thorium would attain equal priority and significance. But that

did not happen, for a variety of reasons.

2.8 Preparing to Move to Chicago

Within just a few days from February 2, Gofman and Stoughton had confirmed
that uranium-233’s properties in fission came exclusively from neutrons. When they
removed the neutron source (the radium-beryllium neutron generator) the fission
counts stopped, and when they returned it, the fission counts started again. This is
an important consideration for potential weapons use, since spontaneous fission was
a very undesirable property in fissile material used in a weapon.

Seaborg’s mind was largely occupied with his impending move to Chicago and

the dawning realization of the magnitude of the challenge that plutonium production
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and separation would be. On February 3 he had left for a meeting in Chicago, and

on February 7 he wrote in his journal:

As a result of this meeting I now fully realize the magnitude of the
project being planned around our new element [plutonium] and the
enormity of the chemical separation problem of isolating [plutonium]|-239
from large amounts of uranium and almost fantastic intensities of fission
products. When Compton asked me if I thought I could devise very soon a
chemical process for separating [plutonium] from such uranium and fission
products—a process that could be successfully scaled up for actual use in
a chemical extraction plant—I indicated that I thought I could, but I must

confess to some misgivings. (Seaborg, 1976, pg.104)

In order to determine the fissile properties of uranium-233, it was necessary to
determine just how much there was in the samples they were measuring. This was
a very difficult task, and Stoughton labored mightily to coordinate the decays he
was seeing in the original protactinium sample back to an estimate of just how much
there was in the first place. From these estimates, along with a knowledge of just how
long they had waited to make an extraction of the uranium, they could estimate the
amount of uranium present on the sample. And with this estimate and the counting
rates they were seeing from fission, they could make an intelligent guess at the actual
behavior of uranium-233 relative to its fissile cousins, uranium-235 and plutonium-
239. This required precision calibration of electroscopes, even accounting for known
measurement errors that particular units had experienced in the past. It must have
been very tedious and frustrating work. Gofman in particular was still searching
for spontaneous fission, and was so bothered by electrical interference in his lab at
Berkeley that he relocated the uranium-233, the radium-beryllium neutron source,
and the ionization chamber to his apartment. Perhaps he was finally able to get some
sleep as he waited for the single count that might indicate that uranium-233 had some

measure of spontaneous fission. (Seaborg, 1976, pg.113)
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By March 16, Stoughton had an estimation of the mass of uranium-233 on their
samples, and from that difficult extrapolation he produced a half-life estimate for
the material of 120,000 years, much closer to the modern calculation of 159,200
years. Stoughton estimated that the mass of uranium-233 in their tiny sample was
about 0.8 micrograms, about the mass of a single particle of baking powder. One
of the remarkable aspects of radioactive material is that this incredibly tiny sample
of uranium-233 was still sufficient to begin to tease its secrets from nature. Their
estimates for the half-life of Pa-233 were improving as well. Based on their latest
work they calculated a half-life of 27.4 days.* (Seaborg, 1976, pg.121-123)

On March 18, 1942, Seaborg dictated a paper where he first suggested the
name ”plutonium” be assigned to element 94, after the planet Pluto that had been
discovered in 1930 and named after the Roman god of the underworld. This continued
the pattern established by naming uranium after the planet Uranus, and element 93
neptunium after the planet Neptune.'

Calculating the mass of U-233 in one sample also allowed them to calculate masses
in other samples they had extracted, by using the ratio of their alpha-particle emission
activity. Another sample, which they called ”Sample J”, had a mass of 3.8 micrograms
by their estimation. Gofman had been studying Sample J in his apartment for several
weeks, searching for any sign that it was undergoing spontaneous fission. By March
30 he had recorded about 175 hours of effective counting and had not observed any
spontaneous fission events. This meant that if uranium-233 had spontaneous fission,
the half-life of that fission must be greater than 100 trillion years, and far beyond any
level that would be of concern to the weapons program. Uranium-233 was looking

more and more appealing to Seaborg.

*The modern accepted value of the half-life of protactinium-233 is 26.275 days.

fIn 1942 Pluto was considered a planet, but the discovery of the dwarf planet Eris in January
2005 led to a crisis in the planetary science community that led to a formalized definition of a
planet, which had previously not been explicitly defined. In 2006 Pluto was demoted to the status
of a ”dwarf planet” along with several other solar system bodies. Eris was named after the Greek
goddess of discord but ”erisium” rather than ”plutonium” might have been an appropriate name for
element 94, which has caused a great deal of discord.
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On March 31, Seaborg composed a letter to Dr. Compton where he proposed
"Investigations Which Might Be Considered in Case A Very Large Chemical Program
Were Undertaken” in his absence at Berkeley. Ome of those investigations was
"The development of chemical methods for separating kilograms of U-233 from large
amounts of thorium and fission products in case U-233 should prove to be a useful
isotope.”

Meanwhile, in his much larger plutonium group, two of his students, Spofford
English and Arthur Wahl, were investigating a promising technique called ”fluoride
volatility” in an attempt to separate plutonium from uranium and fission products.
Fluorine is the most electronegative element on the periodic table, and nearly all other
elements would convert to a fluoride chemical state in preference to all others. This
made fluorination of materials an interesting option for chemical separation. Uranium
tetrafluoride (UF,) was one form of fluorinated uranium, but there was another,
uranium hexafluoride (UFg) that was a gas at mildly elevated temperatures. What
English and Wahl were attempting to uncover was whether plutonium had fluoride
states that were less volatile than UFg. If there were chemical forms of plutonium
that were less volatile than UFg then perhaps it could be a separation technique.
But their early experiments were not terribly promising. Later the techniques of
fluorination and fluoride volatility would play an important role in the development
of the thorium-fueled molten-salt reactor.

By April 2, Gofman had given up the search for spontaneous fission and turned
his attention back to neutron fission measurements of uranium-233. With his 3.8
microgram Sample J, he used the radium-beryllium neutron source to stimulate fission
in the tiny U-233 sample. As he measured the counts, the picture that began to emerge
was that uranium-233 was even better than uranium-235 in slow fission. It had about
1.3 times the "effective slow neutron cross section” than its natural cousin. (Seaborg,
1976, pg.139) This was another promising development for the use of uranium-233
in nuclear reactors. But nuclear weapons do not use slow neutrons for fission—

they use fast neutrons, and the same measurement would need to be made for fast
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neutrons. Gofman began working on the fast-neutron-cross-section problem on April
9 but ran into problems immediately. Radon gas in his neutron source began to leak,
contaminating the ionization chamber. (Seaborg, 1976, pg.142) Within a few days he
got the leak fixed and resumed his experiments, but time was running out for Seaborg
at Berkeley. He was in the final stages of his departure and was attempting to write
up his results in a series of reports. One of those would be ”Properties of U-233"*
which would report that with a 3.8 microgram sample of U-233 they determined that
U-233 had a slow neutron cross section 1.25 times greater than U-235, that it had a
spontaneous fission half-life greater than 100 trillion years, and that it decayed by the
emission of alpha particles with a half-life of 120,000 years. (Seaborg, 1976, pg.144)

Each of these important numbers had been discovered through countless hours
of hard work by Gofman and Stoughton under the leadership of Seaborg. Each
represented an incredible amount of planning, calculation, and experimentation.
Fundamentally, they had been made possible in the first place by Lawrence’s far-
sighted decision to build larger and larger cyclotrons at Berkeley. No where else in
the world would it have been possible to smash deuterons on a target with enough
energy and intensity to produce such a flux of neutrons. And without that flux of
neutrons it would have been impossible to make enough uranium-233 from thorium
to determine its emission properties, its long half-life, and its superior slow neutron
properties. It was an amazing accomplishment, achieved at almost the first moment
in human history when it would have been possible.

On April 17, Seaborg and his colleague Isadore Perlman boarded the steamliner
”City of San Francisco” and set out for the University of Chicago to join the new
”Metallurgical Laboratory”. (Seaborg, 1976, pg.148-149) There they would determine

how to separate plutonium produced in a nuclear reactor from uranium and fission

!The paper "Properties of U-233" (abstract) was issued by the S-1 Committee in Washington as
report number A-153 dated April 13, 1942 with authors G. T. Seaborg, J. W. Gofman and R. W.
Stoughton. After the war it was published under the changed title ”Nuclear Propertics of U-233:
A New Fissionable Isotope of Uranium” by G. T. Seaborq, J. W. Gofman and R. W. Stoughton in
Phys. Rev. 71, 378 (1947).
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products. That plutonium would go on to be detonated in the first nuclear explosion
in New Mexico in July 1945 and over the city of Nagasaki on August 9, 1945. Their

efforts would change the world.

2.9 Alvin Weinberg at the University of Chicago

Alvin Weinberg was born on April 20, 1915 in Chicago and had grown up in its
Albany Park district. His father abandoned his family (Weinberg, 1994, pg.1-2) when
Alvin was 15 just as the Depression was beginning and Alvin saw little of him in the
years to come. When he was 16 he began studying at the University of Chicago, first
in chemistry, and later in physics. He credited the breadth of his education there
to a new plan implemented by the university president, Robert Hutchins, to expose
each student to elements of humanities, the social, biological, and physical sciences
to much of his later success as a scientific adminstrator.

Although he claimed that he found physics to be a difficult subject, Weinberg
showed quite an aptitude for it, and stayed at the University of Chicago to study
under Professor Carl Eckart. Weinberg’s research concerned mathematical biophysics,
an ambitious attempt to model biological performance based on mathematical models
of nerves and cellular metabolism. As part of his research Weinberg became adept at
using a family of challenging mathematical functions called Bessel functions. Bessel
functions were used to model electrical conduction along a long nerve ending.

Weinberg was awarded his Ph.D in the winter of 1939 on almost exactly the
same day when German scientists were announcing their discovery of nuclear fission.
Weinberg was awarded a National Research Council fellowship to work on nerve
biology with one of the nation’s top biophysicists at Columbia University, but
that professor ended up coming to the University of Chicago to work on the new
Manhattan Project. Eckart knew of Weinberg’s capabilities and began to enlist him
to make calculations for various aspects of neutron-multiplying ”piles” of uranium

and graphite or beryllium. These calculations made special use of Weinberg’s skill
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Figure 2.11: Young Alvin Weinberg in his Manhattan Project-era days. Photo
courtesy of Oak Ridge National Laboratory, U.S. Department of Energy.
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with Bessel functions that he had acquired from his modeling of nerve endings. By
the fall of 1941 as he was reporting his results, Eckart announced that he would be
leaving Chicago for war-related work at the Undersea Naval Laboratory in La Jolla,
California. Weinberg protested that he would not be able to continue his work without
Eckart’s guidance. Eckart simply said, "Don’t worry. Eugene Wigner is coming to
Chicago.” (Weinberg, 1994, pg.10)

Eugene Paul Wigner had been born in Budapest, Hungary on November 17, 1902
to middle class Jewish parents. Wigner began studying at the Technische Hochschule
in Berlin in 1921 at the age of 19, where he met such luminaries as Max Planck,
Werner Heisenberg, Wolfgang Pauli, and Albert Einstein. He also met Leo Szilard
who became his closest friend. In 1930 he was recruited to Princeton and emigrated to
America, becoming a naturalized citizen in January 1937. His friend Leo Szilard had
become very concerned about German activities in nuclear energy and at Szilard’s
prompting, Wigner drove him to a meeting with Albert Einstein. Szilard crafted a
letter for President Roosevelt which Einstein signed. That letter is considered the
origin of the Manhattan Project.

Weinberg met Wigner in February of 1942, around the same time that Gofman
and Stoughton were discovering that U-233 was fissile. Wigner was commuting from
Princeton every month and had been working loosely with Enrico Fermi on the
problem on neutron multiplication in a pile of uranium and graphite. The cyclotron
at Berkeley had been able to produce individual neutrons from accelerated deuterons,
but even the most magnificent cyclotron in the world could only produce a few
micrograms of plutonium or uranium-233. But with the multiplication of neutrons
from fission, it could be possible to produce much more. If uranium piles could
achieve the state of ”criticality”, where each fission led to exactly one more fission,
then truly impressive production rates might be possible. This was the heart of
Wigner’s research. Weinberg had not known the purpose of the research when he
began work in Eckart’s group in Chicago, but it was whispered to him by a younger

colleague one day in an unguarded moment.
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Wigner had experienced Nazism in Germany and Hungary and was convinced
that the Nazis would prevail over the free world unless the Metallurgical Laboratory
could achieve its goals in the shortest possible time. (Weinberg, 1994, pg.23) He and
Szilard had been pushing the government to action since 1939, and in 1942 they were
convinced that precious years had been wasted because the project had not been
moving fast enough. Weinberg said ”Wigner after all counted each day until a bomb

was made as an unnecessary gift to the Nazis.” (Weinberg, 1994, pg.30)

38



Chapter 3

Relevant Aspects of a Sustained

Chain Reaction

3.1 Plutonium’s Advantage in a Production Reac-
tor

Although Seaborg’s small U-233 team had shown that uranium-233 had many of
the same advantages that plutonium-239 did as a fissile material, plutonium had
a surpassing advantage over uranium-233 as a material for a nuclear weapons
program. It was simply this: uranium, the parent material of plutonium,
already contained the fissile isotope needed to enable a reactor to achieve
criticality.

Thorium, the parent material of uranium-233, contained no such fissile isotope.
A pile of natural thorium could never achieve criticality, no matter what its size,
no matter what moderator material was used, because there was no fissile material
present. This meant that any thorium pile would have to be supplied with fissile
material® in order to achieve criticality and begin operation. But the entire objective

of the Metallurgical Laboratory was to create fissile material in a pure and chemically

*Either uranium-235, plutonium-239, or uranium-233.
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separable form. Creating pure fissile material and then utilizing it to start a thorium
pile made no sense whatsoever. The very material that would be used to start the
pile would be the material whose creation would be the goal of the pile!

The fact that uranium was composed predominantly of the parent material of
plutonium-239 with just a small amount of fissile material meant that a production
reactor to make plutonium could be achieved from the outset of the nuclear
endeavour, using natural uranium. A chain-reacting pile need not depend on any
uranium enrichment, only on the proper choice of moderator material and geometric
arrangement.

But any pile with thorium as a fuel would have no fissile material and no potential
for multiplication, to say nothing of actually achieving a chain reaction. Thus, no
matter what properties Seaborg and his clever chemists would find in
uranium-233, there was no way that a thorium production reactor would
ever achieve the same significance as a uranium production reactor.

Why didn’t natural thorium have any fissile isotopes? Well, several thorium
isotopes have appreciable fission cross-sections in thermal neutrons. Further research
would show that thorium-227 and thorium-231 had a fissile cross-sections about 38%
and 21% those of uranium-235. But thorium-231 had a half-life of only one day,
and thorium-227 only 19 years. In the eons of time that had passed since the heavy
elements were formed in the cores of stars neither of these thorium isotopes existed
on Earth in any appreciable amount. Only thorium-232, with its 14 billion year
half-life, about the age of the universe, persisted to the present day.

Uranium also had other interesting isotopes, such as the uranium-233 that Seaborg
and his group had discovered. But the only isotopes of uranium with truly long half-
lives were uranium-238 and uranium-235, with half-lives of 4.5 billion and 700 million
years, respectively. Only U-238 and U-235 persisted to the present day, and of all
fissile isotopes since discovered, U-235 by far has the longest half-life. Thus natural
uranium was the only material in 1942 that could be the basis of a chain-reacting pile.

Since the difficult isotopic separation of uranium was the goal of another branch of
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the Manhattan Project, it was left to the physicists and chemists of the Metallurgical
Laboratory to construct a chain-reacting pile based on uranium, and that pile would
only make one chemically-separable fissile isotope in any quantity: plutonium-239.
This fundamental fact about the nature of uranium and thorium has consequences
that persist to this day. If a nation or organization wishes to build the simplest nuclear
reactor to produce chemically-separable fissile material, they will undoubtedly choose
uranium as the reactor fuel and plutonium as the product. This is a basic reason
why thorium and uranium-233 were of diminished consequence to the Metallurgical
Laboratory and have been of little interest to nations or groups who have desired to

develop nuclear weapons ever since.

3.2 The Priorities of the Metallurgical Laboratory

The priorities of the Metallurgical Laboratory in Chicago in 1942 had nothing to do
with the eventual use of nuclear energy to produce safe and efficient civilian electrical
power. They were entirely focused around the creation and purification of material
for nuclear weapons. To this end, each group had particular objectives. Eugene
Wigner and his group, including Alvin Weinberg, were attempting to design the large
plutonium-producing reactors that would eventually be built in Hanford, Washington.
Glenn Seaborg and his chemists were attempting to design techniques to remove
plutonium from uranium and fission products in a chemically pure form. And Enrico
Fermi and his team were attempting to achieve the first controlled chain reaction in
a pile of graphite and natural uranium there in Chicago. If Fermi was successful, it
would aid Wigner’s group in confirming the nuclear calculations that they were using
as the basis of their designs. And without Seaborg’s success, none of it would be
useful.

Seaborg continued to correspond with his former Berkeley colleagues Raymond
Stoughton and John Gofman after his arrival in Chicago. He also promoted

uranium-233 as an alternative fissile material to plutonium-239, should the need
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arise. (Seaborg, 1977, pg.8) Since chemical separation would be an important part
of any uranium-233 production scheme, by June Seaborg was corresponding with
Stoughton about the potential of fluorination as a separation technique.

Fluorination was a clever chemical technique that took advantage of a basic
chemical difference between thorium and uranium. Each element has a variety of
"valence states” which describe how many bonds they will make with other elements.
Thorium has a very simple valence structure, called ”+4”. This means that thorium
will share four electrons to form four chemical bonds with other elements. Some
elements typically form more than one bond, like oxygen. Oxygen will usually share
two electrons to form two bonds with other elements, and with thorium two oxygen
atoms will form a very chemically stable configuration: thorium dioxide (ThOs),
which is the chemical form thorium is usually found in nature.

Fluorine forms just one bond with other elements, so it requires four fluorine atoms
to form a stable molecule with thorium. That molecule is called thorium tetrafluoride
(ThFy).

Uranium has two main valence states, +4 and +6. Depending on the conditions,
uranium will share either four or six electrons with other atoms. This means that an
atom of uranium could chemically bond with two or three atoms of oxygen (UO5 and
UQO3), or with four or six atoms of fluorine (UF, and UFg). When uranium bonds
with six atoms of fluorine it forms uranium hexafluoride, and this compound turns
to a gas at relatively low temperatures.

The theory behind fluorination as a chemical separation technique is that a
mixture of thorium and uranium tetrafluorides (ThF, and UFy) can be separated
from one another by adding more fluorine to the mixture. Two fluorine atoms will
bond with each atom of uranium, causing uranium tetrafluoride to become uranium
hexafluoride, which is typically gaseous at the temperatures of interest. Uranium
hexafluoride, as a gas, will bubble out of a liquid mixture of ThF,4 and UF,. Thorium
does not form a gaseous hexafluoride like uranium does, so it is left behind in a

fluorination process.
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Seaborg’s interest in fluorination as a separation technique came from the fact that
thorium, exposed to neutrons in a reactor, would absorb some of those neutrons and
form small amounts of uranium-233. If the thorium and uranium were chemically
converted to tetrafluorides, which was a rather simple chemical step, and if that
mixture was further fluorinated to convert the uranium to a hexafluoride, then it
would be rather easy to separate uranium from thorium.

In late June Seaborg and Stoughton exchanged samples of thorium tetrafluoride
that had been exposed to neutrons in the 60-inch cyclotron. Stoughton irradiated the
thorium tetrafluoride in the cyclotron, then sent it to Seaborg in Chicago. Seaborg’s
chemists fluorinated it and then sent the resulting material back to Stoughton for
his analysis. By July 17, Stoughton reported that he had recovered 25-35% of
the uranium-233 through fluorination. (Seaborg, 1977, pg.125) The basic idea of
fluorination seemed sound. Later work would improve its efficiency considerably.

Despite his interest in thorium and uranium-233, Seaborg’s overwhelming priority
was the chemical separation of plutonium from uranium and fission products in the
production reactors that would be built in Hanford. Fluorination was not a very
effective technique for separating uranium from plutonium, because plutonium had
a variety of valence states and could also form a gaseous hexafluoride. If plutonium
hexafluoride formed in preference to uranium hexafluoride then there might have been
interest, but just the opposite took place. During fluorination all of the uranium would
react with the fluorine (forming gaseous UFg) before the plutonium would, meaning
that an entire volume of uranium parent material would need to be fluorinated to UFg
before the plutonium would begin to fluorinate to PuFg. This was undesirable, since
they estimated that the Hanford reactors would have a million grams of uranium in
their exposed fuel for every thirty grams of plutonium.

The fact that uranium would fluorinate to an easily-separable gas and thorium
wouldn’t made fluorination an attractive chemical separation technique for a thorium-

uranium-233 reactor, but not attractive for a uranium-plutonium reactor. Since

43



the priority of the Metallurgical Laboratory was chemical separation of plutonium,

fluorination assumed a role of lesser importance over time.

3.3 The Significance of Achieving Criticality

Seaborg and his team at the University of California, Berkeley had originally begun
their research into plutonium and uranium-233 using neutrons generated from a
cyclotron. Why then was there such a strong interest in building a critical nuclear
reactor when they had cyclotrons?

It was simply this—with the cyclotron there was a substantial cost associated
with producing a neutron but with a critical nuclear reactor that cost dropped by
orders-of-magnitude.

To produce kilograms of plutonium for a nuclear weapon it would be necessary to
bombard natural uranium-238 with neutrons to form plutonium-239. To produce one
kilogram of plutonium-239 from one kilogram of uranium-238 would require 2.5 trillion
trillion neutrons (2.5 x10%** neutrons). The 60-inch cyclotron that Seaborg and his
students had used at Berkeley was the most powerful in the world and could generate
high-energy deuteron beams that would smash into phosphorus, causing the ejection
of neutrons. At the beam currents that had been used in previous experiments at the
cyclotron (735 micro-amperes) the cyclotron was only producing 200 trillion neutrons
per second. At that rate, it would have taken 400 years to produce a single kilogram
of plutonium-239. Since the Manhattan Project estimated that they would need
tens of kilograms of plutonium for their mission, even a fleet of cyclotrons operating
continuously would take far too long to produce the amounts of material needed.

Each neutron produced in a cyclotron represented a cost in terms of energy. It took
energy to accelerate the deuteron to sufficient speeds to smash it into the phosphorus
target, producing a neutron. The relationship between the cost in energy and the

number of neutrons needed was direct and rather immutable.
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Fission was another way to obtain the trillions of trillions of neutrons needed to
make plutonium. Each fission reaction released two or three neutrons and about 200
MeV of energy. The leadership of the Manhattan Project wasn’t interested in the
energies that would be released in fission (unless they were in an explosive); rather
they were interested in the neutrons, which could then be used to create plutonium-
239 from uranium-238. If each neutron could be "multiplied” to produce another and
yet another, the cost of those additional neutrons would be reduced. And if a neutron
could be multiplied an infinite number of times, then its cost plummeted relative to
the cyclotron.

A critical reactor was a compelling option for producing large numbers of neutrons
that held much more promise than cyclotron technology. The basic idea was
that neutrons could be multiplied if you assembled fissile material, with the right
moderator, in the right configuration. There was only one option at that time for
the fissile material—uranium. It alone contained a fissile isotope (uranium-235)
although U-235 was a tiny fraction of natural uranium. Only one uranium atom
in 137 was uranium-235. The other 136 were neutron-absorbing uranium-238 atoms,
which would not fission nor would they help to multiply neutrons significantly.

Enrico Fermi had been one of the pioneers in assembling piles of material that
would multiply neutrons. Since 1939 he had been researching the notion of the
“exponential pile”, an arrangement of uranium and graphite that would try to
demonstrate that each fission event could lead to another and yet another.

This notion of a neutron causing a fission reaction, which would lead to the
emission of more neutrons, which would lead to more fission reactions, was very
compelling because it promised to provide far more neutrons for the conversion of
uranium to plutonium than external techniques like the cyclotron. But the basic
challenge was the fact that uranium-235 was such a rare component of natural
uranium.

The physicists expressed their accomplishment in terms of a single, non-dimensional

number which they called ”k”, or the multiplication constant. The inverse of (1 — k)

45



was the number of additional fission events that would be triggered, including the
original. If k was 0.5, then each fission event would lead to another. A k of 0.8 meant
a fission event would lead to four more. A multiplication constant of 0.95 meant a
fission event would lead to a total of twenty before the process ended. At k = 0.99 a
hundred fissions would result. And at £ = 1.0 something amazing happened. A fission
would be multiplied an infinite number of times and the reactions would continue and
continue without end. That magic number, k£ = 1.0, was called " criticality”; a value of
k less than one was called "subcritical”; and a value of k greater than one was called
"supercritical”. All of the exponential piles that had been built had been subcritical,
but they were getting closer and closer to a critical pile. Arranging a pile of uranium
and graphite to achieve criticality was the goal of Fermi’s group, first at Columbia
University and later at the Met Lab in Chicago. In a supercritical pile each fission
would lead to more than one additional fission and theoretically the power level would
grow without bound.

Of course, the physicists couldn’t simply wish for the multiplication constant to
equal one and thus it was so. They had to arrange material carefully, studying the
parameters of uranium and the graphite that surrounded it, to see which changes
improved k and which reduced it.

Alvin Weinberg recalled his skepticism that criticality could actually be achieved:

Fermi had performed the first exponential experiment in August 1941.
From his second experiment, in the fall, Fermi found a value £ = 0.87—
some 0.13 short of the magical k = 1. To increase k, three improvements
were available: optimizing the dimensions of the lattice; shifting from
uranium oxide to uranium metal; and ridding the graphite and uranium
of tramp elements, such as boron, that absorbed neutrons. Thus Fermi
brought to Chicago a program of successive exponential experiments, each
embodying one or another improvement—purer graphite and uranium;

uranium metal instead of oxide; and more optimal lattice spacing...in
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those early days I was skeptical. The idea of a nuclear chain reaction
simply seemed too miraculous, too unbelievable. The distance
from k = 0.87 to k ; 1 struck me as a God-given barrier that could not be
overcome. Even Johnny Wheeler’s patient tabulation of the improvements
in k provided by increased purity, optimized lattices, and the shift from

oxide to metal failed to convince me. (Weinberg, 1994, pg.15-16)

An analogy might be made between the multiplication constant and skipping a
stone on a pond. A skilled stone-skipper can cause a flat stone to skip many times
before it falls into the water. This could be likened to a fission reaction in a subcritical
multiplying pile, with each skip of the stone representing a fission reaction. But if
one could imagine skipping a stone that keeps skipping forever, never slowing down
or falling into the water, then that could be likened unto a fission reaction in a
multiplying pile that has achieved criticality. Of course, in the real world, a stone
cannot skip across a lake forever. But criticality can be achieved in a pile of natural
uranium and graphite; with great care, high-purity materials, and a penetrating
insight into the problem. These are the gifts that Enrico Fermi and his team brought

to the challenge of building the world’s first critical assembly of material.

3.4 Criticality and Power Level Relationship

By March 1942, experiments with the first exponential pile in Chicago were yielding
a multiplication constant of 0.94, with a margin of error of plus-or-minus 0.02. That
meant that a fission reaction was leading to roughly twenty others before it was
quenched in that pile. By mid-May Fermi was reporting that he had achieved k
= 0.995 in an improved pile, meaning that each fission was being multiplied about
200 times before the reaction stopped. Confidence was growing that criticality was
actually possible.

The implications of a critical pile of material were significant. To produce

plutonium for weapons in kilogram-scale quantities require trillions of trillions of
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neutrons. In a critical nuclear reactor, each fission would lead to another fission
indefinitely. But would it produce enough neutrons?

One of the remarkable aspects about criticality, as a physical principle of a nuclear
reactor, is it is very different than the power level of the reactor. Criticality can be
achieved even when the thermal power generation of the reactor is at a billionth, or
even a trillionth of a watt. Explained another way, stating that a reactor has achieved
criticality tells you nothing at all about how many nuclear reactions are taking place
at a given moment inside the reactor. All that it explains is that each fission reaction
is leading to another one. It is not difficult to imagine a nuclear reactor critical on a
single neutron, so long as that neutron is causing a fission that leads to another fission,
that state of affairs is correctly described as a reactor that has achieved criticality.
But in such a reactor, the power that would be generated from the fission reaction
would be far, far too small to measure.

What is important, then, is that a sufficiently large number of fission reactions are
taking place at a given moment. The reactors that Wigner’s group at the Met Lab
were designing were intended to produce plutonium, and for that mission that they
needed a great number of fission reactions. Wigner’s original design for the Hanford
reactors intended for each of them to operate at 500 megawatts of thermal power.
Assuming that each fission releases about 200 MeV of energy, that implies that each
of those reactors needed to be producing 16 billion billion (16 x10'®) fission reactions
each second. If each of those fission reactions also led to the formation of a plutonium
atom, then a 500-MW Hanford reactor could produce a kilogram of plutonium-239
in less than two days.

In principle, there was no difference between a reactor that was critical on 16 billion
billion fission reactions per second or a reactor that was critical on a single reaction
per second. Both were perfectly valid expressions of the principle of criticality. But
from a practical standpoint there was a world of difference between a reactor that
could make the material needed at a rate of half-a-kilogram per day and one that

took hundreds of thousands of years.
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So if there is no relationship between criticality and power level, why was there
so much interest in developing the first critical assembly of materials? It was this—if
a reactor could achieve criticality then it could likely achieve a very small degree of
supercriticality (k > 1), and if a reactor was operated at a supercritical state its power
level would increase. One fission would lead to more than one fission. In this manner,
a reactor that was originally critical at a vanishing small power level (perhaps as
low as a trillionth of a watt) could be increased in power until it reached the desired
level. Then by adjusting the multiplication of the pile, through the insertion or
removal of neutron-absorbing material, it would be possible to ”level off” the reactor
(from supercriticality back to criticality) at the power level desired. That was one of
the responsibilities of the reactor operator—to take a reactor from subcriticality to
criticality at some very low power level, then to take the reactor slightly supercritical
to increase its power, then to return to criticality to hold the power steady at the
desired level for production of plutonium.

An analogy might be made between an airplane flight and a reactor moving
from subcriticality to supercriticality. The airplane rolling down the runway and
accelerating could be likened to a subcritical reactor whose multiplication constant is
increasing from zero to one. When the airplane first lifts off the runway, that could
be likened to the reactor achieving criticality. As the airplane climbs in altitude, that
could be likened to a supercritical state, where the reactor is increasing in power level.
When the airplane reaches the desired altitude, it levels off and maintains altitude.
That would be analogous to a reactor returning to criticality from supercriticality at

the desired power level.
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3.5 The Important Role of the Moderator in a
Reactor

When a fission reaction takes place, two fission products and several neutrons are
released. Each of these has a large amount of kinetic energy. Although it might seem
that a high-speed neutron would be more likely to cause another fission reaction than
a low-speed neutron, just the opposite is true. Neutrons that have been slowed down
are much more likely to cause a fission reaction in a suitable nucleus.

The process of slowing neutrons down, or ”thermalizing” them, falls to a class of
material that is just as important in a nuclear reactor as the fuel. This material is
called the "moderator” and its role is to slow down neutrons through collisions with
the nuclei of the moderator material without absorbing them.

Since neutrons are slowed down by colliding with atomic nuclei, the most effective
moderator for slowing down neutrons is a single proton. The proton and neutron are
almost exactly the same size and there is no electric repulsion between them because
the neutron has no electric charge. In theory, a neutron can lose all of its kinetic
energy in a single collision with a proton, provided it strikes at precisely the right
angle. But in reality, since the angle of impact is random, each collision between a
high-energy neutron and a low-energy proton only results in about 63% of the kinetic
energy of the neutron being lost.

An atomic nucleus with only a single proton is not difficult to find, in fact it is
the most common type in the universe. A single proton is the description of the most
common isotope of hydrogen, hydrogen-1. Hydrogen is the only element where each
of its isotopes have been assigned their own distinct names. Hydrogen-1 is called
"protium”, hydrogen-2 is called ”"deuterium”, and hydrogen-3 is called ”tritium”.
Each has a single proton and zero, one, or two neutrons.

Protium is the most effective material for slowing-down neutrons, but it has a
serious flaw as a moderator. Protium has a significant appetite for absorbing the

neutron rather than simply letting it bounce off in a collision. In an ideal moderator
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material there would be no neutron absorption at all by the moderator. A material
that comes much closer to that ideal is protium’s rare sister isotope deuterium,
sometimes called "heavy hydrogen”. A deuterium atom is only present in one out of
6400 atoms of protium in a sample of hydrogen, so while it is naturally-occurring it
is very dilute.

Deuterium is not as effective as protium in slowing down a neutron, removing only
52% of the kinetic energy of a high-energy neutron in each collision, but it makes up
for that disadvantage by its almost complete lack of neutron absorption, far less than
protium.

Any material that contains hydrogen then can potentially serve as a moderator
to slow down neutrons. Water, paraffin, and polyethylene are all compounds that
contain large amounts of hydrogen that have been used as moderating materials.
Although each of these compounds contain other elements, like oxygen or carbon,
it is the hydrogen they contain that is responsible for the vast majority of their
ability to slow down neutrons. In each case, if the hydrogen in these compounds is
replaced by hydrogen where the deuterium content has been increased considerably,
the compound is referred to as "heavy”, while the same compound using a natural
mixture of hydrogen isotopes is called ”light”. Thus water with unaltered hydrogen is
called "light water” and water with highly-enriched hydrogen is called "heavy water”.
Light water is very effective at slowing down neutrons in a short distance but it
consumes some of them. Heavy water is somewhat less effective at slowing down
neutrons in a short distance but will hardly absorb any neutrons.

Atomic nuclei heavier than a single proton become less and less effective at slowing
down neutrons through collisions, but other materials have been used successfully as
moderators because they have low neutron absorption potential. Beryllium is an
element that consists of a single isotope, beryllium-9, with four protons and five
neutrons. Each collision with beryllium-9 only slows a high-energy neutron by 19%,
but beryllium also has a very low propensity to absorb neutrons, and it is an effective

moderator in high-temperature applications where water or another hydrogeneous
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compound is unsuitable. Natural carbon has two main isotopes, carbon-12 which
comprises 99% of natural carbon and carbon-13 which comprises nearly all of the rest.
Carbon-12 is less effective than hydrogen or beryllium at slowing down neutrons, and
each collision between a high-energy neutron and a carbon-12 nucleus only removes
15% of the energy of the neutron. But carbon-12, like deuterium, has a very very low
propensity to absorb the neutron, and carbon in the form of graphite can be used at

high temperatures.

Table 3.1: Moderator Performance of Suitable Isotopes

isotope energy removed from a mneutron absorption
high-energy neutron per (relative to
collision deuterium)

hydrogen-1 63.2% 604

hydrogen-2 51.6% 1

beryllium-9 18.7% 17

carbon-12 14.6% 6

nitrogen-14 12.7% 3458

oxygen-16 11.3% 0.4

fluorine-19 9.7% 17

Beyond carbon, few materials are considered as moderators since their effec-
tiveness falls off rapidly with increasing mass. Other light elements are rarely
considered as moderators for other reasons. Helium-4 is light and has almost no
neutron absorption, but as a low-density gas it is not an effective moderator since
it is very difficult to confine enough helium nuclei in a given volume to appreciably
slow neutrons. Lithium has a common isotope (lithium-6) that is a strong neutron
absorber, as does boron (boron-11). Nitrogen also has two isotopes, but the
common one (nitrogen-14) is quite absorptive of neutrons. Oxygen has little neutron
absorption but it is difficult to form compounds with a high density of oxygen. Thus
in the first eight elements of the periodic table only three (hydrogen, beryllium, and

carbon) are realistically considered as moderators, with the two natural isotopes of
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hydrogen generally considered separately, leading to the description of "light” and
"heavy” compounds of materials that contain hydrogen.

For Fermi’s efforts to achieve criticality in an exponential pile with natural
uranium, neutron absorption by the moderator had to minimized to the maximum
degree possible. In large part this was due to the fact that natural uranium consisted
mostly of absorptive material (uranium-238) with very little fissile material (uranium-
235). This swiftly ruled out normal hydrogen as a moderator material—protium
was simply too absorptive of neutrons. Beryllium was too expensive and rare. The
remaining credible options were highly enriched hydrogen in the form of heavy water
and carbon in the form of graphite. Graphite was cheap and effective and it was chosen
for the exponential pile experiments, even though heavy water was more effective. The
cost and scarcity of heavy water ruled it out for early consideration, although Fugene
Wigner investigated heavy-water moderators reactors shortly after Fermi achieved
success with his first critical assembly.

Early descriptions of nuclear reactors as ”piles” came about because Fermi’s early
experiment literally involved stacking bricks of graphite and cylinders or spheres of
uranium in piles under the west stands of the former stadium at the University of
Chicago. Later as reactors used liquid water as a moderator the description of a

reactor as a "pile” fell into disuse.
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Chapter 4

The Metallurgical Laboratory at
the University of Chicago

4.1 Achieving Criticality for the First Time

Wigner’s group continued to make progress on the design of the plutonium-producing
reactors for Hanford, considering all manner of coolant options and core geometries.
In July 1942 Fermi’s most recent calculations predicted that one of his geometries
could achieve k = 1.007. There was light at the end of the tunnel, particularly for
young Weinberg, who had wondered whether £ < 1 was some sort of cosmic barrier
preventing the creation of reactors. Weinberg was electrified. (Weinberg, 1994, pg.16)

Those were heady times for the young physicist, working on the most challenging

and important projects in the world.

We were writing on a tabula rasa. Everything was new and untried.
Discoveries came easily. Since graphite was the moderator of choice for
the plutonium-producing reactor, most of our computations were devoted
to combinations of graphite and uranium, or uranium oxide. In Fermi’s
exponential pile the uranium oxide was disposed as roughly spherical

lumps about 6 centimeters in diameter. But in a high-power reactor,
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which required a coolant such as swiftly-flowing helium, or air, or even
water, such an arrangement was awkward since each uranium lump was
separated from its neighbor by several inches of graphite. Much better was
an arrangement in which the uranium was disposed as long rods bathed
in flowing coolant that traversed the entire pile. The rods were regularly
spaced to form a two-dimensional lattice. To calculate the multiplying
properties of such a two-dimensional cylindrical lattice required some
familiarity with Bessel functions. I had encountered these in my work

. (since nerves are long, very thin cylinders), and so I became a sort of

minor expert on Bessel functions for Wigner’s group.

Under Wigner’s guidance we examined lattices moderated by heavy water,
light water, and beryllium, as well as by graphite. We quickly realized
that the £ in an optimal lattice moderated by heavy water was at least
10% higher than one moderated by the purest graphite. Indeed, as we
learned in 1945, the German uranium project focused entirely on heavy-
water-moderated piles. But heavy water required an isotopic separation
of deuterium (heavy hydrogen) from ordinary hydrogen. This separation
was much easier than separation of uranium isotopes, but it was still
formidable. Although plants for producing heavy water were built as
insurance in both Canada and the U.S. in case graphite moderation proved
infeasible, heavy water played no role in the production of plutonium

during the war.

Life for Wigner’s band of theorists was filled with great excitement and

seven-day work weeks. (Weinberg, 1994, pg.18-19)

Fermi’s group was getting closer and closer to being able to build a chain-reacting
pile, meanwhile Wigner’s group was designing the plutonium production reactors for
Hanford as if they were certain that Fermi would succeed. Weinberg reported that

both groups got along well.
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Success for Fermi’s group came on December 2, 1942, when their graphite piles,
fueled by lumps of natural uranium, first achieved criticality. Seaborg recorded in his

journal:

The first committee member I saw today was Greenewalt. We met late
this afternoon in the corridor of Eckhart Hall. As he approached me, I
could see from his demeanor he was bursting with good news. The aura of
cheerfulness and excitement that he carried with him and the way he held
out his hand in greeting told me that this signified more than just taking
pleasure in seeing me again. Then when I heard him say he had just come
from the West Stands, I understood the reason for his jubilation. Fermi
has produced a chain reaction—the pile is a success! Greenewalt
said that Fermi, Whitaker, Zinn and their crew started the experiment this
morning. As the control rods were cautiously withdrawn throughout the
day a few inches at a time, Fermi would take the new meter readings, and
using his slide rule, would calculate the multiplication factor. Greenewalt
said that he and Compton stood on the balcony, alongside Fermi and most
of his crew, watching the proceedings. Then at 3:20 p.m., Fermi called for
a few more centimeters. The pile became self-sustaining; in a few minutes
the output of the chain reaction rose to one watt. Fermi ordered the
reaction stopped, and everyone was tremendously relieved to see that the
activity could be extinguished by shoving the rods back into place. The
reaction took place without requiring as much material as Fermi earlier
anticipated (and thus he was two weeks ahead of schedule), and it was not
necessary to use the balloon to exclude air from the pile. However, he did
use almost six tons of uranium metal, 50 tons of uranium oxide, and 400
tons of graphite, nearly as much as predicted. (I learned later that Zinn,
Anderson and their pile builders reached a point where they knew the pile

would be self-sustaining very early this morning but did not proceed to
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this historic point, leaving this dramatic act for a more convenient time

later in the day.)

Of course we have no way of knowing if this is the first time a
sustained chain reaction has been achieved. The Germans may
have beaten us to it. [ wonder, are they aware that U-233 can be made
from Th232 and [plutonium]-239 from U-238 in a chain-reacting pile and
that either of these isotopes can be used in a fission bomb? And if they
have a pile that chain-reacts, would they use it to generate power or to
produce vast amounts of radioactivity as a military weapon? One thing
is certain; although Fermi has demonstrated that we now have a means of
manufacturing [plutonium|-239 in copious amounts, it is the responsibility
of chemists to show that the [plutonium| can be extracted and purified to

the degree required for a working bomb. (Seaborg, 1977, pg.390-391)

Fermi had achieved the goal of the first controlled nuclear reactor. But Seaborg
was wise enough to wonder if they had actually been the first. In the final days of the
war, the Alsos Mission was an Allied team deployed to Germany to find any evidence
of a nuclear weapons program. In the small town of Haigerloch, in the basement of
a castle, they discovered an odd arrangement of uranium metal cubes suspended by
wires in heavy water. It was never even close to successful operation and certainly

not comparable to Fermi’s achievement in Chicago.

4.2 Oak Ridge and the X-10 Reactor

Although the reactor group under Wigner and the chemical separation group under
Seaborg labored in the Metallurgical Laboratory at the University of Chicago, the
headquarters for the Manhattan Project was located in northeastern Tennessee, not
far from Knoxville. It was here that the Army established a secret city, now called

Oak Ridge, where the primary efforts of isotopic separation of uranium would be
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concentrated. Another aspect to their efforts was to construct a much larger pile of
graphite and natural uranium than the rather small one that Fermi had briefly built
in Chicago. This pile is known today in Oak Ridge simply as the ” Graphite Reactor”
but during the war was referred to by the code-name of its coordinates, X-10.

The X-10 pile was intended to operate at a power level vastly greater than Fermi’s
pile, and to operate for an extended period of time. It was meant to produce enough
plutonium in its uranium fuel in order to test Seaborg’s ideas about plutonium
separation. The land that would host the reactor had been acquired by the Army in
the fall of 1942 through condemnation and eviction of the farmers who lived there.
Construction began shortly thereafter. In late September 1942, Seaborg took his wife
Helen on a vacation in eastern Tennessee and as part of that trip they toured the
land that would soon host ”Pile Number 27, or the X-10 reactor. In correspondence
on October 26, Seaborg instructed that space be made available in the new pile
to irradiate samples of thorium to produce uranium-233. (Seaborg, 1977, pg.314)
He anticipated that the uranium-233 produced would be on the order of milligrams
rather than the micrograms that they could produce in the Berkeley cyclotron, a
thousand-fold improvement, but still a miniscule amount of material. To produce
these small amounts of uranium-233 would require exposing several tons of thorium
to the neutrons of the pile.

In early November, Seaborg had grown very worried about the purification levels
that would be required in the new plutonium that they would be producing for the war
effort. Impurities in the plutonium, particularly among the light elements like boron
or beryllium, could lead to neutron emission as alpha particles from plutonium decay
smashed into the impurity nuclei. He was so concerned that he wrote to Robert
Oppenheimer. (Seaborg, 1977, pg.325-326) A week later Oppenheimer wrote back,
and his words were not particularly reassuring. (Seaborg, 1977, pg.337-338) Due to
the far greater radioactivity of plutonium-239 relative to uranium-235, the tolerance
to impurities would be orders of magnitude lower than in uranium-235. Oppenheimer

asked "how bad is 237" referring to uranium-233 by its code name. It is doubtful
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Figure 4.1: The X-10 ”Graphite Reactor” under construction at Oak Ridge in 1943.
This reactor would produce the first milligram-level quantities of uranium-233 that
allowed understanding of its nuclear characteristics, and the realization that thermal
breeding—and the nearly complete utilization of thorium as an energy resource—was
possible. Photo courtesy of Oak Ridge National Laboratory, U.S. Department of
Energy.
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that uranium-233 would have offered much improvement over plutonium-239 in this
situation, since its half-life was only about six times less. What wasn’t mentioned
then, but would later be discovered, is that the U-232 contaminant of U-233 would
shower any sample with far more alpha particles than plutonium-239 did.

By December 9, 1942, Seaborg was still excited from Fermi’s recent accomplish-
ments in building the first chain-reacting pile and wrote to Stoughton in anticipation
of producing larger quantities of uranium-233 by loading thorium in the periphery of
the X-10 graphite pile. The production rate would be orders of magnitude greater
than they had achieved heretofore from the cyclotron, but still only a tiny fraction of
the production rate of plutonium in the pile. Seaborg continued to view uranium-233
production as a credible alternative to plutonium-239 production, despite its lower
production rates. The main advantage of U-233 in his mind was that, as uranium, its
chemistry and metallurgy were well understood whereas those properties in plutonium
remained a great mystery. He was also far more confident that uranium could be
extracted from a pile at high purity than plutonium. (Seaborg, 1977, pg.405)

By early February, Stoughton had left Berkeley to join Seaborg’s Metallurgical
Laboratory team in Chicago. Seaborg had hopes that Stoughton would carry on his
U-233 research, but noted in his diary that plutonium work would likely take priority
initially. (Seaborg, 1977, pg.512)

On Febrary 16, 1943, Seaborg sent another memorandum to Oak Ridge that space
be left in the new pile for ”50-100 pounds of thorium salt, which would produce enough
U-233 to make possible further studies of its nuclear properties.” (Seaborg, 1977,
pg.527) Despite Stoughton’s addition to the small U-233 effort in Chicago, progress
slowed even as it was accelerating on plutonium. Most of the chemical group’s effort
consisted of preparing thorium slugs for irradiation in the new ”Pile number 2” that

was being built in Oak Ridge (the X-10 reactor).
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4.3 Wigner Accelerates his Effort

As the new year of 1943 dawned, Wigner’s reactor group was finishing their design
for a 500-megawatt water-cooled reactor that could be built at the Hanford site in
Washington (”Site W”) and would produce half-a-kilogram of plutonium per day.
Their design report was called CE-407, " Preliminary Process Design of Liquid-Cooled
Power Plant Producing 500,000kw” and it was issued on January 9, 1943. After
that point, the design was essentially handed-off to the DuPont Company for the
actual detailed design, construction, and operation of the new plutonium-producing
reactors. (Weinberg, 1994, pg.26)

Seaborg noted on May 26 that Wigner had called the group’s attention to articles
in the scientific literature that indicated that the Germans were "running neck and
neck with us in 1941 and 1942” in the investigation of neutronic behavior in various
materials—a definite precursor to any work on nuclear reactors. (Seaborg, 1978, pg.32)
Wigner would simply not allow himself to entertain the possibility that Germany was
doing anything less than proceeding at maximum effort towards a nuclear weapon,
and he was driven by the unrelenting need to protect the free world by achieving the

technology first. As Weinberg recorded:

In the summer of 1942, Compton called Fermi, Wigner, and me to his
office. The issue: when could we expect the German atomic bomb?
Wigner went to the board and figured about six months to build the
reactor, three months to extract the plutonium, two months to build the
bomb, and maybe a few months for slippage. We might receive the
German bomb sometime in 1943! Wigner’s error was to assume
the German project to be manned entirely by Wigners. (Weinberg, 1994,
pg.30-31)

Wigner was very frustrated by DuPont and what he perceived as their sloth and

indifference in implementing his design for the new reactors. Having largely completed
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his design of the Hanford plutonium-production reactors, Wigner turned his attention
to other ways he could accelerate the war effort through new reactors. Natural
uranium was their only feasible reactor fuel; with this restriction the feasible choices
for moderating material were small and one had already been used for Fermi’s pile and
for the Hanford reactors—graphite. The other option was heavy water. Heavy water
was exceptionally expensive but it was a more efficient moderator than graphite, and
plutonium production piles using heavy water could be much smaller than similar
graphite piles. Furthermore, there would not be a need to physically segregate the
uranium from the moderator, as was done in graphite. Heavy water was such a good
moderator that a uranium compound that was soluble in water could be dissolved in
the heavy water and used directly. This had profound advantages over the current
techniques that they had proposed, where uranium metal would be welded in an
aluminum can and physically pushed through the structure of the Hanford reactor
graphite block.

This was the origin of the ”aqueous homogeneous reactor” which was the first idea
for a reactor with fluid fuel rather than with solid fuel. Weinberg enthused about the

potential of such a reactor:

We calculated the k& and the critical size of both homogeneous and
heterogeneous (lattice) piles moderated by [heavy water|. Since heavy
water is a much better moderator than graphite, many fewer neutrons are
lost by capture in 238U while slowing down in [heavy water| than are lost
in graphite. It is therefore unnecessary in a [heavy water| pile to remove
the neutrons during their moderation away from the uranium fuel-—that
is, it is unnecessary to arrange the uranium in a lattice. The uranium
can be mixed homogeneously with the heavy water. We estimated that a
homogeneous mixture of [heavy water| and natural uranium would have

a k of about 1.08, compared to a k of about 1.2 in an optimized lattice.
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Both Urey and Wigner were intrigued by the possibility of a plutonium-
producing pile consisting merely of a solution or slurry of uranium in heavy
water. Gone would be the thousands of carefully machined uranium slugs;
gone, too, the intricate system of piping required to feed water into each
process tube. Experiments were therefore undertaken at Chicago during
1943 and 1944 to find either a stable solution or a slurry of uranium in
water. Alas, this was not easy, although aqueous homogeneous piles based
on uranyl sulfate, on uranyl nitrate, and on stable uranium dioxide slurries
were developed several years later. I myself became bitten with
the ”homogeneous” bug, a fixation I have never fully recovered

from! (Weinberg, 1994, pg.32-33)

The project to develop a heavy-water plutonium production reactor, code-named
"P-9” began in early 1943 but did not reach a conclusion during the war years.
Nevertheless, it was the beginning of thought by Wigner about fluid-fueled reactors
and their advantages over solid-fueled reactors. Later these thoughts, when coupled
with Seaborg’s discoveries about uranium-233 and his research with Stoughton on the
fluorination of thorium, would form the basis for the invention of the thorium-fueled

molten-salt reactor.

4.4 The X-10 Reactor Achieves Criticality

Even as the first criticality of the X-10 reactor drew near, Dr. Compton, the leader of
the Metallurgical Laboratory, was reducing the already-small emphasis on uranium-
233. He felt it was not a significant priority because there was no way to make
militarily-significant quantities of uranium-233 before 1947. (Seaborg, 1978, pg.134)
This was because the only way to make any amount of uranium-233 would be to
expose thorium to neutrons in one of the plutonium-producing piles. The amount of

"spare” neutrons available in these piles was incredible compared to the tiny amount
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that had been produced by the Berkeley cyclotron, but very small compared to
the amount that would be producing plutonium. There was simply no comparison
between the rates of production. If thorium had had a naturally-fissile isotope, akin
to uranium-235 in natural uranium, then dedicated thorium piles producing U-233
might have been possible. But this was simply not the case, and thorium/U-233
research by necessity took a back seat to the development of plutonium.

On November 4, criticality was achieved for the first time in the X-10 reactor
at Oak Ridge. It had a far greater thermal power than Fermi’s Chicago pile a year
before, and the X-10 reactor would be the first to make gram-scale quantities of
plutonium. (Seaborg, 1978, pg.234) Within the month, thorium carbonate slugs had
been loaded into various locations in the X-10 reactor and were projected to produce
about one milligram of uranium-233, vastly more than had ever been previously
available. (Seaborg, 1978, pg.254) But even on the edge of this exciting development,
the Metallurgical Lab was pulling back even further from uranium-233. Dr. Compton
addressed the group on November 17, commending their achievement in getting the X-
10 reactor operational, but emphasizing the need to conserve manpower throughout
the program. He said that due to the cancellation of Wigner’s heavy-water ”P-9”
project, there would be no way to get useful quantities of uranium-233 and so the
research work would be discontinued. (Seaborg, 1978, pg.258)

Seaborg was not pleased with this development. He wrote a memo to a colleague
at the Clinton (Oak Ridge) Labs where he speculated that Germany was developing
weapons based on U-233 rather than on plutonium. The German interest in heavy
water was part of the reason he believed this was taking place.

Even as he was worrying about German uranium-233, Seaborg was worried
about the myriad ways that the Chicago project’s emphasis on plutonium could
run aground. On November 25, he ran into Leo Szilard and mentioned his concern
that not every interaction between plutonium-239 and a neutron would result in
fission. Sometimes, he anticipated, the plutonium-239 nucleus would simply absorb

the nucleus and form plutonium-240, and this nucleus, with its even number of

64



nucleons, would have a greater probability of spontaneous fission. Spontaneous fission
released neutrons that could cause nuclear weapons to "fizzle” before achieving the
ideal geometry for detonation. Szilard expressed doubt that the Pu-240 potentiality
was a problem. (Seaborg, 1978, pg.266-267) It turned out that he was very wrong,
for Seaborg was correctly anticipating the most severe issue that would face the
Metallurgical Laboratory project, and the new X-10 reactor would soon uncover it.

Seaborg may have seen uranium-233 as a back-up plan to the plutonium effort,
but the leaders of the Met Lab did not share his view. By December 15, Compton
had informed Seaborg that General Groves had directed that the Met Lab halt until
further notice all work directed toward the development of a uranium-233 process and
discontinue all work on its chemical separation. (Seaborg, 1978, pg.289) There was
some worry about the thorium carbonate cans that were in the X-10 reactor—should
they be removed? But it was decided to leave them in the neutron flux until April,
when they anticipated that approximately 15 milligrams of uranium-233 would have
been produced. (Seaborg, 1978, pg.301)

Seaborg tried once again to persuade Manhattan Project leadership that a
secondary effort in uranium-233 to receive serious consideration. On January 27,
1944, he wrote an extended memo to Dr. Compton giving his reasons why he thought
that the Germans might produce a nuclear weapon from uranium-233 in the near
future, and suggested that these reasons be communicated to the highest levels of
command in the Allied powers. He reasoned that (1) the Germans were continuing
to procure heavy water from a manufacturing facility in Norway; (2) the chemical
separation of uranium from thorium was easier to research and accomplish than
the separation of plutonium from uranium; (3) uranium-233 would have a greater
tolerance for impurities due to lower alpha activity than Pu-239; and (4) thorium raw
materials were likely available to the Germans. (Seaborg, 1978, pg.398-399)

One might ask, why was Seaborg pushing so hard for a material development
program based on uranium-2337 There were several reasons. The first was that the

chemistry of uranium was well-understood. Seaborg realized that there would be no
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difference between the chemistry of inexpensive natural uranium and scarce uranium-
233, therefore he could develop all of his chemical separations processes with natural
uranium at low cost and with great confidence. At this time, only a few months
after the X-10 reactor achieved criticality, plutonium was an exceedingly scarce
commodity, available only in the microgram quantity from the Berkeley cyclotron.
Surely this availability of plutonium must have been a dominant concern to a chemist
like Seaborg, even if the potential for manufacturing multi-kilogram quantities of
plutonium was far better than for uranium-233.

Another concern was the purity that would be required of the plutonium, both
chemically and isotopically. It was terribly difficult to assess the performance of a
chemical separations process when one was dealing with micrograms of a substance
versus kilograms. Opening another chemical ”front”, so to speak, with uranium-233
meant that Seaborg’s group could immediately begin developing separations processes
between thorium and uranium without having to wait for any products to emerge from
the X-10 reactor.

Finally, Seaborg saw in the German attempt to obtain heavy-water supplies an
echo of Wigner’s P-9 experiments, and a way to make a much more compact reactor
than with graphite and natural uranium. He knew that a P-9 style pile would
be almost necessary in order to produce any meaningful quantity of uranium-233
from thorium. But the same advantages of P-9 style pile would also accrue to
plutonium development, and indeed, many years later the United States produced
considerable quantities of plutonium from the heavy-water-moderated production
reactors at Savannah River in South Carolina.

By February 29, Compton had written back to Seaborg, indicating that he had
communicated the contents of the memo on potential German U-233 production to
General Leslie Groves, the head of the Manhattan Project, as well as others in the
Army command. But Compton also added his opinion that any U-233 production
effort by the Germans would probably require more time and effort than a Pu-239

production attempt, and that he saw no strong reasons to believe that the Germans
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were at that time actually engaged in a program of U-233 production. (Seaborg, 1978,
pg.456) In this case, Compton’s suppositions were entirely correct. The Germans had
no effort to develop U-233 as a weapons material. They were trying to procure heavy
water, but it was for their own low-scale effort to create a critical assembly of uranium
and heavy water in order to produce plutonium.

This rare misstep by Seaborg may be explained by considering his approach to the
problem. As a chemist, he was tackling the challenge of separating a newly-discovered
element from scores of others at high purity. The prospect of shifting that challenge to
an already-understood element like uranium, available in large quantities, must have
been tempting. But others like Wigner and perhaps even Compton would have seen it
differently. To them, the challenge of producing fissile material from natural uranium,
which contained both the fissile material to sustain the reaction (uranium-235) and
the fertile material to create the product (plutonium-239) they desired (uranium-238)
would have seemed much more feasible than to attempt the same feat with thorium,
which had no fissile isotope. Any attempt to create significant quantities of uranium-
233 would have to rely on neutrons created from the fission of uranium-235, and these
neutrons would be far more likely to create plutonium-239 than uranium-233 in any
practical pile arrangement using natural uranium as a fuel.

Nonetheless, Compton did encourage Seaborg to continue to interact with another
group of researchers in Canada that were looking at uranium-233 as a fissile
material. (Seaborg, 1978, pg.456)

Seaborg’s concerns about plutonium were not without a basis; in fact, one
could argue that the plutonium situation that actually developed was far worse
than Seaborg feared at the time. But the challenge from plutonium that actually
materialized was far more fundamental than extreme chemical purification, and could

not be addressed by Seaborg’s considerable talent in chemistry.
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4.5 Conceiving the Breeder Reactor

In the spring of 1944, Alvin Weinberg remembered that the mood in Wigner’s reactor
design group was expansive because they had completed their primary responsibility
of designing the plutonium production reactors at Hanford. They began to speculate
about "new piles” and formed an informal group which they called the "New Piles
Committee.” (Weinberg, 1994, pg.39)

A particularly notable meeting of this group took place on the morning of April 26,
1944, when Enrico Fermi began to describe his ideas for a nuclear reactor that would
produce more nuclear fuel than it consumed. (Ohlinger, a, pg.1) His argument was
centered in the nuclear properties of plutonium-239 and uranium-235 as they were
then known. Through a mathematical derivation, Fermi indicated that he thought it
possible to build a reactor using plutonium where enough neutrons would be produced
through fission to not only replace the fuel consumed, but to generate additional fuel.
Fermi referred to "mother plants” that would produce excess plutonium in order to
feed a series of smaller plants. He indicated that there might be a concern that during
the shipment of plutonium it might fall into the wrong hands, but those concerns were
beyond the scope of their discussion.

All of the reactors that Fermi and Wigner’s group had worked on up to that point
had been reactors where moderating materials such as graphite or water had been
used to slow down neutrons so as to maximize the probability that fission would take
place. Reactors that used moderators to intentionally slow neutrons are now called
"thermal-spectrum” reactors, because the energies of their neutrons follow a spectrum
of values that correspond to thermal equilibrium in the reactor. Put another way, the
neutrons are at the same temperature as the materials around them, bouncing about
until they are consumed through absorption.

Another reason why a thermal-spectrum reactor was the only option for the
Manhattan Project was the use of natural uranium as a nuclear fuel. Its very low fissile

content (only one atom out of 137 in uranium is fissile) meant that every attempt had
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to be made to maximize the probability of fission, and that dictated that neutrons
be slowed-down, or "thermalized,” for in this condition the probability of fission was
maximized.

Fermi imagined two large departures from the current state of reactor design. The
first was that he proposed to use pure plutonium as the fuel in the reactor. This would
necessitate a significant diversion of material from the weapons program in order to
simply start the reactor. The other departure he hoped would make it worth the cost.
The reactor would not slow down the neutrons produced in fission; instead, it would
make every effort to keep them at the high speeds with which they are created. This
concept would come to be known as a ”fast-spectrum” reactor, and the reason to take
this approach would be that when plutonium is struck by fast neutrons, it fissions
nearly every time. Non-productive creation of plutonium-240 would be drastically
reduced, and the fact that each plutonium fission produces nearly three neutrons
would enable the fast reactor to make twice as much plutonium as it consumed.

In this way, through the use of plutonium fuel and intentionally fast neutrons,
Fermi hoped to build a reactor that would double the inventory of plutonium inside
it on a regular basis. This interval of time that would be necessary to double its
plutonium inventory was called the ”doubling time,” and Fermi and others hoped it
would be as short as two years.

Admittedly, the engineering challenges of creating a fast-spectrum reactor were
far greater than the thermal-spectrum reactors at X-10 or Hanford. Any coolant that
might slow down the neutrons significantly could not be used. That ruled out water
as a coolant. Instead, early attention turned to metallic bismuth as a coolant, or
possibly, molten metallic sodium. Liquid sodium metal had a number of advantages
over bismuth, but like other pure alkali metals* it was very dangerous to work with

since it would burst into fire upon contact with air or water. Its advantages were that

*Metallic lithium, sodium, potassium, rubidium, and cesium are all highly chemically reactive
with air and water, with the reactivity increasing from lithium to cesium, as the outermost electron
is more loosely bound.
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it was highly thermally conductive and could operate at temperatures high enough
to drive a steam turbine yet stay at low pressure.

A sodium-cooled fast reactor could therefore be a power-generating reactor, unlike
the huge reactors under construction at Hanford. These mighty machines, despite
their impressive thermal output of 250 megawatts, used water coolant that was
circulated at such a rate that its temperature at discharge was far too low to raise
steam. Thus all of the thermal power produced was wasted, and no fraction of it
could be turned to electricity.

The sodium-cooled fast reactor might be able to make power at the same time it
was doubling its plutonium inventory. Fermi doubted that such a reactor would be
an economically competitive source of power, although he said that he looked upon
the use of nuclear power to heat cities with sympathy. Producing more plutonium
was a far more compelling objective.

Fast reactors had a basic disadvantage over thermal reactors, however. The cross-
sections of nuclides were far smaller to fast neutrons than thermal neutrons; achieving
the same rate of power generation would require far more atoms of fissile plutonium
in a fast-spectrum reactor than in a thermal-spectrum reactor. A graphical depiction
of this disparity is shown in figure 4.2, where the thermal fission cross section of a
single atom of Pu-239 (1303 barns) is compared to 698 atoms of Pu-239 with their
fast fission cross sections of 1.87 barns each.

That evening, Fermi continued to expound his ideas about fast-breeder reactors,

as Alvin Weinberg remembered:

Although the idea of the breeder was in the air almost from the beginning,
it was "officially” recognized in an evening lecture Fermi gave to the
entire staff in the Eckhart Hall auditorium. Fermi explained the principle
of breeding and noted that breeding was more likely if it was based on
fast neutrons, as in a bomb, because the number of neutrons per fission

exceeded 2 by a very comfortable 0.5 or more if the fissions were induced
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Figure 4.2: A single plutonium-239 atom has the same fission cross section to a
thermal neutron as nearly 700 plutonium-239 atoms to a fast neutron.

by fast neutrons. None of this was really new to Wigner’s group, but as

usual Fermi held his audience with his lucid exposition. (Weinberg, 1994,

pg.39)

Soon this innovative reactor concept received the name by which it has come to

be known:

[Szilard], Wigner, and I were discussing Fermi’s lecture while walking
along the sidewalk that ran from Eckhart Hall to Jones Laboratory. I
can’t remember who said that we needed a name for a pile that produced
more fissile material than it burned; it was probably Wigner. Szilard
thought for a moment and said something like, ”Let’s call it a breeder.”

And "breeder” it has been ever since. (Weinberg, 1994, pg.39)

Two days later, on April 28, the New Piles Committee met again to discuss the
availability of uranium and thorium, and how the prospect of a ”breeder” reactor
might affect the prospects for future utilization of energy. (Ohlinger, b, pg.1) Morrison
felt that a fission reactor merely as a source of "unspecialized energy” would have
great difficulty competing economically against existing sources of energy, particularly

inexpensive hydropower and coal.
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The crust of the Earth had about 4 parts-per-million (ppm) uranium and three
times as much thorium, which represented a huge yet diffuse resource. Seawater
contained dissolved uranium but no thorium of significance, due to a difference in their
chemical properties and solubilities. A breeder reactor would make it economical to
recover uranium or thorium from the crust of the Earth and consume it for energy at
a net gain. Morrison used a comparison with the costs involved in gold mining, a far
more scarce resource. Several countries contained good uranium resources, including
the Congo, Czechoslovakia, Canada, the United States, and likely Russia. Thorium
was practically everywhere.

But if only the rare uranium-235 was used for energy, as was the case for thermal-
spectrum nuclear reactors fueled by natural or enriched uranium, then the uranium
inventories of the US and Canada would only provide enough energy for nine months
of demand. The group came to the inescapable conclusion that only breeder reactors
would enable nuclear energy to be a sustained option as an energy source.

Although the excitement about breeder reactors was significant, much of it was
premature. Physicists were still deciphering the important nuclear properties of each
of these materials, particularly their propensity to absorb a neutron rather than
fission, to such a degree that committing to any path was premature. At that
time, the idea that only a fast-spectrum reactor would be able to consume all of the
energy of uranium or thorium was strongly believed, and time would bear that out
to some degree. But a remarkable property of thorium—one that would substantially
distinguish it from uranium—still awaited discovery, and this discovery would open
up opportunities for the realization of energy from thorium that simply were not

possible with uranium.

4.6 The Plutonium-240 Scare

On January 1, 1944, Glenn Seaborg recorded some of his feelings about the status of

his work and its prospects for the future:
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The beginning of 1944 finds our Project deep in the problems of
plutonium production, extraction, and purification. This vast involvement
with a secret, synthetic element unheard of not much longer than
two years ago and unseen until sixteen months ago in August 1942,
would seem incredible to the outside world. Moreover, the means of
producing plutonium in copious quantities—the chain-reacting pile—
became operational just one year ago. I thought about these matters
today when we received our first shipment of plutonium from Clinton
Laboratories—1,500 micrograms! It equals almost the total amount of
plutonium produced by all previous cyclotron bombardments. It is hard
for me to remain nonchalant when I realize that before the end of February;,
production of plutonium will increase more than a thousandfold and gram

quantities will then become available. (Seaborg, 1978, pg.326)

The X-10 reactor had the ability to make roughly a million times more plutonium,
over a given time, than the Berkeley cyclotrons, and by early 1944 there was enough
chemically-extracted plutonium for chemists at Los Alamos to extract it and to assess
its nuclear properties. To their horror, they discovered that Seaborg’s previous fears
about plutonium-240 had been well-justified. The first concrete evidence of the
problem was reported by Enrico Fermi in a meeting held on May 19. Fermi had
been measuring the nuclear cross-sections of U-235 and Pu-239. He now had one
gram of plutonium dioxide that had been produced by the X-10 reactor. (Seaborg,
1979, pg.25-26)

The basic issue concerned a quantity called the ”branching ratio” by the Chicago
group, which dealt with the fact that a fission reaction was not always the outcome
when a neutron struck a fissile nucleus, depicted in Figure 4.3. Sometimes the fissile
nucleus simply absorbed the neutron and grew by one atomic mass. Fermi had
wanted to know how often this happened in plutonium-239, and the answer was

very troubling. In the environment of the X-10 reactor, or in the reactors that were
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Figure 4.3: U-238 absorbs slow neutrons to form plutonium-239, which sometimes
undergoes fission and sometimes absorbs the neutron.

under construction at Hanford that would produce the plutonium needed for weapons,
the plutonium-239 would simply absorb a neutron in roughly one out of every three
neutron interactions. Plutonium-239 would become plutonium-240, which is not fissile
and likely had a relatively high rate of spontaneous fission due to its even atomic mass
number.

Ironically, within just a few weeks of this meeting Seaborg and his colleague
John Willard traveled to Hanford, Washington, and toured the areas where the huge

plutonium-producing reactors were under construction. Seaborg reported:

It is an awe-inspiring experience to see the thousands of workmen busily
engaged in the building of these complicated edifices. These are located in
a vast expanse of area (almost 500,000 acres in all) with the piles near the
Columbia River for cooling purposes and the extraction plants somewhat
removed. To reach these areas we drove over some of the flattest, most

lonesome territory I have ever seen.

For lunch we were taken into the Hanford Camp where the construction
workers live in rows of barracks, tents, and trailers stretched out in all

directions. We ate in the largest mess hall I have ever been in—a sea of
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faces all being well-fed in shifts. We were told that there are some 40,000
residing at Hanford... (Seaborg, 1979, pg.41)

The success of this titanic construction effort was now in jeopardy based on the
results of Fermi’s measurements of the properties of plutonium.

While Seaborg and the other Met Lab personnel continued to wait for further
results from Fermi’s team, a small amount of research continued on uranium-233,
sustained to some degree by continuing Canadian interest in the topic. A delegation
of Canadian nuclear scientists visited Chicago in early June and General Groves had
determined that Met Lab personnel would be permitted to discuss the properties
and possibilities of uranium-233 with them, although any discussion of plutonium
and its manufacture, properties, and purification was still forbidden. (Seaborg, 1979,
pg.286) The Canadian group, code-named ”Evergreen”, was particularly interested in
obtaining slugs of thorium carbonate that were currently being irradiated in the X-10
reactor in Oak Ridge. (Seaborg, 1979, pg.8) They intended to attempt the extraction
of either protactinium or uranium from these unique samples.

In early July, General Groves issued a directive to the Metallurgical Project
to freeze their current level of personnel and to consider ways to reduce personnel
requirements. This directive threatened any attempt by Seaborg to open up another
line of chemical investigation into uranium-233 extraction and purification. Groves
informed the Chicago group that personnel reductions would begin in September and
would be completed by January. Even as these directives were being communicated to
the group, Groves sent another letter specifically asking for recommendations about
the use of uranium-233. At that time, about sixty ”slugs” of thorium carbonate
were in the X-10 reactor undergoing exposure to neutrons. Fermi wanted extracted
uranium-233 so that he could conduct similar measurements on it to those that he
had been doing with plutonium-239. There was discussion as to where the chemical
extraction would take place—at the chemical facilities in Oak Ridge, or would it be

done by the Evergreen research team in Canada? (Seaborg, 1979, pg.124-125)
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Seaborg’s tiny team for uranium-233 research had been decimated by the cuts
that Compton had specified at Christmas 1943, and now consisted only a single man,
Leonard Katzin. (Seaborg, 1978, pg.296) But on July 10, Katzin began preparing
for the chemical extraction of the uranium-233 that they anticipated had been
accumulating in the thorium slugs being irradiated in the X-10 reactor. (Seaborg,
1979, pg.128) Katzin planned to extract the uranium directly, without any attempt
to remove the protactinium precursor. (Seaborg, 1979, pg.136) There was a potential
concern with this plan. Despite their best attempts, the thorium that had been loaded
into the reactor had not been completely purified of any natural uranium. Whatever
tiny quantity of natural uranium had been present in the thorium slugs would be
removed with the uranium-233 that had accumulated during the time in the reactor.
Assessing how much of the uranium was uranium-233 (from natural thorium) and
how much was uranium-238 (from natural uranium) would be important.

Construction progressed at the Hanford site, with the anticipation that each ton
of uranium would yield between 5 and 50 grams of plutonium. They anticipated that
the first production reactor at Hanford would go into operation in September, and
that it would not take long for the reactors to achieve their full rated power levels.

On July 17, an evening meeting of the Metallurgical Project brought devastating

news for all the personnel involved. Seaborg reported:

The meeting, however, concentrated on something that came up which
was much more immediate. Robert Oppenheimer, who was attending
the Board Meeting from Los Alamos, announced that E. Segre, O.
Chamberlain, and G. W. Farwell have found strong evidence for the
existence of the plutonium isotope Pu-240, which undergoes decay by
spontaneous fission! This was found in the neutron-irradiated Pu-239

from the Clinton pile that we had purified for them.

It should be noted that this disclosure came as a great shock to everyone.

However, over a year ago in my ”Report of Month Ending March 15, 1943,
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Special Chemistry of 94,” (CK-514), I had written about the possibility
of an n, v reaction on Pu-239 giving the isotope Pu-240. I had said that a
possible spontaneous fission decay of this isotope would seriously impinge
upon our ability to use Pu-239 as intended. Now it was learned that
indeed this reaction takes place; and that since the neutron flux in the
Hanford piles would be so high, Pu-240 would be produced in so great
a relative abundance that the neutrons resulting from its spontaneous
fission would overshadow those from any «a, n reactions on impurities that

might be present in Pu-239.

Because of this new development, Site Y [Los Alamos| will now have
to rethink how it will proceed in the design of a plutonium bomb.
Furthermore, it was decided at this Board Meeting to demobilize Thomas’s
staff which is handling the coordination and general direction of the
chemistry, purification, and final metallurgy of Pu-239 because the
planned extreme purification of plutonium would be futile—this could not
prevent the emission of the unwanted neutrons. This meant that there
would be no further monthly meetings at the Met Lab on this aspect of
the chemical program. (Seaborg, 1979, pg.145)

Alvin Weinberg also remembered the events of this time:

24Py undergoes fission spontaneously and therefore emits neutrons. Thus,
the plutonium produced at W was bathed in a background of stray
neutrons. A "gun-type” bomb in which the separate parts of plutonium
were brought together rather slowly would likely be triggered by a neutron
from the 24°Pu before it reached the compact state needed for a maximum
explosion. A plutonium bomb would therefore always predetonate! The
whole approach to a bomb based on plutonium was imperiled by the

spontaneous fission in 24°Pu. (Weinberg, 1994, pg.37)
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This was precisely what Seaborg had feared, and the actual situation was far worse
than his previous fears about plutonium purification. In that instance, in November
1942, he had been concerned that light elements impurities with the plutonium would
emit neutrons under alpha-particle bombardment from plutonium decay. Hopefully,
an effective strategy of plutonium purification would address this concern. But the
discovery of plutonium-240 was far more troubling. Here was a contaminant that
could never be eliminated, for it had precisely the same chemical composition as the
desired plutonium-239. Seaborg and his group despaired that the central effort of the
Met Lab had been in vain, and that the output of the future Hanford reactors would
be unusable.

None of the efforts of the Met Lab could salvage the situation, but an innovation
in weapon design at Los Alamos was the only hope. In 1943, Seth Neddermeyer,
a physicist from Caltech, had proposed using an implosion technique to detonate
a nuclear weapon rather than the technique which was being pursued at the time,
which was to bring two subcritical pieces of fissile material together rapidly to form
a critical mass. This latter technique was called the ”gun-type” method and was
considered to be suitable for both highly-enriched uranium and plutonium. Fermi’s
results on plutonium-240 contamination indicated that there was little chance that
the plutonium that would be produced by the Hanford reactors would be suitable for
the gun-type technique.

The implosion technique used shaped explosive charges surrounding a spherical
mass of fissile material to compress it extremely rapidly into a supercritical
configuration that would detonate. It was challenging, but it offered the promise of
being far less susceptible to difficulties from plutonium-240 contamination. Another
important advantage was that it required far less fissile material for a given yield. It
would require the Los Alamos weapons design team to become experts in the precision
arrangement and detonation of shaped explosive charges. (Hewlett and Anderson,

1962, pg.245-247)
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But for Seaborg’s chemical purification team, there was little to be done. On
July 19th, he was approached by two of the leaders of the Met Lab and told that his

purification program was no longer needed.

I was standing in the hall in front of my office as they approached.
They said that Compton had agreed I should be given the reason but
that I was not to tell others. I said they didn’t need to tell me the
reason—I assumed the spontaneous fission rate of Pu-240 has
been found to be so high as to overshadow the neutrons from
the a,n reaction. I went on to say that, since no one has given me this
information, I feel free to pass my interpretation on to my men. (Seaborg,

1979, pg.147)

On July 28th, the director of the Met Lab, Samuel Allison, sent a memo to

Compton reviewing the situation on the Met Lab and its personnel:

"Probably next highest priority will be accorded studies of the basic
chemistry of plutonium and to methods of extraction of 23 studied
on a laboratory scale. The recent abandonment of attempts to
reach high purity in our product has, in my opinion, increased
somewhat the interest in 23. [uranium-233] This is because we
are now committed to only one method of final assembly; and if this
should fail, the military usefulness of our product is doubtful. Under
these conditions we would immediately give consideration to
the conversion of our product to 23. Work on extraction of a few
milligrams of 23 to be tested at the Argonne Laboratory will probably
carry over into the post-October period. (Seaborg, 1979, pg.163)

The ”failure” of the plutonium-manufacturing project, as then seen by the Met
Lab personnel, was increasing interest in uranium-233 as a possible fall-back position.

Met Lab personnel had little insight into the techniques for implosion-type weapons
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that were being developed at Los Alamos, and they could not foresee that the
successful development of this approach would lead to successful use of the plutonium
that they had helped produce.

Seaborg confided to his collegue Roy Post the futility of the plutonium situation

as seen from the Chicago perspective on February 28, 1945:

...as to how much Pu-240 could be tolerated in purified plutonium for Los
Alamos, I said they have no choice in the matter; whatever is produced

must be tolerated. (Seaborg, 1979, pg.521)

4.7 Realizing the Unlimited Potential of Thorium

Leonard Katzin and his very small team of chemists begain working after hours on
August 2, 1944, to extract the small amount of uranium-233 from the thorium car-
bonate slugs that had been irradiated in the X-10 reactor for many months. (Seaborg,
1979, pg.169) By August 9th they were nearly finished. They anticipated recovering
about 5 milligrams of uranium, which despite its seemingly tiny mass represented
a thousand-fold increase in the amount of uranium-233 that could be produced in
the Berkeley cyclotron. (Seaborg, 1979, pg.181) On August 12th Katzin’s team had
completed their extraction and had six milligrams of uranium. (Seaborg, 1979, pg.189)

There was a degree of uncertainty associated with just how much uranium-233
they had extracted from the pile, since their technique for assessing the mass was
based on an assumption that the half-life of uranium-233 was 120,000 years, when in
reality it is 159,000 years. W. C. Johnson pointed out to them that there was an initial
natural uranium impurity in the thorium that was loaded into the reactor of 0.05 parts
per million. Despite this incredibly tiny value, the amount of uranium-233 that had
formed in the thorium during its residence in the reactor was also incredibly tiny.
The result was that when all of the uranium, both the natural isotopes and the 233

isotope, was chemically extracted from the thorium, the natural uranium composed
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about 10% of the uranium in the sample. This was throwing off their calculations of
mass, half-life, and nearly every other nuclear property that they meant to measure.
As they factored this correction into their calculations, they came up with a new
half-life of 153,000 years for uranium-233, much closer to the actual value of 159,000
years. (Seaborg, 1979, pg.209)

By September 9th, a mass spectrographic analysis of the uranium extracted from
the thorium nailed down its relative proportions: uranium-233 was 85+1.5% of the
total uranium in the sample. (Seaborg, 1979, pg.232)

Seaborg took another trip to Montreal in late September 1944 to visit with the
Canadian ”Evergreen” group that was interested in uranium-233. They discussed
the proper chemical forms to produce uranium-233 in an X-10 type reactor and the
chemical processes that could be used to extract uranium, including a technique that
used fluorine as an extraction method.

On November 1st, 1944, sufficient work had been done on the measurements of the
cross-sections of uranium-233 to allow Seaborg to ponder some of their implications.
To the best of our knowledge, he was the first to realize the profound potential of

thorium as an energy source:

I reviewed recent results on the physical constants of U-233 it appears
that the fission cross section is about the same as for U-235 (550 barns);
the total neutron absorption is only around 620 barns, giving a favorably
small value for the parameter alpha (0.12). The number of neutrons per
fission is 1.07 times the U-235 value. The number of neutrons given off
per neutron absorbed is 1.13 times the U-235 value. These values are
within the range to enable U-233 to be made from thorium by a
chain reaction on the U-233 (i.e., to make breeding possible)—
extremely important because it may make it possible to be
independent of uranium once a supply of U-233 for starting

purposes is on hand. (Seaborg, 1979, pg.320)
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Figure 4.4: Glenn Seaborg’s diligent research of the properties of uranium-233 led to
the discovery that it had the capability of sustaining the nearly complete consumption
of thorium as an energy resource. This realization transformed thorium into perhaps
the world’s greatest practical energy resource. Photo courtesy of Lawrence Berkeley
National Laboratory.
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Starting with Seaborg’s first musings about thorium in 1940, and culminating with
the realization of this day, Seaborg had come to a conclusion of lasting importance,
whose ramifications echo even to the present day and likely far beyond. He had
discovered that thorium could be made into a fuel; he had discovered that fuel could
be made to fission, and now he had discovered something of surpassing importance

about that fuel, something that distinguished it from all others.

Figure 4.5: Th-232 also absorbs slow neutrons to form uranium-233, which has a
more favorable branching ratio than plutonium-239 in the thermal spectrum.

Uranium-233 had a high propensity to fission when it was struck by thermal
neutrons, far more than plutonium-239. This difference is depicted by comparing
Figures 4.3 and 4.5. And after it fissioned, it gave off sufficient neutrons to continue
the chain reaction (which would require that one neutron find another fissile nucleus)
and to create new fuel (which would require that another neutron be absorbed in
thorium). There was even margin for the loss of neutrons from any sort of practical
reactor.

This was the first realization of the potential of a breeder reactor—a reactor that
could make as much, if not more, fuel than it consumed. A breeder reactor based on
thorium, which would later go on to dominate the thoughts of young Alvin Weinberg,
was born that day in the mind of Glenn Seaborg, as he studied the relative cross

section values of uranium-233 and realized that inexpensive, abundant thorium could
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be an essentially inexhaustible energy source. Seaborg is said to have remarked many

years later that this was a "fifty-quadrillion-dollar discovery”. (Gofman (1994))

4.8 Xenon-135 and the Dramatic Hanford Startup

In the fall of 1944, the titanic construction effort that was taking place at the
Hanford site in the western deserts of Washington state was bearing its first fruit—the
completion of the first reactor, called the ”B-reactor”. Several other reactors were
also under construction and would soon follow B-reactor into operation. Uranium
slugs were first loaded into B-reactor on September 13, and on September 27, at a
few minutes after midnight, the reactor achieved criticality for the first time. Within
two hours, the B-reactor at Hanford was producing more thermal power than any
reactor before it ever had, and it still had a long way to go to reach its rated capacity.

Once again, Enrico Fermi was supervising the startup of B-reactor, just as he had
done at the first pile in Chicago nearly two years before. But B was an absolutely
huge reactor, intended to produce 500 megawatts of thermal power, over a billion
times more powerful than the pile in the squash court in Chicago, and hundreds of
times more powerful than the X-10 reactor at Oak Ridge.

Within three hours of startup, something unexpected happened to the B-reactor.
Its power level began to fall slightly. Reactor operators had made no change in the
controls, yet the power level of the reactor continued to fall. For hours the decline in
power continued, dropping faster and faster as time went on, until by six-thirty the
reactor had shut off completely. This strange behavior had never been observed in a
reactor before, and Fermi’s group had prided itself on how well they had predicted
the behavior of reactors in the past. On the B-reactor they had predicted the amount
of uranium needed to achieve criticality within 1%. What could possibly be going on
with the reactor?

A variety of hypotheses were put forward. Perhaps coolant tubes were leaking,

or something was coming off the fuel to "poison” the reaction. But early Thursday
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morning, a little more than a day after the reactor had first been brought to power,
the counters showed that the reactivity of the core was increasing again. The reactor
slowly began to rise in power, just as inexplicably as it had lost power before, faster
and faster. By seven am on Thursday the reactor was at half-power, and twelve hours
later it had attained the same power rating it had achieved on the first startup. But
then it began to decline in power again, falling and falling until it shut down once
more.

This was the clue that the physicists needed to begin to deduce the problem.
Something was happening in the fission reaction that was causing the reactor to shut
down. Then, after it shut down, that same something was going away. Once it had
gone away, the reactor would start again, but the operation of the reactor must be
creating that same something yet again, which would lead to its shutdown. The most
logical conclusion was that there was a fission product—one of the scores of different
isotopes created in fission and decay—that was highly absorptive of neutrons. Yet
this same fission product must be radioactive as well, because its effect diminished
over time.

By Friday morning they had accumulated enough data on the rise and fall of power
in the reactor to make some educated guesses about this isotope and its properties.
From the rise of reactor power they deduced that it had a half-life of about nine
hours, and from the fall in reactivity they concluded that it must have a gargantual
appetite for neutrons—something vastly more absorptive than any isotope previously
encountered. The data was pointing to an isotope of the noble gas xenon, with a
mass number of 135. The neutron absorption cross section of xenon-135 relative to
uranium-235 is depicted in Figure 4.6.

To be sure, the group at Hanford enlisted the help of Walter Zinn’s reactor group
at Argonne. Using their heavy-water pile CP-3, they ran the reactor at high power
to see if they could duplicate the effect that was seen at the B-reactor at Hanford. It

didn’t take long, once they knew what to look for, and within twelve hours Zinn was
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135Xe 235U

thermal

Figure 4.6: The relative sizes of the thermal cross-sections of xenon-135 and
uranium-235. Xe-135, with a total thermal neutron absorption cross-section of 3.085
million barns, dwarfs U-235, with a total thermal absorption neutron cross-section of
630 barns, by a ratio of roughly 4900 to one.
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reporting back that he was highly confident that xenon-135 was the culprit behind
the strange behavior at Hanford.

To understand how xenon forms in a reactor, it is necessary to understand a
little more about the actual process of nuclear fission. Fission is the process whereby
a neutron strikes an atomic nucleus and causes it to split into two pieces. It is
tempting but erroneous to think that these two pieces are the same size, and the
reason why they are not is enlightening. Recall that the stability of the nucleus is a
constant struggle between the nuclear force, which tends to bind protons and neutrons
together, and the electromagnetic force, which is repelling protons from one another
and trying to rip the nucleus apart. This is why some atomic nuclei are radioactive—
they do not have a stable configuration of protons and neutrons to keep these forces
from changing them. In an atomic nucleus that is about to fission, the nuclear force
and the electromagnetic force are again fighting one another.

As the nucleus begins to pull apart in fission, the size of the smaller piece is
determined by the interplay between the two forces. A small piece, below about 10%
of the mass of the original, simply doesn’t form because the nuclear force is too strong
to let a piece that small be ejected by the electromagnetic force. The largest piece
that could form in fission would have 50% of the mass of the original nucleus, but in
real fission reactions that rarely happens, because the electromagnetic force rips the
two pieces apart before a fragment of that size can form. So what happens in reality
is that two pieces form, and that the smaller piece has about 35-44% of the mass of
the original. If the smaller piece is this size, then it stands to reason that the larger
piece is about 56-65% the size of the original nucleus, and that is indeed the case.

Real fission reactions—and there are many possible ways for a nucleus to fission—
result in two fission products whose mass follows a double-humped distribution, when
production is plotted by atomic mass. For the smaller fission product, the peak of the
hump is centered around zirconium on the periodic table, and for the larger fission

product, the peak is roughly centered around xenon.
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Figure 4.7: The mass distribution of products from the fission of uranium-235, with
mass number 135 highlighted for clarity. Xenon-135 was part of the radioactive decay
of this chain, and it had a tremendous propensity to absorb neutrons.
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The fission product distribution shows the creation of xenon-135 from fission and
subsequent decay is not a rare outcome—rather it is one of the most common. And
a fission fragment with 135 atomic masses is very close to the second peak of the
fission product distribution, as shown in Figure 4.7. So fission makes a relatively
large amount of fission products with mass number 135, and in the course of their
decay they pass through a stage where they become highly absorptive xenon-135.
This causes problems in the operation of nuclear reactors, as the team at Hanford
was discovering in late September 1944.

This discovery was conveyed to General Groves on October 3, and he was not
pleased. He had ordered the CP-3 reactor at Hanford run around the clock to detect
problems like this. Now they were showing up in the big plutonium production
reactor at Hanford—the reactor that really had to work for the Manhattan Project
to be successful. All of the other reactors had been but preludes to this moment, yet
fundamental problems were being discovered at Hanford instead of the test reactors.

By mid-October, researchers were generally satisfied that xenon-135 was indeed
the cause of the behavior of the Hanford reactor, and the issues associated with
startup were eventually resolved by loading more fuel into extra channels that had
been built into the design. This extra uranium increased the multiplication constant
sufficiently to overcome the effects of xenon poisoning, and allowed the B-reactor to
achieve full power by mid-December. As 1945 dawned, the Hanford reactors were
now producing plutonium through fission that would be chemically removed using
the steps that Seaborg and his Met Lab team had carefully worked out. After being
separated, it would be sent to Los Alamos to be fabricated into the first nuclear
explosive device.

There was another important lesson from the xenon scare at Hanford. Xenon was
a noble gas. It did not have any propensity to chemically bond to other materials.
In the solid fuel slugs that fed the Hanford reactors, it was trapped and could not
escape. But in a reactor that used liquid fuel, there was every reason to believe that

xenon would bubble out of the fuel mixture and be removed. Since all fission reactions
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created sizeable amounts of xenon-135, a fluid-fueled reactor could be a way to get

around the thorny problem of xenon in future designs.

4.9 The Plutonium-to-Uranium-233 Converter Re-
actor

In the fall of 1944, the mood of the scientists at the Metallurgical Laboratory in
Chicago was sour. There was great uncertainty about the value of the work they had
done, and some even went so far as to consider their efforts to develop plutonium
for nuclear weapons a failure. Plutonium-239 could not be produced at high purity
despite their best chemical efforts, and it was still unknown whether what could be
made was actually good enough for weapons use.

On October 10, Charles Cooper presented a discussion on ”New Goals for the
Metallurgical Project” where he pointed out the possibility that the Met Lab’s
primary responsibility might already be complete, and that there would be a need to
find a new role and responsibility for the talented group of researchers to pursue. He

summarized the current state of the project in less-than-enthusiastic terms:

By some two years of great effort under emergency conditions we have
arrived at a situation which may be summarized thus. A process has been
developed which very certainly will produce quantities of 49 [plutonium-
239] adequate for experimental purposes and probably sufficient to meet
situations immediately foreseen. The present process is very complicated
and unduly expensive, both as to manpower requirements and the
materials which are involved. The present approach is not adaptable
to generation of power nor is it designed to manufacture or
recover effectively possible byproducts of operation. The product
will be contaminated with undesired isotopes which could possibly be

eliminated if other methods, as yet only sketchily developed, were to be
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employed. We cannot be entirely certain until final trials have been made
that the product will be as useful as anticipated, and it may well develop
that other elements or isotopes will turn out in the end to be much more

useful than the one we have prepared to manufacture.

Cooper could see that the efforts of Wigner and others to build production reactors
had led them in a direction that was not compatible with the eventual goal of power
production from nuclear reactors. The central reason for this was because production
reactors viewed nuclear heating as an undesirable byproduct of reactor operation.
Their only goal was to produce fissile plutonium from natural uranium, not to produce
thermal power suitable for operating a power conversion system like a steam turbine.
To that end, the reactors at Hanford and at Oak Ridge simply threw thermal energy
away, putting it to no use at all. Nor was there any prospect of redesigning those
reactors to produce a useful form of thermal power. They were too large to be
pressurized, which at any rate would involve putting thick metal channels in them
that would absorb too many neutrons to allow criticality. They were doomed to
being low-pressure machines that could not raise steam or make electrical power.
They could only make plutonium.

A reactor that could make useful electrical power would be an attractive goal,
and Cooper pressed for that goal, which he thought "poses a problem much more
difficult technically than the one which we have had to solve in connection with our
present manufacturing objectives.” Seaborg also noted that power reactors would
have additional problems in the areas of high temperatures, corrosion resistance,
the need for new materials and alloys for fuel fabrication, structural purposes, and
shielding. (Seaborg, 1979, pg.277-278)

A power-generating reactor would be a noble goal, but Eugene Wigner was still
as determined as ever to deliver useful fissile material to defeat the Nazis. Despite

his focus on that goal, his group was about to propose ideas that would one day lead
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to power-generating nuclear reactors, as well as advanced nuclear reactors using fluid
fuels.

It began with the proposal to design a new reactor that would consume the
plutonium that would be produced in fission, and use the neutrons from that fission to
convert thorium to uranium-233 that would be used in weapons. The reactor had the
potential to be cooled and moderated by normal (light) water, since the plutonium
would have a high fissile content (unlike natural uranium).

Weinberg described the proposed ”converter” reactor:

Wigner’s converter consisted of two concentric regions. In the central
region were a large number of parallel aluminum plates each containing
plutonium. Surrounding the central region was a ring of aluminum plates
each containing thorium. The entire array of plates was moderated and
cooled by swiftly flowing water. The chain reaction occurred in the central,
plutonium-containing region. About half of the neutrons produced by
fissioning plutonium leaked into the thorium and converted the thorium

into 233U. (Weinberg, 1994, pg.38)

This reactor would take plutonium that would be produced by the Hanford
reactors and form it into solid-fuel elements. These would be immersed in ordinary
(light) water, which was a feasible moderator in this case because the plutonium
contained a high fraction of fissile material, unlike natural uranium. By surrounding
the plutonium fuel elements with thorium, uranium-233 would be generated which
could be chemically extracted and hopefully incorporated into the wartime effort.

This general direction was sustained in a November 22 meeting that Seaborg

attended:

Compton asked that those present consider whether the work from here on
should continue to be organized around the immediate future or whether

some other objective should be followed. In the discussion of possible
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objectives that followed, Jeffries pointed out that the objective of
Chicago has been achieved only in part since plutonium does
not have all the desirable properties that had been anticipated.
The same apparently holds for U-235. Perhaps, then, the only
way to provide adequate insurance that the objective really be
achieved would be to be ready to convert Pu-239 over to U-233.
This could provide a clear-cut objective. (Seaborg, 1979, pg.352)

The theory of a plutonium-uranium-233 converter reactor was much more
straightforward than a production reactor that had to operate on natural uranium
since the fissile content of plutonium was hundreds of times greater than natural
uranium, but the bulk of the problem fell on Seaborg’s chemical research group. In
this respect the "fuel” of the proposed converter reactor was vastly more expensive
than the natural uranium used to fuel Hanford. They would not be able to afford
to waste it as they were at Hanford. They would have to figure out how to dissolve
the solid plutonium fuel elements, separate plutonium from fission products, and
reconstitute new plutonium fuel elements, all the while minimizing the loss of valuable
plutonium at each step. Laying out the core design of the reactor with plutonium
and thorium (Wigner’s task) was doable; figuring out the nearly-perfect chemical
processing scheme (Seaborg’s task) was nearly impossible.

Despite the challenges, a reactor development task of significance was seen as
something that would be necessary to hold the Met Lab team together for the
months until the war was won. The Met Lab’s report for November 1944 stated

in its summary:

It is assumed that by June 30, 1945, the purpose for which this Laboratory
was established—namely, that of aiding the Hanford Engineering Works
to establish production—will have been fulfilled. The work from now
until June 30, will be divided into three parts...during all this time

a competent staff of personnel must be maintained which is qualified
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and willing at a moment’s notice to devote its entire attention to any
unforeseen problems which may arise at the Hanford Engineer Works or
Y. To maintain such a staff intact with a sufficient degree of
morale, it is necessary that they work on some forward-thinking
problem. Most promising of the problems at the present time
seems to be in the field of (1) ’converter’ piles and ’breeder’

piles... (Seaborg, 1979, pg.368-369)

On December 19, the leadership group over Seaborg’s work met and considered the
probability that the converter pile could be made to work effectively. They knew that
only 7 times out of 10 would plutonium-239 fission with thermal neutrons, so there was
a built-in 30% loss of fuel from the outset. From there, things got progressively worse
depending on the frequency at which the fuel elements would need to be processed
and the anticipated loss of plutonium material at each step of processing. Processing
recovery factors of 100% (perfect recovery) down to 90% were considered, and the
overall results were very poor. Essentially, a chemical process would be needed that
achieved a 99.9% recovery factor, and Seaborg said "an efficiency of 99.9% for
a decontamination by a factor of some 107 followed by refabrication of
an aluminum sandwich is totally impossible by any known process and
probably also by any conceivable process.” (Seaborg, 1979, pg.406)

The problem that Seaborg was describing was not unique to the converter reactor
that they were attempting to design. In fact, it is a problem that persists in every
nuclear reactor design to this day, particularly those that would attempt to recycle
plutonium fuel in a thermal-spectrum reactor. Every single time the solid fuel is
dissolved, there are inevitable losses of fissile material, and every single time the
liquefied fuel is refabricated, there are more losses. It would be analogous to going to
a currency exchange that takes some fraction of your money each time you convert
from one currency to another. The percentage might seem low, but given frequent

conversions, a large fraction of the value of your money can quickly be lost.
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Seaborg put forward some hope for the bleak situation in the form of a reactor that
used liquid fuel. This was not the first time such a reactor had been considered—in
fact, it had been considered off and on for many months by the reactor design team at
the Met Lab—but in this scenario it was being put forward as a potential solution to
the fundamental issue of material losses each time solid fuel was converted to liquid

for processing and separation, and then converted back again.

I also mention, as an alternative possibility, a homogeneous reactor with
ordinary water that would require a minimum of decontamination (only
to remove fission product poisons) and would avoid the hold-up due to
fuel fabrication operations; however, little is known about this approach,

and hence this could require the most research work.

At a meeting the next day, Wigner was disappointed but unsurprised to find
out that a solid-fueled plutonium-uranium-233 converter reactor would have very
low yields due to losses in chemical transitions. As the meeting progressed, the
group generally began to believe that a converter reactor based on fluid fuel, with a
reasonable approach to chemical processing, could produce fissile uranium-233 with
a 50% yield, and that they should orient their efforts around making a case for this
reactor to project leadership in an upcoming meeting. If they were able to obtain a
go-ahead, then it would give the Met Lab a new goal and a new focus, and would put
them back in the business of directly contributing to the war effort.

A 50% yield was a disappointing objective however. The notion that plutonium
would be produced at extraordinary cost from the Hanford reactors, only to be
immediately introduced into yet another reactor where it would be consumed to
generate uranium-233, was not a satisfying prospect. It added more layers, more
costs, and more time to a project that was already struggling to meet its overall goal.

As 1944 ended, Seaborg reported that the main effort of the Met Lab had been
to prepare "a report to the Project Office on the feasibility of a conversion of 49

[plutonium-239] into 23 [uranium-233] as a war-time insurance measure;” and the
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" preparation of a report to the Project Office making recommendations for a research
and development program for the Laboratory from June 30, 1945, to the end of the
war.” (Seaborg, 1979, pg.430-431)

On January 3, 1945, Seaborg noted another problem with the idea of a converter

reactor:

A further problem, not solvable by chemical processes, I went on, is that
for every 140 grams of Pu-239 present there are 40 g of Pu-240 formed in
addition to 100 g of fission products. If Pu-240 will not fission with slow
neutrons, the result will be that in successive decontaminations the dead
isotope will be carried along, taking up valuable space, and contributing

nothing.

This issue continues to be a problem for thermal-spectrum reactors that intend to
use recycled plutonium as a fuel.

Stacking up, one by one, each of these issues contributed to the eventual cessation
of effort on the development of a plutonium-uranium-233 converter reactor. On

January 15, Seaborg records:

Compton wrote to Stearns to thank him for sending the report on the
feasibility of the 23 converter pile. The matter has been placed in the
hands of the Army with the statement that further active steps along this
line will await a request from them. Compton also mentioned that in
discussing the problem with Colonel Nichols, the impression has
been gained that it is unlikely that we shall receive a request to
proceed further with the 23 converter pile. Nichols has expressed
himself, however, as actively interested in a research and development
program that would lead to the more efficient use of uranium and thorium

in producing a useful product. (Seaborg, 1979, pg.453)
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Although Wigner’s notion of a solid-fueled plutonium-uranium-233 converter
reactor came to an end after only a few months of examination, Alvin Weinberg

noted that it had far-reaching implications for the future of nuclear energy:

Wigner’s converter was never taken much beyond rough conceptual
design, but in a way it has had enormous influence on the development
of nuclear energy. For this was the first detailed description of a
heterogeneous, plate-type, highly enriched reactor, cooled and moderated
by water...most research reactors, almost all naval reactors, and
most commercial nuclear reactors have been water-moderated
and cooled, more or less along the lines of Wigner’s con-

verter. (Weinberg, 1994, pg.38)

Although Wigner’s converter reactor was never built, it still represented a great
leap forward in reactor development. It is worth considering that the pressurized-
water, uranium-fueled reactors that dominate nuclear energy around the world today
did not evolve from the gas-cooled X-10 reactor at Oak Ridge, nor did they evolve
from the huge graphite-moderated, water-cooled reactors at Hanford. They evolved
from Wigner’s efforts to convert plutonium-239 into uranium-233 in the fall and winter

of 1944.

4.10 Uranium-232, the Fatal Flaw for Weapons

On December 28, 1944, Seaborg completed a ten-page report entitled ”Conversion
of Pu-239 to U-233" and sent it to project leadership. He gave a more detailed
description of the problems that any converter reactor would face as it attempted
to consume plutonium-239 to generate uranium-233. But for the first time it also
detailed a much more insidious problem that would eventually close the book on the

practical consideration of uranium-233 as a material for nuclear weapons.
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Seaborg was acutely aware of the problems that had been caused by the
Manhattan Project’s failure to appreciate the real behavior of plutonium-239 in
reactors. It didn’t always fission, and when it did not fission it formed plutonium-
240 which had a significant probability of spontaneous fission. Spontaneous fission
produced neutrons that could cause a nuclear weapon to pre-detonate, and it made
plutonium unsuitable for use in the simple ”gun-type” weapon that was the baseline
design of the Manhattan Project.

If uranium-233 was to be considered as a material for weapons, Seaborg did not
want a repeat of the issues with plutonium, and he was on the hunt for other side-
reactions that might also cause trouble. U-233 was much more likely to fission than
plutonium-239, with only one reaction in ten leading to the formation of uranium-234.
Uranium-234 was not nearly the problem that plutonium-240 was, but uranium-233
had a different problem. In the production techniques they envisioned, there were
several different ways that a new isotope, uranium-232, could form. Uranium-232 had
a relatively short half life (less than 70 years) and its rapid decay would produce a
background of alpha particles.

Uranium-232 formed in several different ways. One of them was when uranium-
233 was struck by a high-energy neutron. Sometimes rather than fissioning it knocked
loose a neutron in addition to the one that struck it. This caused uranium-233 to
turn directly into uranium-232, depicted in Figure 4.8. This process required high-
energy neutrons,’ but each fission neutron begins its existence with a great deal of
kinetic energy (before it is moderated) and so this process is possible in either fast or
thermal-spectrum reactors.

Another was the uranium-232 that formed when protactinium-231 absorbed a
neutron, depicted in Figure 4.9. High purity thorium could minimize the presence of
Pa-231, but it couldn’t be eliminated because there were two ways in which it could

be formed in thorium itself.

"In the reactions depicted in the graphics, fast neutron reactions are indicated by n* (such as
n*,2n) while thermal neutron reactions are simply indicated by n (such as n,~). Cross-sections for
fast-neutron reactions are generally very small, measured in millibarns (mb) rather than barns (b).
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Figure 4.8: Formation of uranium-232 from fast neutrons on uranium-233

n,7y B
433 b 31.4h

Figure 4.9: Formation of uranium-232 from neutron absorption in protactinium-231
followed by decay.

One of them was when the rare but natural isotope thorium-230 (also sometimes
called ”ionium”) would absorb a neutron, forming Pa-231 which absorbed another
neutron to form U-232, depicted in Figure 4.10. Th-230 was a natural decay product
of abundant uranium-238 and was chemically identical to thorium-232, so any thorium

deposit that was found near uranium (which was common) tended to pick some up.

n,y B n,y o4
24.3 b 25.5h 433 b 31.4h

Figure 4.10: Formation of uranium-232 from multiple neutron absorptions and
decays, starting with thorium-230.

Another formation process came from thorium-232 itself, depicted in Figure 4.11.
Sometimes when it was struck by a high-energy neutron it also kicked out a neutron
in addition to the one that struck it, forming Th-231 which rapidly decayed to Pa-231.
Then the Pa-231 absorbed another neutron and formed U-232.

These three formation pathways (Figures 4.8, 4.10, 4.11) made it extremely
difficult to make uranium-233 that was completely free of uranium-232 contamination,
and Seaborg was determined to raise these issues as early as possible with project

leadership. Describing his memo, he said:

99



Figure 4.11: Formation of uranium-232 from multiple neutron absorptions and
decays, starting with thorium-232.

I begin by revealing the complications that will be introduced
by the nuclear side-reactions in relation to the problem of final
chemical purification of U-233. I point out that if care is not taken
to control small amounts of heavy isotope impurities, the final material
may have the same limitations as the material (plutonium)
whose deficiencies are being remedied. At the time the material
is worked up the thorium will contain elements 90, 91, 92, and in some
cases, 93 and 94. In addition to U-233, there will be produced as relatively
stable long-lived isotopes, Pa-231, U-232, U-234, and, in the case where 94
is present, U-235, Pu-239, Pu-240, and Pu-241. Of particular concern
is the presence of U-232 that has four short-lived (hence long-
range) alpha-particle decay products, which means that the
problem of purifying the material from light element impurities
assumes importance again as it originally did in the case of Pu-
239. There is also the yet unanswered question of spontaneous fission in
U-232 or one of its daughters. All of these factors make it seem extremely
important that the factor of possible fast neutron reaction (the source of
U-232) in the thorium mass be minimized, including the possible necessity
of processing the thorium at shorter intervals than other considerations

might dictate. (Seaborg, 1979, pg.426-427)

Seaborg then described the prospects that he saw for success in a converter reactor.
He estimated that it would take 100 men and at least 6 months to develop a process

that could achieve 98% recovery of plutonium and thus 50% conversion efficiency of
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plutonium-239 to uranium-233. Such resources were not forthcoming in the Met Lab
as currently constituted. After detailing the formation pathways for uranium-232, he

issued a negative view on the value of proceeding with such an effort:

U-232 has a short half-life (approximately 50 years) giving off alpha rays
and producing decay elements which fit into the natural thorium decay
series. This series includes several short-lived alpha-emitters. Among
these alpha-emitters is ThC” which gives off alpha-rays of exceedingly high
energy. This fact introduces complications, in that the tolerance limits
for some of the lighter elements may have to be made more exacting
for the ultimate use. U-233 appears to be better than Pu-239
and purification from light elements would seem to be less
exacting by a factor of ten or so. However, this advantage
may be completely nullified and, in fact, the situation may be
worse if appreciable amounts of U-232 are present in the U-
233. The possibility of high spontaneous fission rates for U-232 and its
decay products must also be taken into account. These possibilities must
be considered in designing piles for converting plutonium into U-233. It
seems likely that the formation of U-232 can be sufficiently minimized by
placing the thorium only at the outside of the pile where there are no
fast neutrons and by reducing the length of exposure before the U-233 is
extracted from the thorium.” (Seaborg, 1979, pg.429)

Plutonium-239 had been a disappointment to the Met Lab chemical researchers
because of its propensity to form plutonium-240. But given the formation of uranium-
232 in converter reactors, Seaborg was of the opinion that uranium-233 might be an
even worse material for nuclear weapons. He was right, and Alvin Weinberg recalled
that Seaborg’s foresight probably saved a great deal of otherwise wasted time and

effort:
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At the time, however, there was no assurance that the implosion would
work; and if it didn’t work, the whole Chicago project was a failure! What
to do, what to do? Arthur Compton convened a staff meeting to discuss
possible ways to retrieve the situation. The meeting was dominated
by Wigner. He proposed that the ?‘°Pu-contaminated plutonium from
W be converted into the fissile isotope 233U in a special ”converter
reactor.” 23U is produced from thorium-232 when the latter absorbs
a neutron, much as ?*°Pu is produced when #*®U absorbs a neutron.
233U is fissile, and could possibly be used in a bomb with little chance
of predetonation. (Glenn Seaborg, however, pointed out that
233U manufactured in Wigner’s converter was contaminated with
232U, which probably fissioned spontaneously and also emitted
many alpha particles. A bomb made of ?*U would therefore
have to be carefully cleansed of any tramp light elements such
as beryllium, since alpha particles interacting with beryllium
would produce neutrons; and if spontaneous fission of 32U was
sufficiently probable, the ?*3U gun-type weapon was unworkable.
I was greatly impressed by Glenn’s insight into this difficulty, since at the
time little was known about either 233U or 232U.) (Weinberg, 1994, pg.37-
38)

By the spring of 1945, serious consideration of uranium-233 as a material for
nuclear weapons had essentially come to an end. It was much more difficult to make
a unit of uranium-233 than plutonium-239, and the uranium-233 was contaminated
with uranium-232 that could not be separated chemically from uranium-233, much
like plutonium-239 was contaminated with plutonium-240. The chemists and reactor
designers of the Met Lab were far more excited about the prospects of using uranium-

233 in a breeder reactor.
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4.11 Fluid-Fueled Thorium Breeder Reactors

On January 17, 1945, within two days of his decision to stop working on the
plutonium-uranium-233 converter, Arthur Compton and Colonel Nichols were speak-
ing optimistically about the prospect of turning the attention of the Met Lab to

thorium breeder reactors instead. Seaborg notes:

With regard to [research and development|, Compton said that he was
interested to find that three different laboratories have proposed breeder
piles for U-233. He stated that while we have not been authorized to carry
out the program activities as proposed, the indications are that the level
of support will be relatively constant and we will have a wide range for

making decisions about their priority.

Compton reported on a discussion with [Colonel] Nichols at Clinton on
the possibilities of a U-233 converter, based on the report prepared early
this month which describes the feasibility of such a converter. Compton
said that he told Nichols we prefer the breeder, whereupon Nichols said
he thinks it is more important that we go ahead on the [thorium-U-233]
breeder than on the [plutonium-uranium-233] converter and to lay our

plans along this line. (Seaborg, 1979, pg.457)

Chemistry Division director Farrington Daniels had solicited ideas about ”breeder”
reactors, and the consensus was emerging of a reactor that would be fueled by a
solution of a uranium compound dissolved in heavy water. (Seaborg, 1979, pg.488)
This would eliminate the considerable difficulty of fabricating solid fueled elements
and dissolving them to remove fission products. Several uranium compounds
appeared suitable for dissolution in water, mostly notably uranium nitrate and
uranium sulfate. Some of Seaborg’s chemist colleagues, particularly Davidson and
Katzin, pointed out the challenges that could be expected in a "homogeneous” reactor

with fuel dissolved in water. One of them would be the formation of hydrogen and
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oxygen gas as radiation split apart the water molecule. Unless the hydrogen and
oxygen was “recombined” back into water, it might form an explosive gaseous mixture
somewhere in the reactor. Another challenge was the chemical stability of nitrate
compounds. (Seaborg, 1979, pg.492) This seemed to favor using sulfates rather than
nitrates, but much of the chemical processing techniques were based on the use of
nitrates. A chemical shift from sulfate to nitrate might be necessary to process the
fuel regularly, and that would be undesirable.

Seaborg noted in his summary of the activities of the Met Lab for February 1945
that (Seaborg, 1979, pg.518)

...most of the research and development work of the Laboratory is
exploratory work in connection with breeder piles. Consideration is
being given to the homogeneous thermal breeder and the heterogeneous

resonance and high energy breeder type of pile.

Alvin Weinberg and Eugene Wigner were also looking at the ”aqueous homoge-
neous” reactor concept, but considering it more from the neutronic angle rather than
the chemical perspective of Seaborg’s group. They recognized that for each absorption
of a neutron in uranium-233, it would produce more than 2 neutrons. This was the
key to its ability to operate as a breeder reactor. But how much more than two?
It mattered because it gave them a sense of the "margin” they might enjoy in an
actual, practical reactor. How many neutrons could they afford to lose to xenon, or
to neutron absorption in other fission products? How much would be lost to leakage?
The answer to that question would have a great deal to do with the minimum size
such a reactor could assume.

Weinberg and Wigner knew that a small fraction of the neutrons from fission were
delayed. In a reactor with circulating fuel, some of these would be emitted outside
of the core. With uranium-233 as the fuel, there was also a different grouping and
number of delayed neutrons than in uranium-235. And although uranium-233 had

better performance in a thermal reactor than uranium-235 or plutonium-239, about
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10% of the time it would simply absorb a neutron too, forming uranium-234. Was
uranium-234 fissile, or would it simply absorb neutrons? How much fissile material
would be lost in chemical processing?

Each of these questions needed answers if a realistic aqueous homogeneous
"breeder” reactor was to be built, and in many cases Weinberg and Wigner could
do little more than pose the question and frame the experiments that would need to
be done to find the answer. Each one of these mechanisms of neutron loss would eat
away at the "margin” that uranium-233 had as a breeder fuel, and for an organization
obsessed with producing and increasing the supply of separated fissile material, these
were very important questions.

Weinberg and Wigner made the first detailed description of their aqueous
homogeneous thorium breeder reactor ideas in an internal report titled ” Preliminary
Calculations on a Breeder with Circulating Fuel,” issued in Chicago on May 17,
1945. (Weinberg, 1994, pg.116) In the paper, they painstakingly calculated, to the
best of their knowledge and computational abilities at the time, the neutronic losses
that such a reactor design would undergo, and concluded that they were confident
that the losses could be held within the "margin” of neutrons that their breeder design
would allow.

While it appeared that an aqueous thorium breeder might be possible and feasible,
it was fairly clear that such a reactor would only breed enough new fissile U-233 to
make up for the amount consumed. It would not be a ”"net” breeder, producting
significantly more fissile but rather an ”isobreeder”, producing just enough for its
needs. In such a design the reactor would be able to consume thorium at high
efficiency, but the fissile material that started the reactor would have to come from
somewhere else. The search was still on for a breeder reactor that would have
significant breeding gain, in other words, would produce substantially more fissile
material than it consumed.

There was also the issue of relative value of uranium-233 versus plutonium-239.

Interest in U-233 for weapons had dropped off considerably from the excitement of just
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Figure 4.12: A recent adaptation of the thorium breeder reactor concept described
in the Wigner-Weinberg report of May 17, 1945. The original caption states: ”The
degassing method is only illustrative.”
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a few months before. But would the impure plutonium that Hanford was producing
be suitable for the first nuclear weapons? Few at the Met Lab in Chicago had insight
into what was going on at Los Alamos that would conclusively answer that question.

Even if a thorium breeder reactor would not have significant breeding gain, its
feasibility transformed the potential value of natural thorium from worthless to
potentially the planet’s greatest natural energy source. General Groves realized this
could have profound geopolitical consequences. To that end, he directed that the
entire supply of uranium-233 that the Met Lab had generated and separated be sent to
Argonne for experiments to conclusively determine how many neutrons were produced
in fission from each neutron absorbed in U-233. (Seaborg, 1979, pg.556) In late March,
the Met Lab sent 60 milligrams to Argonne for further testing. Within a few days
General Groves demanded to know why they had not sent the entire 100 milligrams
in their possession for testing, and they scrambled to placate him. (Seaborg, 1979,
pg.556) Groves was insistent that that ”eta”, the Greek letter that the physicists had
chosen to denote the number of neutrons produced in fission per neutron absorbed,
be known to high accuracy for uranium-233. If eta was greater than two, a breeder
was theoretically possible. If it was modestly greater than two, such as 2.3 to 2.5,
then a practical breeder was possible from an engineering perspective. It was very
important to know the value of eta for uranium-233.

Seaborg and his team realized that they could get more U-233 to Argonne for
measurement if they processed more of the thorium carbonate cans that had been
exposed in the X-10 reactor at Oak Ridge. To that end, they entered into a "mass-
production” effort culminating in a total of 200 milligrams of U-233 that they made
available for analysis by April 12. (Seaborg, 1979, pg.580) Their success came just
as they received disheartening news: President Roosevelt had died in Warm Springs,
Georgia.

Using the 200 mg of U-233 from the Met Lab, the value for eta for U-233 was
reported to General Groves on April 17 as being 2.35. A thermal breeder reactor
using thorium, started by U-233, was possible. (Seaborg, 1979, pg.586) By June 27,
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all data relating to the eta of U-233 was deemed "top secret”. (Seaborg, 1980, pg.79)
Only the United States would possess the knowledge that uranium-233 could, for all
practical purposes, ”catalyze” energy release from a supply of thorium indefinitely.

For Alvin Weinberg, his time at the Metallurgical Laboratory in Chicago had come
to an end. On a hot May weekend in 1945, Weinberg, his wife Marge and 2-year-old
son David, boarded a train for Knoxville and from there on to the secret city of Oak
Ridge, Tennessee, where Weinberg would spend the rest of his life, until his death in
2006. (Weinberg, 1994, pg.45-46)

Weinberg viewed his move from Chicago to Oak Ridge not as the end of his
work on fluid-fueled thorium reactors, but rather as the beginning. He described his

migration to Oak Ridge in these terms: (Weinberg, 1994, pg.116-117)

The aqueous homogeneous circulating-fuel power breeder based on the
Z2Th-23U cycle became a kind of obsession for me. I came to Oak
Ridge convinced that the laboratory, with its many chemists and chemical
engineers, was the ideal place to develop Wigner’s aqueous homogeneous

power breeder.

Indeed, in the years to come after the war, Weinberg would supervise the successful
construction and operation of two aqueous homogeneous reactors, intended to lead to
thermal-spectrum thorium breeder reactors. He would also oversee the development,
construction, and operation of two molten-salt reactors, another fluid-fueled reactor
that overcame many of the limitations of the aqueous homogeneous reactor, and which

many consider to be the ideal implementation of the thorium breeder reactor.
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Chapter 5

Ending the War with Nuclear

Weapons

5.1 Technical Triumph at Trinity

By design, General Groves had structured the Manhattan Project so that information
did not flow readily from one part of the project to the others. He and a few
others kept the larger view of their objectives closely guarded. For this reason, the
Metallurgical Laboratory group in Chicago only had snippets of information about
what was going on at Los Alamos amongst the group of researchers who were receiving
the plutonium from Hanford and trying to make it into a workable nuclear device.
As had been previously mentioned, there was a feeling among some of the Chicago
Met Lab team that their efforts had been a failure. Despite their attempts to provide
pure plutonium to the group at Los Alamos, they discovered that the plutonium
was contaminated with an undesirable isotope—plutonium-240—that might make it
unusable. They had worked to design a reactor to convert plutonium to uranium-
233 only to discover that they could not build a solid-fueled reactor that would be

sufficiently effective for this task. Furthermore, they discovered that any uranium-233
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they might make would be contaminated with uranium-232, and would likely be an
even worse material for a nuclear weapon than the plutonium from Hanford.

All of these setbacks make what was accomplished at Los Alamos all the more
remarkable. Quietly and with tremendous determination, they had developed an
entirely new approach to a nuclear weapon based on the technique of implosion,
and throughout the winter of 1944 and 1945 they had been systematically testing
the implosion technique. If it could work, it would be a much more effective use of
plutonium than the previous idea for a gun-type bomb. Because of its efficiency it
would require far less fissile material for a given explosive yield. It would also work
even with the plutonium contaminated by plutonium-240. But it was a technologically
difficult challenge, and there was no fallback position if it failed. Without the
development of implosion technology all of the efforts of Fermi, Wigner, Seaborg,
and their teams would have been for naught.

At the center of Los Alamos was J. Robert Oppenheimer, who effected a sweeping
reorganization of the lab in the summer of 1944 to focus on the scientific issues
associated with developing practical weapons. To lead efforts on implosion he chose
Robert Bacher and George Kistiakowsky. (Hewlett and Anderson, 1962, pg.311) For
implosion to work, the secret would be shaped high-explosive charge, called ” explosive
lenses” which had to detonate at precisely the same time, forcing the plutonium ” pit”
inside them to be compressed tremendously and quickly. Supercritical multiplication
of the neutrons in the pit would cause it to explode like nothing the world had ever
seen.

To test the implosion technique, Bacher’s team used radioactive lanthanum-140
that had been produced in the X-10 graphite reactor and shipped to Los Alamos by
truck. Since the La-140 only had a half-life of 40 hours, it was imperative that it
be produced, separated, and transported quickly for use. La-140 decayed to stable
cerium-140 and did not pose any long-term radiohazard, but while it was present it

emitted high-energy gamma rays. By placing radioactive lanthanum in the center of
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devices meant to test the implosion principle, various configurations could be tested
and assessed.

The first preliminary tests were conducted in the summer of 1944 but it wasn’t
until December 14 that one of Bacher’s group leaders, Bruno Rossi, saw definite
evidence of successful implosion. Time was running out and General Groves was
getting very nervous about the prospects for the entire reactor-plutonium-implosion
branch of the Manhattan Project. The effort connected with uranium isotope
separation and a gun-type bomb seemed far more likely to succeed, but it came with
a different cost. The gun-type bomb required roughly ten times the fissile material
that the implosion-type bomb needed for the same explosive yield. Nevertheless,
Groves committed the entire output of highly-enriched uranium, worth nearly a billion
dollars, to the gun-type weapon design.

Further implosion tests in early 1945 were promising, and the arrival of Samuel
Allison from the Metallurgical Lab in Chicago sped and focused the work at Los
Alamos. Soon there was a focus on having an implosion device ready for test with
real plutonium by July 4. It would be called ”Project Trinity” and it would be
the world’s first nuclear detonation. The decision to use precious plutonium in a
test was controversial. Some thought that all material should be committed to an
actual wartime weapon, but Oppenheimer and most of his division considered the test
essential. They felt that the step from theory to reality was too great to risk without
a test first, and that the prospect of dropping a plutonium weapon on enemy territory
that failed to detonate would give the enemy the chance to collect the plutonium and
make their own weapon, without going to the trouble of building expensive production
reactors and chemical purification facilities.

The test site for Project Trinity was the Jornada del Muerto (Journey of Death)
Valley in the northwest corner of the Alamogordo Bombing Range about 100 miles
south of Albuquerque, New Mexico.

On February 5, 1945, the first delivery of plutonium to Los Alamos from Hanford

was made, and the second plutonium-producing reactor (D-reactor) reached its rated
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power level. (Seaborg, 1979, pg.488) On February 16, the third Hanford plutonium
production reactor (F-reactor) was charged with uranium slugs, (Seaborg, 1979,
pg.501) and achieved criticality on February 25. (Seaborg, 1979, pg.515) On March
9, F-reactor also reached its rated power level. (Seaborg, 1979, pg.534) These two
reactors and the original B-reactor would produce the plutonium used in the Trinity
test and later in the weapon used on Nagasaki.

Fabricating the plutonium nitrate that was delivered from Hanford into plutonium
metal for the weapons was challenging. Plutonium was very toxic and great care
had to be taken against inhalation. It also had a bewildering number of different
metallic states, each with a different density and varying properties. By April 1945 the
prospects for successful implosion continued to improve as the radioactive lanthanum
experiments continued.

One of the final prepartions for the Project Trinity test came on May 7, when
Kenneth Bainbridge’s task force detonated 100 tons of high explosive on a tower
similar to the one that would be used for the actual weapon test. The explosives were
spiked with 1000 curies of fission products from Hanford. The explosion was seen
sixty miles away.

General Groves had ordered a bit of insurance against failure in the Trinity test
by having a giant steel canister called ”Jumbo” constructed that would be fitted
around the weapon. If the high explosives detonated but failed to trigger the nuclear
detonation, then it was thought that Jumbo would contain the fragments of the device
and allow the valuable plutonium to be recovered. If the test was successful, however,
Jumbo would be incinerated.

As the July 4 test date drew closer, it was clear that the date would slip, first to
July 13, and then to July 16. On the morning of July 16, very early, a crucial weather
report indicated that the test could proceed. Scientists, engineers, and military
officials were watching the test from a site about five miles away. A twenty-minute
countdown began, and at 5:29am the nuclear device exploded with an explosive

equivalent of about 20 kilotons of TNT. The scientists had become confident that
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Jumbo would not be needed, and had it installed on a tower 800 yards away from the
tower that held the device, nicknamed ”"the Gadget”. The explosive force destroyed
Jumbo’s tower, but Jumbo survived.

The explosive shock wave took 40 seconds to reach the observers five miles away
and was ultimately felt for a hundred miles. Oppenheimer later said that as he
watched the test he was reminded of a Hindu scripture, "Now I am become Death,
the destroyer of worlds.”

The next day, Tuesday, July 17, the Chicago Sun dutifully reported the cover
story issued by the Army on page 3 of their newspaper:

SHELL DUMP EXPLODES

Alamogordo, New Mexico, July 16 - (UP) - A magazine containing high
explosives, gas and other shells blew up at the Army base here today with a
pyrotechnic display visible 200 miles away. No one was injured. (Seaborg,

1980, pg.112)

The remoteness of the Jornada del Muerto Valley had successfully hidden
America’s secret. Implosion had worked. Through incredible work and determination,
Los Alamos had rescued the efforts of Hanford and the Met Lab in Chicago and now

stood ready to deliver a nuclear weapon based on plutonium to the Japanese.

5.2 Scientists Concerns about Nuclear Energy

For many months, the scientists and engineers of the Met Lab had been worrying
about how the world would respond to the first use of a nuclear weapon.

Leo Szilard, the original worrier who had drafted the letter to President Roosevelt
that he had convinced Albert Einstein to sign, was ahead of the rest in his list of
concerns for a future world with nuclear weapons. In an afternoon meeting on March

10, 1945, Seaborg recorded:
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Szilard spoke about his concern that the first bomb that we detonate
may start a race in atomic armaments between us and other nations, in
particular, Russia. He believes that for the safety of this nation it is
necessary for us, within the next couple of years, to produce ten times as
much fissionable material as is now planned (i.e., ten tons instead of one
ton) in order to insure an agreement with Russia to prevent its future use

in war. (Seaborg, 1979, pg.536)

A few days later, Szilard prepared a draft memorandum where he proposed that
the United States produce "ten tons of heavy elements within the next few years” in
order to convince the Russians that they would have no hope of catching up to US
technology in this area. He believed that by convincing the Russians of overwhelming
US superiority that they would agree to a system of international control on the
manufacture of "heavy elements” anywhere in the world. (Seaborg, 1979, pg.536-
537) Farrington Daniels, an advocate for high-temperature, gas-cooled, pebble-bed
reactors, agreed with Szilard and called for substantial expansion of fissile production
capability. (Seaborg, 1979, pg.537)

On May 29, James Nickson, an M.D. with the Met Lab who was part of the Met
Lab’s Committee of Social and Political Implications, wrote a memo to his section

chief, Leon Jacobson, in which he stated:

Therefore it seems to me that one of the most important functions at hand
is the education of the general public to the fact that the era of atomic
power is at hand. Further, the implications of this fact must become
general knowledge. If the public, as a whole, is not entirely conversant
with the broad implications of the field of nuclear physics, it seems
reasonably certain that the public will not accept any organization which
attempts to take into account the implications of these facts. (Seaborg,

1980, pg.38)
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Seaborg was also a member of this committee, and on June 6 he asked the opinions

of the men in his group about possible alternatives in the use of the bomb.

(1) not use the weapon in this war but simply announce at the end of the
war that we have it; (2) tell the world immediately that we have it and
give a demonstration at which representatives of all countries, including
Japan, are invited to see it; (3) make bombs as fast as possible and use
them on Japan. I added that the committee’s opinion is to follow the

second procedure.

In the discussion which followed, one man said he would like to see no. 3
used on the basis that we should treat it as just another weapon. I asked
if there was not a certain moral aspect that we must consider. If we are
the first to use the weapon and then want to build up a world
organization that would never allow its use again, our position
would be very much weakened. I also mentioned that it might be
important to give a demonstration from the point of view of keeping our
allies” good will; this would be particularly important in the case of Russia
who is our most likely future antagonist in view of Russia’s great future

potentialities as an industrial power.

The division of opinion of the people present was mostly between
the possibilities of no. 2 and no. 3. Most people agreed that a
strong international organization is necessary but that some precaution
must be taken to prevent capturing the whole available supply of
fissionable material by that organization. Some expressed pessimism to
the possibility of forming a sufficiently strong organization to control
the problem, but everyone agreed that it was essential to make the

effort. (Seaborg, 1980, pg.51-52)

Their committee issued a report on June 11, and its summary stated:
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The development of nuclear power not only constitutes an important
addition to the technological and military power of the United States
but also creates grave political and economic problems for the future of

this country.

Nuclear bombs cannot possibly remain a ”secret weapon” at the
exclusive disposal of this country for more than a few years. The
scientific facts on which their construction is based are well known to
scientists of other countries. Unless an effective international control of
nuclear explosives is instituted, a race for nuclear armaments is certain to
ensue following the first revelation of our possession of nuclear weapons
to the world. Within ten years other countries may have bombs, each
of which, weighing less than a ton, could destroy an urban area of more
than ten square miles. In the war to such an armaments race is likely to
lead, the United States, with its agglomeration of population and industry
in comparatively few metropolitan districts, will be at a disadvantage
compared to nations whose population and industry are scattered over

large areas.

We believe that these considerations make the use of nuclear
bombs for an early unannounced attack on Japan inadvisable.
If the United States were to be the first to release this new means
of indiscriminate destruction upon mankind, she would sacrifice public
support throughout the world, precipitate the race for armaments, and
prejudice the possibility of reaching an international agreement on the

future control of such weapons.

Much more favorable conditions for the eventual achievement of such an
agreement could be created if nuclear bombs were first revealed to the

world by a demonstration in an appropriately selected uninhabited area.
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In case chances for the establishment of an effective international control of
nuclear weapons should have to be considered slight at the present time,
then not only the use of these weapons against Japan, but even their
early demonstration, may be contrary to the interests of this country. A
postponement of such a demonstration will have in this case the advantage
of delaying the beginning of the nuclear armaments race as long as
possible. If, during the time gained, ample support can be made available
for further development of the field in this country, the postponement
will substantially increase the lead which we have established during the
present war, and our position in an armament race or in any later attempt

at international agreement would thus be strengthened.

On the other hand, if no adequate public support for the development of
nucleonics will be available without a demonstration, the postponement of
the latter may be deemed inadvisable, because enough information might
leak out to cause other nations to start the armament race, in which
we would then be at a disadvantage. There is also the possibility that
the distrust of other nations may be aroused if they know that we are
conducting a development under cover of secrecy, and that this will make

it more difficult eventually to reach an agreement with them.

If the government should decide in favor of an early demonstration of
nuclear weapons, it will then have the possibility of taking into account
the public opinion of this country and of the other nations before deciding
whether these weapons should be used in the war against Japan. In this
way, other nations may assume a share of responsibility for such a fateful

decision.

To sum up, we urge that the use of nuclear bombs in this war be
considered as a problem of long-range national policy rather than of

military expediency, and that this policy be directed primarily to the
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achievement of an agreement permitting an effective international control

of the means of nuclear warfare.

The vital importance of such a control for our country is obvious from
the fact that the only effective alternative method of protecting this
country appears to be a dispersal of our major cities and essential

industries. (Seaborg, 1980, pg.57-59)

On June 13, Seaborg sent Ernest Lawrence his opinions and suggestions on the
course to be taken for nuclear weapons in the immediate future and on the question of
the postwar future. He indicated that the opinions he expressed were shared almost

unanimously by the people associated with him in his division of the Met Lab.

(1) The basic facts concerning the successful release of nuclear energy and
its immense destructive possibilities should be made public very soon,
both to the general public and to scientific channels. I propose withholding
only information with respect to the actual detailed designs of the major

manufacturing installations.

(2) With respect to use in the present war, we propose not to use the
weapon on Japan without warning but to demonstrate the weapon in the

presence of all leading countries including Japan.

(3) On postwar control, I indicate we favor free research in nucleonics
throughout the world and control through an international organization.
Probably the best method of control lies in the control of the raw
materials. Perhaps the only method of maintaining these controls would
involve world-wide pooling to form a stockpile of fissionable material to be
used by the international organization for policing purposes. I mention
that, as suggested by Szilard, perhaps control could be effected
by denaturization, i.e., by mixing it with suitable isotopes

to spoil its use for explosive purposes without interfering too
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much with its use for research purposes such as power pile

developments.

(4) With respect to the organization of postwar research in nucleonics
in this country, I state that it would be a good idea to establish, with
government aid, about four large research laboratories at four of the major
universities. These laboratories should form a sort of a foundation for the
country’s research program and should include men who are able and
willing to advise outlying laboratories as to the research program. The
outlying laboratories might consist of government laboratories working
on the more practical aspects of the field, and also regular university and
industrial laboratories supported by government contracts or grants-in-

aid. (Seaborg, 1980, pg.62)

On June 16, another committee on which Seaborg served, devoted to a considera-
tion of future research, reported out to program management, and they struck a more
hopeful tone about the future. They notably describe how the current approach to
plutonium production was highly wasteful of uranium resources and was unsustainable
in the future. They also pointed out the importance of moving to ”breeder” reactors
to consume most of the uranium-238 and thorium in order to bolster the long-term

argument for nuclear energy.

The field of nucleonics has reached the stage where it is fairly clear as
to what should be the next immediate steps. The section of this report
dealing with the social and political problems indicates several choices
which face the nation concerning the future of this field. It is believed
that irrespective of the choice made and irrespective of whether or not
the point of view is one which envisages an armament race or is one which
happily contemplates a peaceful development, the immediate problem is
unaltered. The time scale, however, on which the work is carried out will

be very much affected by the realities of international policies.
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The quantity production of fissionable isotope is now realized
only at the expense of a raw material which is not at all abundant
in our country and exists in rather limited quantities in the world
as a whole. At the present rate of destruction of this material it
cannot be imagined that a wide-spread use of fissionable isotope
will be permitted. The wasteful utilization of this raw material is
forced upon us by the necessities of war, but the advisability of continuing
present methods of production far into the future even for military needs
can be doubted. It follows that research directed towards a more efficient
utilization of the primary material is the main problem of the nucleonics

program.

If a sizeable percentage of the isotope uranium-238 could be
burned and if, in addition, useful fissionable isotope could be
realized from thorium, then the whole future of the development
would be on much more secure grounds. It is of paramount interest,
therefore, that the fundamental research necessary to the design and
construction of ”breeder” piles be undertaken vigorously. It is only
by demonstrating the practicability of the ”breeder” principle that a
sufficiently ample supply of fissionable material can be produced to permit
the nucleonics program to proceed on the scale indicated by the benefits
to be derived. It is also necessary that research and development leading
to the useful utilization of the power from nuclear burning be vigorously
supported. The ultimate goal here would be to operate machines which
produce useful power and which at the same time produce as much or
more fissionable isotope than is consumed. Under these circumstances no
real limit could exist to the application of nucleonics to all phases of our

scientific and industrial life.
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The accomplishment of the goal set in the previous paragraph is not
possible without an extensive program for basic research in physics,
chemistry, and metallurgy. The present state of the art is such that
new designs of reactor units invariably suggest situations about which
no information is available. For the long term development of the field
the research in the basic sciences will be of more importance than any
immediate pile design or engineering. It is possible that the real future of
atomic power does not involve the burning of uranium but rather other
elements at the light end of the periodic table. Progress in this direction
can only come if all possible freedom and support is given for investigations

concerning the nucleus.” (Seaborg, 1980, pg.65-66)

5.3 The World’s Terrifying Introduction to Nu-
clear Energy

President Truman and the wartime allies, including Josef Stalin and Winston
Churchill, were attending a conference in Potsdam, Germany, when Truman’s War
Secretary, Henry Stimson, received the message that the Trinity test had been
successful on July 18. (Hewlett and Anderson, 1962, pg.386) Elated by the news,
Stimson informed the President, who later that afternoon passed the information
on to Churchill. Both men felt confident that nuclear weapons—mnow proven to
work—would force Japan into unconditional surrender. Churchill considered the
weapon ”a miracle of deliverance,” which was fitting considering that both men were
contemplating hundreds of thousands of Allied deaths, along with millions of Japanese
soldiers and civilians, that would accompany an invasion of Japanese home islands,
which at that time was contemplated for November 1945.

Truman and Churchill hesitated to divulge to Stalin the success at Trinity, but

they realized that some attempt must be made to appraise Stalin of the nature of
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what was soon to come. On July 24, after a plenary meeting had adjourned, Truman
strolled over casually to Stalin and without his interpreter present informed Stalin
that the United States had a new weapon of unusual destructive force. Stalin showed
no special interest, but said only that he was glad that the US was in possession
of such a device and that he hoped America would make good use of it against the
Japanese. Truman felt relieved that he had taken the minimum step necessary to
inform Stalin of what was to come. (Hewlett and Anderson, 1962, pg.394)

The notion of using one of the weapons in a public demonstration intended
to frighten the Japanese to surrender had been considered and rejected. Several
scientists thought that no demonstration would be sufficiently dramatic to convince
the Japanese. Further objections emerged. The weapon might fail to detonate,
allowing an enemy to collect the fissile material, produced at such staggering expense,
and fabricate a weapon of their own. Another possibility would be that the Japanese
would place American prisoners-of-war in the area where such a public demonstration
had been announced. Yet another possibility was that the Japanese would do
everything possible to shoot down the plane carrying the demonstration weapon.
Thus the war leaders concluded there would be no warning beyond the ultimatum
they planned to issue. Its use in combat would be the world’s introduction to the
nuclear weapon. (Hewlett and Anderson, 1962, pg.358)

The same day that Truman inferred the existence of nuclear weapons to Stalin,
War Secretary Stimson authorized the 509th Composite Group to prepare for attack
on Japan as soon as August 3rd. The 509th Composite Group had been specially
created to train for and execute nuclear bombing on Japan. Several cities had been
held back from attack by conventional bombing campaigns so that they might be
attacked by nuclear weapons. These were Hiroshima, Kokura, Niigata, and Nagasaki.
Each was now cleared for attack by the planes of the 509th, and the powerful weapons
they would carry. (Hewlett and Anderson, 1962, pg.394)

On July 27, the Allied leaders in Potsdam issued their ultimatum to Japan for

its unconditional surrender, known as the Potsdam Proclamation. (Seaborg, 1980,
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pg.128) It demanded an immediate cessation of hostilities by the Japanese, the
disarmament of their military, and a restriction of their sovereignty to the Japanese
home islands. It made clear that the Allies did not intend the destruction of Japan as
a race or a nation. Three days later, Japanese Premier Suzuki rejected the ultimatum,
deeming it unworthy of official notice. (Seaborg, 1980, pg.131) Japan had exhausted
the patience of the Allies, who now would end the war with the ”terrible swift sword”
of nuclear weapons.

On the island of Tinian in the Pacific, Colonel Paul Tibbets of the 509th Composite
Group supervised the loading of the first nuclear weapon, nicknamed ”Little Boy”,
into the weapons bay of his B-29 bomber, which he had named after his mother:
"Enola Gay.” ”Little Boy” was a gun-type weapon using highly-enriched uranium.
This type had never been tested before—the Trinity test had been a test of the
plutonium-implosion-type weapon. Nevertheless there was high confidence that
"Little Boy” would work successfully. It was 120 inches long and weighed nearly
10,000 pounds.

On the morning of August 6, at 8:15am local time over Hiroshima, Japan, Tibbets’
B-29 dropped ”Little Boy” from an altitude of 31,000 feet onto the central region of
the city of Hiroshima. After falling for 45 seconds and at an altitude of about 2000
feet, the weapon detonated with an explosive force estimated at 13,000 tons of TNT
equivalent. The force of the blast killed 66,000 people in Hiroshima and injured
69,000 more. Almost everything within a one mile radius of the blast was completely
destroyed, except for some highly reinforced concrete structures. The blast ignited a
firestorm roughly two miles in diameter, which continued burning outward so long as
fuel in the form of wood and flammable materials were available. Accurate casualty
figures were impossible to determine, since many of the victims of the blast were
cremated by the firestorm. The altitude of the detonation limited the radioactive
fallout that was generated and no bomb crater was formed. Many were likely close
enough to the blast to be harmed by neutron and gamma radiation, but they were

killed in the firestorm before radiation effects would have been apparent.
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Secretary of War Stimson was awakened at 7:45 Eastern time to a report that the
Hiroshima bombing mission had been successful. It was now time to tell the world
about nuclear weapons. Stimson authorized the notification of President Truman and
the release of prepared remarks that would accompany the successful use of nuclear

weapons in combat. (Hewlett and Anderson, 1962, pg.402)

5.4 ”A Rain of Ruin from the Air”

At eleven a.m. on August 6, 1945, radio stations around the United States began
broadcasting a message from President Truman: (Seaborg, 1980, pg.143-145)

Sixteen hours ago an American airplane dropped one bomb on Hiroshima,
an important Japanese army base. That bomb had more power than
20,000 tons of T.N.T. It had more than two thousand times the blast
power of the British ”"Grand Slam” which is the largest bomb ever yet

used in the history of warfare.

The Japanese began the war from the air at Pearl Harbor. They have
been repaid many fold. And the end is not yet. With this bomb we have
now added a new and revolutionary increase in destruction to supplement
the growing of our armed forces. In their present form these bombs are

now in production and even more powerful forms are in development.

It is an atomic bomb. It is a harnessing of the basic power of the universe.
The force from which the sun draws its power has been loosed against

those who brought war to the Far East.

Before 1939, it was the accepted belief of scientists that it was theoretically
possible to release atomic energy. But no one knew any practical method
of doing it. By 1942, however, we knew that the Germans were working
feverishly to find a new way to add atomic energy to the other engines

of war with which they hoped to enslave the world. But they failed. We
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may be grateful to Providence that the Germans got the V-1’s and the
V-2’s late and in limited quantities and even more grateful that they did

not get the atomic bomb at all.

The battle of the laboratories held fateful risks for us as well as the
battles of the air, land, and sea, and we have now won the battle of

the laboratories as we have won the other battles.

Beginning in 1940, before Pearl Harbor, scientific knowledge useful in
war was pooled between the United States and Great Britain, and many
priceless helps to our victories have come from that arrangement. Under
that general policy the research on the atomic bomb was begun. With
American and British scientists working together we entered the race of

discovery against the Germans.

The United States had available the large number of scientists of
distinction in the many needed areas of knowledge. It has the tremendous
industrial and financial resources necessary for the project and they could
be devoted to it without undue impairment of other vital war work. In the
United States the laboratory work and the production plants, on which a
substantial start had already been made, would be out of reach of enemy
bombing, while at that time Britain was exposed to constant air attack
and was still threatened with the possibility of invasion. For these reasons
Prime Minister Churchill and President Roosevelt agreed that it was wise
to carry on the project here. We now have two great plants and many
lesser works devoted to the production of atomic power. Employment
during peak construction numbered 125,000 and over 65,000 individuals
are even now engaged in operating the plants. Many have worked there
for two and a half years. Few know what they have been producing. They
see great quantities of material going in and they see nothing coming out

of these plants, for the physical size of the explosive charge is exceedingly
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small. We have spent two billion dollars on the greatest scientific gamble

in history—and won.

But the greatest marvel is not the size of the enterprise, its secrecy, nor its
cost, but the achievement of scientific brains in putting together infinitely
complex pieces of knowledge held by many men in different fields of
science into a workable plan. And hardly less marvelous has been the
capacity of industry to design, and of labor to operate, the machines and
methods to do things never done before so that the brain child of many
minds came forth in physical shape and performed as it was supposed to
do. Both science and industry worked under the direction of the United
States Army, which achieved a unique success in managing so diverse a
problem in the advancement of knowledge in an amazingly short time. It
is doubtful if such another combination could be got together in the world.
What has been done is the greatest achievement of organized science in

history. It was done under high pressure and without failure.

We are now prepared to obliterate more rapidly and completely
every productive enterprise the Japanese have above ground in
any city. We shall destroy their docks, their factories, and their
communications. Let there be no mistake; we shall completely

destroy Japan’s power to make war.

It was to spare the Japanese people from utter destruction that the
ultimatum of July 26 was issued at Potsdam. Their leaders promptly
rejected that ultimatum. If they do not now accept our terms they
may expect a rain of ruin from the air, the like of which has
never been seen on this earth. Behind this air attack will follow sea
and land forces in such numbers and power as they have not yet seen and

with the fighting skill of which they are already well aware.
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The Secretary of War, who has kept in personal touch with all phases
of the project, will immediately make public a statement giving further

details.

His statement will give facts concerning the sites at Oak Ridge near
Knoxville, Tennessee, and at Richland near Pasco, Washington, and an
installation near Santa Fe, New Mexico, Although the workers at the
sites have been making materials to be used in producing the greatest
destructive force in history they have not themselves been in danger
beyond that of many other occupations, for the utmost care has been

taken of their safety.

The fact that we can release atomic energy ushers in a new era in
man’s understanding of nature’s forces. Atomic energy may in the future
supplement the power that now comes from coal, oil, and falling water,
but at present it cannot be produced on a basis to compete with them
commercially. Before that comes there must be a long period of intensive

research.

It has never been the habit of the scientists of this country or the policy
of this Government to withhold from the world scientific knowledge.
Normally, therefore, everything about the work with atomic energy would

be made public.

But under present circumstances it is not intended to divulge the technical
processes of production or all the military applications, pending further
examination of possible methods of protecting us and the rest of the world

from the danger of sudden destruction.

I shall recommend that the Congress of the United States consider
promptly the establishment of an appropriate commission to control the
production and use of atomic power within the United States. I shall give

further consideration and make further recommendations to the Congress
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as to how atomic power can become a powerful and forceful influence

towards the maintenance of world peace.

Truman’s terrifying message to the world had surprisingly little effect on
the Japanese deliberations about surrender. The attack on Hiroshima severed
communication with Tokyo, and it was not until the evening of August 6th when
the Japanese High Command received word that a small number of planes had
wrought appalling damage on the city. It was not until the next day when they
learned that a single plane had destroyed the entire city. Military planners could
scarcely believe what they had heard, and many did not. Several high ranking
officials sought an audience with the Emperor that they might advise him to accept
the Potsdam Proclamation. Truman’s radio broadcasts were dismissed as scare
propaganda. (Hewlett and Anderson, 1962, pg.403)

Japanese Ambassador Sato to the Soviet Union sought their intervention to
mediate a cease-fire between the Allies and Japan. His request was rejected by the
Soviet diplomat Molotov, who tersely informed Sato that by rejecting the Potsdam
Proclamation the USSR would declare war on Japan, and that a state of war would

exist between the two nations by August 9th. (Hewlett and Anderson, 1962, pg.403)

5.5 Seaborg’s Plutonium Ends the War

The declaration of war by the Soviets was a staggering blow to the Japanese, and
strengthened the position of those leaders who were pushing for the unconditional
surrender demanded by the Allies. As they met on the morning of August 9th, they
argued about specific points of the surrender, and the meeting ended in deadlock even
as news came of the destruction of another city, Nagasaki, by nuclear weapons.
Another B-29 from the 509th Composite Group, this one called "Bockscar” and
commanded by Major Charles Sweeney, had taken off from Tinian for an attack

on the Japanese city of Kokura. Clouds obscured the city, and Sweeney turned to
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his alternate target, the city of Nagasaki. On his B-29 was a plutonium-implosion
weapon called ”Fat Man”, very similar to the weapon that had been tested in the
Trinity Project. ”"Fat Man” was dropped and fell for 43 seconds before detonating at
an altitude of 1650 feet above a military factory in Nagasaki. Forty thousand people
were killed and 25,000 more were injured, which was the third highest fatality rate
of any military attack in World War II, after the nuclear strike in Hiroshima and the
firebombing of Tokyo on March 9th and 10th, which killed over 100,000 people.

The Japanese High Command reconvened shortly after midnight and deliberated
for two hours. Views were stated, and Premier Suzuki rose and asked Emperor
Hirohito to indicate his wishes. Hirohito made a short speech and declared that he
agreed that the war should end. The imperial decree was accepted by all present
and the Cabinet met at once and ratified the decision. By the morning of August
10th, Japanese radio was broadcasting the acceptance of the Potsdam declaration and
Japan’s intention to unconditionally surrender. Truman swiftly notified the 509th to
suspend any efforts to drop a third nuclear weapon on the Japanese unless expressly
ordered to do so. The war was over. (Hewlett and Anderson, 1962, pg.404-405)

An element that did not even exist on Earth five years earlier had been fashioned
into a weapon that had ended the greatest military conflict in human history. Glenn
Seaborg’s penetrating curiosity, coupled with Ernest Lawrence’s mighty cyclotron,
had led to its discovery. An industrial effort of staggering complexity and cost had
brought it to fruition. And its awesome power had finally convinced the Japanese
warlords to abandon their belligerence.

Uncharacteristically, Seaborg said almost nothing in his journal about his thoughts
or feelings on the day that plutonium was used to destroy Nagasaki and end the war.
Did he feel pride that his hard work had brought the war to a close and saved millions
of lives? Or did he think of the tens of thousands who were incinerated that day in
"the rain of ruin from the air”?

Much has been said over the years about the guilt that nuclear scientists felt

about the creation of nuclear weapons, but in the final analysis, are they really
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any different than the hundreds of thousands who labored to produce conventional
chemical munitions? Were not more killed in the firebombings of Tokyo or Dresden by
chemical weapons than were killed at Hiroshima and Nagasaki by nuclear weapons?
Is the morality of war in any way related to the rate or ease at which adversaries
destroy one another? The distinguishing factor of the nuclear weapon was that it
represented a quantum leap in man’s ability to inflict death and destruction against
an enemy.

War is cruel, hateful, bitter, and irredeemable. And sometimes it is also
unavoidable. But history has shown that since that fateful day of August 9, 1945,
the mighty nations of the world have never lifted up arms against one another in
the style of world war that had twice ravaged the planet in the first half of the
twentieth century. Perhaps Seaborg’s plutonium wasn’t just a weapon; perhaps it
was an antidote, forcing the leaders of the earth to confront the inevitable results of
their actions before hostilities began. If such a thing is true than few things have

saved so many lives as the invention of nuclear weapons.*

*Author’s note: I once spoke with Dr. Kazuo Furukawa, who has since passed away, about the
events of Hiroshima and Nagasaki. He described to me how he felt, as a sickly youth of seventeen,
when he was told that he would be defending the Japanese home islands against an American
invasion. He was expected to give his life repelling the invaders, and he was thoroughly resigned
to the idea that he would soon die. When he learned of the nuclear bombings, he realized his
government would capitulate and that he would live. He told me that he decided that he would
learn all he could about nuclear technology and how to turn it into a source of peace and prosperity.
His career as a nuclear technologist and advocate is an example of one of the lives saved by the
events of early August 1945. Without the swift surrender of the Japanese government, millions of
Japanese and hundreds of thousands of Americans would have certainly died.
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Chapter 6

The Postwar Environment

6.1 Exploring New Possibilities

The exigencies of war had consumed the intellectual capabilities of some of the most
brilliant scientists of the world since the discovery of nuclear fission in 1938. With the
news of the Japanese surrender, an opportunity finally existed to investigate so many
other branches of the tree of possibilities that had been planted by the tremendous
wartime investment in reactors, chemical processing, and neutronic applications.
Several of these would have direct bearing on future efforts to utilize thorium as

a nuclear fuel.

1. There was great anticipation that new political and scientific organizations
would be formed to deal with matters of nuclear research and implementation.
In years to come, these were formed across the world, and many of them began
investigations into thorium as a source of energy. The most extensive was the
Atomic Energy Commission in the United States, which funded several efforts

into the development of thorium-based nuclear reactors.

2. Naval officers had been thinking about the application of a nuclear reactor
to power a submarine that would never need to surface for air and would have

unique military capabilities. They would succeed in 1954, and many years later,
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one of the reactors that descended from this effort would become the first to be
completely powered by thorium and uranium-233, conclusively demonstrating

that thermal breeding was possible.

. Air Force officers, having heard of the triumphs of the Manhattan Project, began
to think about using nuclear reactors to power aircraft. This would later lead to
a program that would develop a high-temperature nuclear reactor using a fluid
fuel composed of fluoride salts. Later this technology would be combined with
the thorium fuel cycle to form what many believe to be the most compelling

implementation of a thorium-fueled reactor.

. The scarcity of fissile material and the proven value of plutonium for nuclear
weapons would lead efforts on a breeder reactor away from the fluid-fueled
thorium breeder that Wigner and his team envisioned to a solid-fueled, liquid-
metal-cooled, fast-spectrum reactor that would be designed to produce much
more plutonium than it consumed. The appeal of plutonium for the weapons
program would lead to further emphasis on fast-breeder reactors, which would
lead them to be chosen over thorium reactors as the focus of breeder reactor

research.

. Nuclear testing, which was truncated to a single event (Trinity) to maximize
options against Japan, would resume and continue for many decades. Other
nations would join the race to develop larger and more terrifying nuclear
weapons. Above-ground detonation of nuclear explosives would release fission
products that would make their way into the bodies of all organisms on Earth.
Although largely harmless, this potent fact would lead to public revulsion
against nuclear weapons testing which would catalyse general anti-nuclear
sentiment. FEven after testing was ended, anti-nuclear organizations would
regroup around the opposition to civilian nuclear power stations, which would
lead to a tremendous reduction in the growth of nuclear energy. This in turn

would reduce the compelling need to realize thorium as a new form of energy.
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6. Glenn Seaborg originally created uranium-233 in order to explore a nuclear
decay chain that no longer existed on Earth. With larger amounts of uranium-
233 created in reactors, this decay chain was fully explored and found to possess
unique attributes that differentiated it from the other three decay chains. It

also contained radioactive isotopes of compelling value for science and medicine.

But one branch of the tree of possibilities that might have seemed so obvious in
August 1945 never came to pass: uranium-233 did not enter into the nuclear
stockpiles of the world. Although improvements in the production rate of uranium-
233 and a reduction of the contamination from uranium-232 might have been realized
through concerted effort, further research on uranium-233 as a material for weapons
did not take place, and the tens of thousands of nuclear weapons that were built in the
decades to come were based exclusively on highly-enriched uranium and plutonium.
There was only one known test of an explosive containing uranium-233 in 1954, and

its result was dubious®.

6.2 Understanding and Recognition at Last

Shortly after word of the Japanese surrender reached the personnel of the Met Lab,
director Farrington Daniels had to warn the employees of the Met Lab that they
were still working on nuclear research and that they could say no more than the
information that had been publicly released. (Seaborg, 1980, pg.157-158)

But there was no doubt that a great burden had been lifted from the whole nation.
The secret work in Chicago, which had brought together some of the brightest minds
in the world to design nuclear reactors, separate new elements using chemistry, and

develop material for weapons that would end a world war, had been a resounding

*As a part of Operation Teapot on April 15, 1955, a composite plutonium-239/uranium-233
bomb core was tested in a Mark 7 HE assembly. The shot was called the ”Military Effects Test”
and its purpose was to evaluate the destructive effects of nuclear explosions for military purposes.
Specifications called for a device whose yield was calibrated to +10%, but the composite core used
in the MET had only 2/3 the yield predicted, a tremendous disappointment.
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success. Nevertheless, tight wartime secrecy prevented Seaborg and others from
saying very much about what they had done. The extent of the information they
could reveal was bounded by a report issued by the Manhattan Project, written by
Henry Smyth, called General Account of the Development of Methods of Using Atomic
Energy for Military Purposes, now generally called the ”Smyth Report”. (Hewlett and
Anderson, 1962, pg.407)

This caused some discontent among Met Lab personnel. Some thought the
Smyth report said too much about their work, others thought it said far too little.
Speculation was flying throughout the media about the nature of nuclear energy and
its implications, and those who knew most could say least. Walter Zinn grumbled,
"It’s more important than who gets the credit and who does not. If people are
going to get the correct information they have to get it from the right people.
Washington is really cutting off the right source of information which would educate
the public.” (Seaborg, 1980, pg.166-167)

Work continued on a variety of esoteric subjects related to the chemistry of
plutonium and other actinides, but there was a definite sense that the wartime
intensity had dropped off. In September 1945, Seaborg pursued a lead from a company
in Monterey, California, that said the black sand beaches of Monterey contained up
to 60% thorium dioxide in some areas. (Seaborg, 1980, pg.186) Seaborg felt this was
important to relay back to the military leadership of the Manhattan Project. (Seaborg,
1980, pg.206) He also prepared for his return to Berkeley after over three years in
Chicago.

Seaborg was now in demand as a public figure. His youth, intelligence, and
photogenic appeal led to requests for him to appear on national radio and television
programs. (Seaborg, 1980, pg.331-334) As the discoverer of plutonium, there was
intense public interest in this material and the man who had found it and helped to
end the war. He was also asked to contribute articles to the Encyclopedia Brittanica
on the subjects of uranium, thorium, artificial radioactivity, protactinium, plutonium,

neptunium, and actinium for their 1946 edition. (Seaborg, 1980, pg.352)
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6.3 Legislation for a New Organization

Public realization of the power and import of nuclear weapons led to pronounced
debate on who should control the new weapons, and under whose authority they
should be developed. On one side were those who felt that the US Army had
shown their capability in administering the Manhattan Project, and that they should
continue to lead any effort to develop weapons. On the other side were many of the
scientists of the Manhattan Project who felt that a power so vast should come under
civilian control. This dispute materialized into legislation in the fall of 1945.

The first piece of legislation put forward came from the US House of Representa-
tives. Andrew Jackson May, chairman of the House committee, presented a bill that
had been drafted by two experienced lawyers that worked for the War Department,
Kenneth Royall and William Marbury. (Hewlett and Anderson, 1962, pg.428) The
bill called for a new organization to oversee nuclear development. It would consist
of a nine-man commission, consisting of five civilians, two representatives from the
Army, and two from the Navy. (Hewlett and Anderson, 1962, pg.412) These men
would serve indefinite terms and would be insulated from political pressures and the
President’s powers of removal. The commission they envisioned would have custody
of all raw materials and deposits, all plants, facilities, equipment, and materials, all
technical information and patents, and all contracts and agreements related to the
production of fissionable materials. To accomplish this, the commission would have
virtually unlimited powers of condemnation and eminent domain. These sweeping
powers would give the commission the power to undertake nearly any effort related
to the development of nuclear weapons.

The scientists of the Metallurgical Laboratory and other Manhattan Project sites
were horrified with the proposed legislation, and felt highly restricted in their ability
to speak out by wartime secrecy orders.

Freshman senator Brien McMahon of Connecticut put forward a very different

alternative in the US Senate: an Atomic Energy Commission that consisted entirely
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of civilians, from which military personnel were specifically excluded. McMahon’s bill
won the support of the scientists and the public at large. It was unanimously passed
by the US Senate on a voice vote on Saturday, June 1, 1946. (Hewlett and Anderson,
1962, pg.516)

In conference with the House of Representatives, and Congressman May, it was
clear that amendments would be added to the bill. These were appended to the bill
before it passed the House on Saturday, July 20, with a vote of 265 to 79. (Hewlett
and Anderson, 1962, pg.529) In conference, the differences between the Senate and
House versions of the bill were worked out, usually to the favor of the Senate version,
before the bill cleared both chambers and was signed into law by President Truman
on Thursday, August 1, 1946. (Hewlett and Anderson, 1962, pg.530) It was known as
"The Atomic Energy Act of 1946”7, and it created the Atomic Energy Commission,
which would relieve the Manhattan Project of their responsibilities to develop nuclear

weapons and other activities.

6.4 Dissolution of the Manhattan Project

In July 1946, the Manhattan Project conducted the public tests of nuclear weapons
that had only been contemplated before the end of the war. The location of the tests
was a remote island called Bikini Atoll in the Marshall Islands. There an armada
of captured Japanese and German warships had been assembled in the harbor. The
testing sequence was called ” Operation Crossroads” and it would include two weapons
tests. The first would be done by bombing the fleet anchored in the center of the atoll
by a single bomb dropped from an aircraft. The other test would involve a weapon
detonated underwater.

The first test detonation, code-named ” Able”, took place on July 1, 1946, when a
B-29 dropped an implosion bomb on the ghost fleet at Bikini. (Hewlett and Anderson,
1962, pg.580) On dozens of Navy ships about thirty miles away, military experts,

congressmen, scientists, foreign observers, and an entire shipload of journalists were
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witnessing the test. The contrast between this test and the handful of of men who saw
Project Trinity could not have been more pronounced. For the first time the public
was "present” at the detonation of a nuclear device, as the test itself was reported
live on the radio to listeners in the United States on CBS radio. On July 24, the
underwater detonation, code-named ”Baker”, took place.

Controversy surrounded the testing at Bikini. Many argued that the tests had
little military value, and that they were nothing more than a stunt intended to impress
or frighten the world. For the Manhattan Project, Operation Crossroads represented
nearly the end of the line. With the signing of the Atomic Energy Act of 1946 and
the creation of the Atomic Energy Commission, civilian control of nuclear weapons
and development would soon be a reality. The Manhattan Project worked to transfer
facilities, personnel, and information to the new civilian agency before dissolving as

an organization at the end of calendar year 1946.
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Figure 6.1: The four decay chains, including the neptunium (+1) chain that was
realized through the discovery of uranium-233. This new decay chain was unique in
several respects. 1) It did not have an isotope of radon in its decay chain, and 2) it
ended on bismuth rather than an isotope of lead.

138



Chapter 7

Conclusion

By the end of the Manhattan Project, uranium-233 derived from thorium had been
produced, evaluated, and rejected as a nuclear weapons material. Plutonium had also
been produced, in far greater quantities, and despite difficulties with production and
isotopic purity, it had been made to operate in nuclear weapons. In large part, success
with plutonium was due to the development of the implosion method of nuclear
detonation. This method also reduced the amount of fissile material needed for a given
yield, and was thereafter applied to both plutonium and highly-enriched uranium
weapons.

Uranium-233 had superior properties as a nuclear fuel over uranium-235 and
plutonium-239 in a thermal spectrum reactor. A fluid-fueled reactor, based on
uranium salts dissolved in heavy water, was seriously considered as a thermal
breeder reactor. But this concept never got beyond the conceptual stage during
the Manhattan Project and it did not offer a significant breeding gain. It was quickly
overtaken by an effort to build a fast-spectrum breeder reactor using plutonium and
uranium-238 as the fertile material. The fast-breeder held the promise of a significant
breeding gain, which was an important consideration in an era when every gram of
fissile material was of tremendous worth, and when any diversion of fissile material

away from weapons had to be justified as having eventual military value.
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The thermal-spectrum, thorium-uranium-233 breeder reactor concept could not
promise high breeding gains like a fast-spectrum plutonium reactor could, but it
had the great merit of being able to operate in the thermal spectrum and with
moderated neutrons. Interest in this reactor later continued at Oak Ridge National
Laboratory, where two experimental aqueous homogeneous reactors were built to test
the principles that had been sketched out in the final days of the Manhattan Project.

An effort to develop a converter reactor, that would consume plutonium and
generate uranium-233, later led to ideas for a pressurized light-water reactor. This
reactor type, proposed by Alvin Weinberg, would later power submarines and a decade
later would be adapted for civilian use in the United States. It would go on to become
the predominant reactor type in the world as of 2013.

Uranium-233 was never developed into an operational nuclear weapon material.
One test took place in 1955 of an experimental composite plutonium-uranium-233
core as part of the Teapot series of nuclear tests, but the test had a substandard yield
and no further experiments with uranium-233 were continued. The details of the test,
along with the relative amounts and arrangements of the plutonium and uranium-233
in the device, remain classified to this day.

Glenn Seaborg, leader of the technical group that discovered and characterized
uranium-233, went on to serve as the chairman of the Atomic Energy Commission
from 1961 to 1971, serving under Presidents Kennedy, Johnson, and Nixon. He was
also at the controls of a molten-salt reactor experiment in 1967 where uranium-233
was first used to power a nuclear reactor, which went on to operate for thousands of
hours successfully on this fuel.

The development of thorium as an energy source remains in its infancy in 2013,
having progressed relatively little since the era of the Manhattan Project. In large part
this is due to an early emphasis on nuclear weapons in the United States, Soviet Union,
Great Britain, and France that led to early characterization of uranium and plutonium
in reactors and chemical processing plants. Plutonium was a suitable nuclear weapons

material and could be produced in reactors that used natural (unenriched) uranium,
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and it could be separated chemically. Uranium-233 could not be produced in reactors
based only on natural thorium, since thorium did not multiply neutrons. Any effort
to produce uranium-233 in reactors using uranium simply diminished the potential
production rate of plutonium, and was undesirable.

The origins of uranium-233 in the days before the Manhattan Project, and its
investigation and consideration during the wartime era, laid the foundations for how

thorium and uranium-233 would be considered today, and have lasting relevance.
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Appendix A

Extracts from Farly History of
Heavy Isotope Research at
Berkeley

1940-09-23 John W. Gofman and Spofford G. English, two graduate students who
are starting at Berkeley this fall, have elected to carry out their graduate
work under my direction. English has decided that he will not be very active
in research during the first semester, but Gofman has elected to begin his
research program immediately. Gofman will work in room 307. (In addition
to supervision of graduate student research, my teaching assignment consists of

teaching two freshman chemistry laboratory sections.)

Gofman has accepted my suggestion that for his thesis problem he undertake
the search for the missing 4n+1 heavy nuclei and the measurement of their
radioactive properties. He will start with an investigation of Pa233, the
protoactinium daughter of the 26-min. Th233 which is produced by neutron

capture in thorium.

Hahn and Strassmann (O. Hahn and F. Strassmann, Naturwiss 28, 543 [1940])
have recently pointed out that the radioactivity of 25 days half-life assigned to
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Pa233, originally reported by Meitner, Strassmann and Hahn (L. Meitner, F.
Strassmann and O. Hahn, Zeits f. Physik 109, 538 [1938]) to be the daughter of
the 26-minute Th233 produced by neutron capture in thorium, might actually
be due to an isotope of zirconium. There is a 25-day zirconium formed in the
fission of uranium by neutrons, and hence probably also in the fission of thorium
by neutrons. Since Meitner, Strassmann and Hahn used zirconium as the carrier
material for their radioactive substance, the question arises as to whether their
25-day radioactivity from thorium plus neutrons might be due to an isotope of

zirconium rather than protoactinium.

Gofman will begin by attempting to demonstrate whether this 25-day activity
is indeed due to Pa233. Kennedy is collaborating with us in this research,
making his main contribution in developing the counting equipment that will

be required. (Seaborg, 1976, pg.2-3)

1940-11-04 After becoming familiar with the chemistry of thorium, protoactinium
and uranium, gathering his required chemical equipment and learning about
the various relevant counting apparatus, Gofman is getting underway with his
Pa233 problem. He is working in room 307, Gilman Hall, the same room in

which Wahl and Friedlander are situated. (Seaborg, 1976, pg.3)

1940-11-10 Gofman made his first bombardment of thorium nitrate today using
neutrons produced by the bombardment of phosphorus with deuterons at the
60-inch cyclotron. (The phosphorus target was for another experiment and
advantage was taken of the by-product neutrons.) The thorium nitrate was
surrounded by paraffin and the bombardment took place from 10:45 a.m. to

noon.

Gofman brought the thorium to room 307, dissolved it in water, then added
H505 to precipitate insoluble thorium peroxyhydroxide which he washed with

water and alcohol several times. He followed the decay of this using electroscope
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no. 3 with my help, and we found that the Th233 in this sample decays with a
half-life of approximately 26 minutes as expected. (Seaborg, 1976, pg.3-4)

1940-11-24 Gofman bombarded about 15 gm of thorium nitrate encased in a
large paraffin block for about an hour with the neutrons produced during the
bombardment of phosphorus with 100 microamperes of deuterons in the 60-inch
cyclotron. The thorium was dissolved and precipitated from acid solution as the
iodate after the addition of appropriate carriers for the fission products. After
redissolving the thorium iodate in concentrated hydrochloric acid, successive
precipitations of zirconium phosphate were performed. If the 25-day activity
formed by the slow-neutron bombardment of thorium is due to Pa233 resulting
from the beta decay of Th233, then the successive zirconium phosphate
precipitates (which coprecipitate the protoactinium) should have decreasing
amounts of Pa233 beta radiation. Measurements using electroscope no. 3
do show that the intensities are less for the successive precipitates, consistent
with the Pa233 growing from a parent of approximately 26 minutes halflife,
presumably Th233. It remains to be demonstrated that beta radioactivity in
the zirconium phosphate precipitates will decay with the expected 25-day half-
life. (Seaborg, 1976, pg.4)

1940-12-08 Gofman bombarded 50 gm of thorium nitrate for several hours with
the neutrons produced from the bombardment of phosphorus with deuterons
at the 60-inch cyclotron in order to produce a stronger sample of the 25-
day activity to be used to establish by chemical experiments that it is due

to protoactinium. (Seaborg, 1976, pg.5)

1940-12-13 Gofman began his chemical identification of the 25-day beta activity
using material produced in last Sunday’s bombardment. He plans to dissolve the
thorium nitrate, precipitate zirconium phosphate to carry the 25-day activity,
convert this to zirconium oxychloride, and then subject this to fractional

crystallization from hydrochloric acid solution. Experiments by Grosse and
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Booth (A. V. Grosse and E. T. Booth, Phys. Rev. 57, 664 [1940]) have shown
that in such a fractional crystallization the protoactinium concentrates in the

mother liquor. (Seaborg, 1976, pg.6)

1940-12-17 Gofman has completed his zirconium oxychloride experiments started
last Friday and finds that the specific activities (activity per decigram ZrOs) of
the first fractions are of the order of 5% of the specific activity of the overall
sample, showing an accumulation of the activity in the mother liquor as should
be the case for protoactinium. This is further evidence that the 25-day activity

is due to Pa233. (Seaborg, 1976, pg.7-8)

1940-12-19 Today Gofman extracted a purified uranium fraction through the
precipitation and reprecipitation of sodium uranyl acetate from a solution of
thorium nitrate made up of neutron-bombarded thorium. The purpose is to
see whether there is any beta-emitting U233 daughter in the Th233 -; Pa233 -/,
U233 decay sequence. He found no beta particles in the uranium fraction that
could be attributed to U233. It is, of course, to be expected that U233 will
decay by the emission of alpha particles and we intend to conduct experiments

to look for these. (Seaborg, 1976, pg.8)

1941-01-14 Gofman has followed the decay of the radioactivity in the zirconium
phosphate precipitates extracted from the solution containing Th233 on Novem-
ber 24, 1940 and has found in each case a half-life of about 25 days, indicating
that Th233 decays to a beta emitter of 25-days half-life, which therefore must
be Pa233.

We prepared a letter to the editor describing our work on the identification of the
25-day entitled "Radioactive Isotopes of Protoactinium” under the authorship
of G. T. Seaborg, J. W. Gofman and J. W. Kennedy. We are today sending
this letter for publication in The Physical Review. In this letter we describe

our experiments concerning the genetic relationship of the 25-day activity to
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its parent Th233, its chemical identification as protoactinium by the fractional
crystallization of zirconium oxychloride, the absence of daughter U233 beta
activity, and the measurement of the upper energy limit of beta particles as 0.4

MeV. (Seaborg, 1976, pg.15-16)

1941-02-01 Our letter to the editor entitled " Radioactive Isotopes of Protoactinium”
under the authorship of Seaborg, Gofman and Kennedy, appeared in today’s
issue of The Physical Review (Phys. Rev. 59, 321 [1941]). As a neighboring
article in the same issue there is an article by Grosse, Booth and Dunning

announcing similar results (Phys. Rev. 59, 322 [1941]). (Seaborg, 1976, pg.21)

1941-02-21 Today we began the bombardment of 1 kg of thorium nitrate, imbedded
in a box containing paraffin, with neutrons at the 60-inch cyclotron with

the aim of preparing out largest sample of Pa-233 through an intensive

bombardment. (Seaborg, 1976, pg.23)

1941-03-04 We concluded our bombardment of 1 kg of thorium nitrate, started on
February 21, with neutrons at the 60-inch cyclotron. The material in a box filled
with paraffin has been in various positions near the target (usually beryllium)
bombarded with deuterons, sometimes in the best position and sometimes
in a less advantageous position, depending on the competition for neutrons.

Exposure corresponds to 9700 microampere-hours of deuterons. (Seaborg, 1976,

pg.27)

1941-03-28 (date of Pu-239 fissionability discovery) During the last month Gofman
has carried out a number of experiments to develop his method for the extraction
of from the bombardment of our 1 kg of thorium nitrate with neutrons at
the 60-inch cyclotron between February 21 and March 4. Starting today he
will make his initial extraction by precipitating zirconium phosphate to carry

the and then will separate the from the zirconium by precipitating it with
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lanthanum oxalate under conditions which leave more than 90% of the zirconium

in solution, presumably as an oxalate complex. (Seaborg, 1976, pg.35)

1941-04-10 Gofman has completed the extraction, which he started on March 28,
of Pa233 from the 1 kg of neutron-bombarded thorium nitrate. He dissolved
the thorium nitrate in water, precipitated zirconium phosphate to carry the
Pa233 dissolved this in HF, converted to the hydroxide, dissolved this in HCI,
and precipitated lanthanum oxalate which carried the Pa233 while leaving the
zirconium in solution. He had to handle numerous fractions and combine
precipitates in order to carry out in practice this separation and concentration
procedure, which is so simple in principle but difficult in execution; a number of
cycles were carried out. He wound up with the final Pa233 in several fractions
which he mounted in order to test for the growth of daughter U233 alpha
particles. Two of these fractions have intensities of Pa233 beta radiation of
27 and 40 microcuries, as measured with our FP-54 ionization chamber and
using Wahl’s calibration of January 11, 1941. Wahl’s calibration, 3.1 x 10%
mm galvanometer deflection per microcurie, with the standard resistance and
shunt setting R2S1, is for 93-239 beta radiation and hence its application to
beta radiation can give only approximate results, but these are sufficient for our
purposes. Gofman will attempt to measure the growth of alpha particles in these

Pa233 samples using our screen-windowed ionization chamber setup. (Seaborg,

1976, pg.37-38)

1941-04-23 A small but discernible quantity of alpha activity has grown into the
beta-emitting Pa233 samples isolated by Gofman on April 10. Measurements
with our screen-windowed ionization chamber indicate that the 40 microcurie
sample shows an alpha counting rate of 2 per minute, and our 27 microcurie
sample shows an alpha counting rate of 1.2 per minute. Assuming that the
alpha particles are due to daughter U233 (which needs to be proved), taking into
account that the 25-day Pa233 has decayed for 13 days, and correcting for the
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geometrical efficiency of the alpha counting ionization chamber, we can calculate
the half-life for the daughter U233, as an average of the two determinations, to

be of the order of 100,000 years.

This, of course, is a very rough determination, and should perhaps be regarded
as a lower limit. However, it may indicate that we should be able to produce,
with more intense neutron bombardments of larger amounts of thorium,
sufficient U233 to not only determine its alpha half-life, but also its cross section
for fission with slow neutrons. Of special importance is our demonstration
through these results that U233 is sufficiently long-lived to be a
practical source of nuclear energy should it be found to be fissionable
with slow neutrons and should methods for its large scale production

be developed. (Seaborg, 1976, pg.38-39)

1941-06-25 During the last couple of months Gofman has been experimenting with
methods to prepare by electrolysis thin samples of Pa233 suitable for measuring
the growth of daughter U233 alpha activity. He has prepared two samples of
strength 6 microcuries and 10 microcuries as measured with our calibrated FP-
54 ionization chamber. It is necessary for Gofman to return to his home in
Cleveland, Ohio because of our inability to find funds to support him for the
summer. He has been supported during the school year on his small stipend as
a teaching assistant which is insufficient to take care of his subsistence needs
for the remainder of the summer. He is asking Wahl and English to make
alpha particle measurements on his electrolyzed 6 microcurie and 10 microcurie
samples to look for the growth of daughter U233 during his absence. (Seaborg,
1976, pg.47)

1941-06-29 Gofman left today to return to his home in Cleveland, Ohio to spend the
remainder of the summer before the fall semester opens in August. (Seaborg,

1976, pg.47)
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1941-07-10 Today I wrote to Dr. Lyman J. Briggs at Professor Lawrence’s
suggestion to propose some additional work that might be done on the
measurement of fission cross sections in the uranium and transuranium regions
under a research contract for which I might act as Official Investigator. I
suggested that the proposed work might be divided into three groups: (1)
the measurement of the slow neutron fission cross section of 93-239; ( 2 ) the
measurement of the slow neutron fission cross section and the fast neutron
fission cross section of 93-237 (on the assumption that we can isolate this as the
daughter of 7-day beta-decaying U237); (3) the measurement of the slow neutron
fission cross section and the fast neutron fission cross section of U233 (the
expected daughter, formed by the beta decay of Pa233 and Th233 which results
from the capture of slow neutrons by ordinary stable Th232). I indicated that
the first two of these projects could probably be handled without any additional
paid help, but the U233 project could best be done with the additional help
of a paid chemist Ph.D. assistant. All the projects would need some funds for
equipment, materials and supplies, and to pay for the time of use of the 60-inch

cyclotron. I suggested a total budget of $21,000. (Seaborg, 1976, pg.49)

1941-07-16 Measurements by Wahl and English on Gofman’s electrolyzed 6 and
10 microcurie Pa233 samples have not been able to establish the growth of
any daughter U233 alpha particles, undoubtedly due to the small intensity
of the samples and the long half-life of U233. This is consistent with the
measurements of April 23 which suggest that the half-life of U233 is 100,000

years or longer. (Seaborg, 1976, pg.50)

1941-08-22 Gofman returned from his home in Cleveland, Ohio to resume his gradu-
ate research program, courses and teaching assistantship at Berkeley. (Seaborg,

1976, pg.54)

1941-09-02 Dr. Raymond W. Stoughton, a Berkeley Ph.D. of last year, started to

work with me today in a postdoctoral capacity supported by the funds from
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my new contract no. OEMsr-206 which includes a provision of $2,500 to pay
for a postdoctoral chemist for one year; he will work in room 311, Gilman Hall,

which has been made available to my group. (Seaborg, 1976, pg.56)

1941-09-03 Stoughton began work today to try to improve the methods for the
extraction of Pa233 from neutron bombarded thorium nitrate. He and Gofman
plan to establish the best conditions for the carrying of Pa233 by zirconium
phosphate and other carriers and will also attempt to perfect the conditions for
electroplating the final samples of Pa233 which we plan to isolate in order to
allow its growth to daughter U233. The aim is to develop an overall procedure
that can be used to isolate as large as possible samples of U233 from large
quantities of thorium nitrate subjected to long neutron bombardments at the

60-inch cyclotron. (Seaborg, 1976, pg.56)

1941-09-09 Stoughton today tested the carrying of Pa233 by MnO,, formed by
the oxidation of Mn++ by ClOs-, and found good results. This method for
coprecipitating protoactinium was developed by A. V. Grosse and B. Agruss (J.

An. Chem. Soc. 57, 438 [1935]). (Seaborg, 1976, pg.57)

1941-09-17 Gofman has resumed his electrolysis experiments in order to develop
methods for preparing thin samples of Pa233. This is preparatory to the pro-
duction of a large sample of Pa233 through the extensive neutron bombardment
of a large quantity of thorium nitrate, which we plan to carry out as soon as

the chemical extraction methods have been perfected. (Seaborg, 1976, pg.59)

1941-09-26 We ordered 25 pounds of thorium nitrate from the Fairmont Chemical
Co. for use in our planned neutron bombardments to produce a large sample

of U233. (Seaborg, 1976, pg.61)

1941-10-04 Stoughton has performed numerous experiments during the last month
to establish the best conditions for the carrying of Pa233 by zirconium phosphate
out of thorium nitrate solutions. (Seaborg, 1976, pg.61)
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1941-10-09 Today Stoughton verified that a precipitate of zirconium phosphate
incorporating tracer Pa233 can be dissolved in HF with good recovery of the
Pa233 in the solution and negligible loss on a concurrent precipitate of thorium

fluoride. (Seaborg, 1976, pg.62)

1941-10-20 Stoughton is commencing experiments to develop an improved proce-
dure for the removal of Pa233 from large quantities of neutron-bombarded
thorium nitrate through the initial use as carrier of manganese dioxide, produced

by the reaction of Mn++ with permanganate ions. (Seaborg, 1976, pg.64)

1941-10-30 Today Gofman and Stoughton began the bombardment of 5 kg of
dissolved thorium nitrate with neutrons from the deuteron bombardment of
beryllium at the 60-inch cyclotron. The thorium nitrate is surrounded by 3-
5 inches of paraffin (except between the sample and the beryllium target).
It has been completely purified from any content of natural Pa231 by three
separate manganese dioxide precipitations. It is planned to measure the growth
of U233 alpha particles from the chemically isolated Pa233 parent, which is the
reason for the removal of the natural 30,000-year alpha emitting Pa231 from
the thorium nitrate. The isolation procedure also contemplates the removal of
natural uranium as well as thorium from the Pa233 so that it may decay to

pure daughter U233. (Seaborg, 1976, pg.65)

1941-11-07 Gofman and Stoughton have developed a method for extracting Pa233
from a large volume of thorium nitrate solution through coprecipitation on
manganese dioxide formed by the reaction of manganous chloride with potas-
sium permanganate in hot solutions. This can then be followed by dissolving
the manganese dioxide and further concentrating the Pa233 by coprecipitation
with zirconium phosphate and dissolving the zirconium phosphate in HF. They
developed their procedure for reducing the volume of carrier by repetitions of
this cycle and then finally isolating the Pa233 by electrolysis. Thus, they are

ready to perform the chemical extraction of the Pa233 from the 5 kg of thorium

156



nitrate whose bombardment with neutrons at the 60-inch cyclotron started on

October 30. (Seaborg, 1976, pg.66)

1941-11-10 The neutron bombardment of 5 kg of thorium nitrate (in saturated
aqueous solution) which commenced on October 30 was terminated today after
a total of 14,250 microampere-hours of deuterons on beryllium at the 60-
inch cyclotron. Gofman and Stoughton immediately started their extraction

procedure. (Seaborg, 1976, pg.66)

1941-11-17 Gofman and Stoughton completed today their extraction of Pa233 from
the 5 kg of neutron-bombarded thorium nitrate. This procedure, begun last
Monday, started by dissolving thorium nitrate in 26 liters of water which was
adjusted to a nitric acid concentration of 0.5 M. To this solution about 400 gm
of manganous chloride was added. This was precipitated from the hot solution
in three separate portions by the addition of potassium permanganate to the
solution. Each precipitate of manganese dioxide was centrifuged out separately.
The protactinium is carried down with the manganese dioxide, more or less

quantitatively, under these conditions.

The combined manganese dioxide precipitates were dissolved in a mixture of
hydrogen peroxide and hydrochloric acid. After decomposing the hydrogen
peroxide by boiling, about 200 mg of zirconium oxychloride was added to
this solution, the zirconium was precipitated as zirconium phosphate by the
addition of phosphoric acid, and the precipitate was centrifuged out. Several
further precipitations of zirconium phosphate were performed by adding furthur
100-mg portions of zirconium oxychloride, each precipitate being centrifuged
out separately. Zirconium phosphate carries doen the protactinium essentially

quantitatively.

It was then necessary to remove the Pa233 from the rather large amount of
zirconium with which it was present and to purify it from uranium and thorium.

The zirconium and protactinium phosphates were brought into solution by
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treatment with dilute hydrofluoric acid. This step also gave a further separation
from thorium which was precipitated as the insoluble fluoride at this point. This
solution was cooled with ice water, and zirconium and protactinium hydroxides
were precipitated by adding dilute sodium hydroxide solution; the solution must
be kept cold in this precipitation or difficulty will be experienced in redissolving
the precipitated hydroxides. The hydroxide precipitate was then dissolved in
nitric acid, and the protactinium was carried away from most of the zirconium by
another series of manganese dioxide precipitations. Some of the zirconium came
along with the manganese dioxide precipitate in this procedure so that a further
removal of the zirconium, as well as the manganese, from the protactinium was
necessary. This involved going through the above described cycle two more
times, finally ending up with a small zirconium phosphate precipitate containing

the protactinium.

This zirconium phosphate precipitate, which now contained only about 10 mg
of zirconium, was dissolved in hydrofluoric acid and, after precipitation of the
hydroxide as described above, was converted to the nitrate by dissolving the
hydroxide in nitric acid. Another precipitation of the zirconium phosphate was
then made in order to be sure that all the uranium and thorium in amounts
less than a microgram were removed. The final zirconium phosphate precipitate

was made at 11:59 p.m. (Seaborg, 1976, pg.69)

1941-11-18 Continuing their work, Gofman and Stoughton converted last night’s
final zirconium phosphate precipitate (containing all of the Pa233 recovered
from their large bombardment) to zirconium sulfate and dissolved this in 0.33 M
ammonium fluoride solution preparatory to isolation of the Pa233 by electrolysis
onto copper plates. The first electrolysis began at 11:00 am and continued
until 8:15 pm. This sample, which is labeled Th+n-I-Pa-I, should contain the

majority of the Pa233. They then started their second electrolysis at 8:30 pm
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and continued until 9:45 pm, labeling this sample Th+n-I-Pa-II; this should

give a small sample convenient for some of the measurements.

They started their third electrolysis at 10:00 pm with the intention of running

it overnight.

Measurements of the alpha activity of sample Th+n-I-Pa-II, using the ionization
chamber-linear amplifier-magnetic field setup (W-1), commenced at 11:00 pm
and will continue over the next several months to observe the growth of daughter
U233. It is planned to measure concurrently the alpha counting rate of a
standard sample in order to monitor the sensitivity of the apparatus. The
measurement showed a counting rate of 22 alphas per minute, even though the
sample has just been purified, indicating the presence of a Pa alpha emitter; this
is undoubtedly due to the 30,000-year Pa231 produced during the bombardment

via the reactions:

Th*2(n, 2n)Th?"! —>25ﬁhr Pa23l

(Seaborg, 1976, pg.70)

1941-11-19 Gofman and Stoughton completed a third electrolysis of Pa233 as the
end product from their large neutron bombardment of thorium nitrate at
11:00 am and labeled this sample Th+n-I-Pa-III; this should yield a sample
of intermediate intensity. They then started a fourth electrolysis at 12 noon
which ran until 9:00 pm; they labeled this sample Th+n-I-Pa-IV. Very rough
order of magnitude measurements of the intensities of the beta emission from
these Pa233 samples using our ionization chamber FP-54 electrometer setup
with absorbers (to help deal with the high intensities of radioactivity) give the
following results: for sample Th+4n-I-Pa-I, 300 millicuries; for Th+n-I-Pa-II, 6
millicuries; for Th+n-I-Pa-I11, 30 millicuries; for Th+n-I-Pa-IV, 1/2 millicurie.
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The sample Th+n-I-Pa-I will be allowed to decay until the major portion has
been converted into daughter U233, after which the U233 will be separated
from the undecayed Pa233. The plan is to use samples Th+n-I-Pa-II and -
IIT to measure the decay and make absorption measurements on the Pa233
radiations using the ionization chamber FP-54 setup, and to determine the
half-life of daughter U233 by measuring the growth of its alpha particles using
the ionization chamber-linear amplifier-magnetic field setup (W-1). The beta
radiation from the Pa233 will be measured with Lauritsen electroscopes and
with our ionization chamber connected to a FP-54 electrometer tube, depending
upon the intensity of the samples. Our Lauritsen electroscopes have aluminum
windows of thickness about 3 mg/cm2 and the FP-54 ionization chamber has
an aluminum window of thickness about 0.1 mg/cm2. In order to determine the
half-life of daughter U233, these instruments must be calibrated in an absolute
manner for the radiations of Pa233 and Th233 which will be done with the help
of our Geiger-Mueller counters whose geometrical efficiency is being established.
Since the radiation contains a large number of conversion electrons, it will be
necessary to determine the percentage of these; this will be done through Geiger-
Mueller counter measurements of the beta particles of the 25-minute Th233
and its daughter Pa233. In addition, since the Pa233 samples are mounted
on copper, it will also be necessary to correct for backscattering of the beta

particles.

The measurement of the beta intensity of samples Th+n-I-Pa-III and -II on
the ionization chamber FP-54 electrometer setup will be carried out on step 2
under ”standard conditions” by observing the deflection, using or converting
the reading to standard resistance and shunt settings R5S5. The plan also is to
make observations on the deflections produced by our beta standards RaE-St.-1

and UX2-St.-4 at the time of each measurement in order to check the sensitivity.
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Measurements of the alpha activity of sample Th+n-I-Pa-III using the ionization
chamber-linear amplifier-magnetic field setup (W-1) commenced at 12:30 pm
(also to be monitored with concurrent measurements on our standard Pa231
sample). The measurement showed a counting rate of 116 alpha counts per
minute, even though the sample has just been purified, indicating the presence
of a Pa alpha emitter; as with sample Th+n-I-Pa-II, this is undoubtedly due to
the 30,000-year Pa231 produced during the bombardment via the reactions

Th232(n, 2n)Th231 —>22hr Pa?3!

(Seaborg, 1976, pg.70-71)

1941-11-25 Gofman conducted absorption measurements in aluminum, using the
ionization chamber FP-54 outfit, on the Pa233 radiations in sanple Th+n-
[-Pa-II. He found an end point fior the beta radiation of 165 mg Al/cm?2,
corresponding to an energy of 0.5 MeV using the Varder & Eddy relationship.
There is evidence of soft radiation (the initial portion of the absorption curve
shows a half thickness of 11.5 mg/cm2) suggesting the presence of an appreciable
number of conversion electrons; the observed value of 700 for the ratio of beta-
particle to gamma-ray ionization is consistent with this conclusion. (Seaborg,

1976, pg.71-72)

1941-12-04 Using our air-filled ionization chamber FP-54 electrometer setup, Gof-
man is making beta decay measurements on samples Th+n-I-Pa-I1I and Th+n-
[-Pa-II. Corrected back to the time of last separation from daughter U233 the
initial Pa233 beta intensities (for the resistance and shunt setting R5S5 and with
the samples on step 2) correspond to a galvanometer reading of 1795 mm for
sample Th+n-I-Pa-IIT and 340 mm for sample Th+n-I-Pa-II. The measurements
on sample Th+n-I-Pa-IIT are being made through 30 mg/cm2 of Al absorber in

order to be manageable for so intense a source and the 1795 mm reading is a
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corrected one that allows for the attenuating effect of the absorber. (Seaborg,

1976, pg.74)

1941-12-07 The Japanese bombed Pearl Harbor today. I heard the news on my
radio while I was listening to the Chicago Bears-Chicago Cards football game
in my room at the Faculty Club. The Bears had to win to tie Green Bay for
the Division title; they won 34-24. The news of the Japanese attack reached
the press box at halftime. There were only 18,000 fans at Comiskey Park in
Chicago. (Seaborg, 1976, pg.75)

1941-12-10 Stoughton began to work on the problem of separating uranium from
protoactinium in order to develop a procedure for isolating the daughter U233

from the undecayed Pa233 in sample Th+n-I-Pa-1. (Seaborg, 1976, pg.75)

1941-12-14 Today Gofman began a new series of experiments in connection with
the development of an efficient process for the separation of uranium from
protoactinium to be used for the separation of U233 from undecayed Pa233

in sample Th+4n-I-Pa-1. (Seaborg, 1976, pg.77)

1941-12-19 Gofman and Stoughton completed today a bombardment of 5 kg of
thorium nitrate (in concentrated aqueous solution) with the neutrons produced
from the irradiation of beryllium with 3,000 microampere-hours of deuterons
in the 60-inch cyclotron (bombardment no. Th+n-II). They commenced their
procedure for the extraction of Pa233 at 8:00 pm. (Seaborg, 1976, pg.78)

1941-12-22 Gofman took one of the later electrolytically deposited plates of Pa233
(sample Th+4n-I-Pa-IV from bombardment Th+n-I which was prepared last
month) in order to practice the recovery of daughter U233. By comparison of the
intensity of Pa233 beta radiation in this sample with that of sample Th+n-I-Pa-
IIT and the growth of daughter U233 in the latter, we can estimate the number
of U233 alphas that should be present in this sample as corresponding to a decay

rate of 100 per minute. He scraped the sample from the copper backing plate,
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dissolved it in acid, removed the dissolved copper by precipitation of CuS, and
then removed the undecayed Pa233 by numerous precipitations with zirconium
phosphate. The final filtrate from these was then evaporated to a small volume

and subjected to electrolysis beginning at 6:15 pm. (Seaborg, 1976, pg.79)

1941-12-23 Gofman and Stoughton completed the isolation of the Pa233 from
bombardment Th+n-II by the chemical procedure started last Friday. They
used a procedure like that used on sample Th+n-I-Pa-I. The Pa233 was
extracted from the dissolved 5 kg of thorium nitrate by coprecipitation with
manganese dioxide, followed by the reduction of carrier by several alternate
precipitations of zirconium phosphate and manganese dioxide. The last small
zirconium phosphate precipitate containing the Pa233 was dissolved and the
Pa233 separated by electrolysis onto copper, leading to a Pa233 sample
with beta radiation of about 40 millicuries as determined very roughly by
measurement with the ionization chamber FP-54 setup. This Pa233 sample
will be divided into a number of fractions and used for the calibration of our
ionization chamber FP-54 setup and Lauritsen electroscopes for the absolute

measurement of the beta radiation from Pa233.

Gofman completed the electrolysis started yesterday and measured the resultant
alpha activity on our alpha ionization chamber G-2. He found an intensity of
about 15 alphas per minute and although the yield is lower than expected, this
sample is notable in that it represents an actual isolation of the long-sought

daughter U233 from its parent Pa233. (Seaborg, 1976, pg.80)

1942-01-02 A greatly expanded effort is getting underway at many places
on the overall project of the preparation of fissionable material for
use in a nuclear weapon. This now has a high national priority and a
large contract ($405,000 for six months) in the name of Lawrence is going into
effect here at the University of California, Berkeley. This covers all of the

work that I am doing, other than a couple of my specific contracts, as well as

163



Lawrence’s ambitious program for the separation of U235 by the electromagnetic
process, to which Kennedy and Segre are shifting their efforts. Similarly, a
large program is getting underway at the University of Chicago under Arthur
H. Compton concerned with the production of the isotope 94-239 from the
nuclear chain reaction with natural uranium; this will be the center for this
research program which has been given the code name Metallurgical Project,
with the main component of this, at the University of Chicago, to be known
as the Metallurgical Laboratory. The overall organization of Section S-1 has
been changed. In Section S-1, still under the chairmanship of Dr. Lyman J.
Briggs and remaining in the Office of Scientific Research and Development, the
responsibility for the scientific aspect is divided between the Program Chiefs, E.
O. Lawrence, A. H. Compton and H. C. Urey, working with Dr. J. B. Conant,
Chairman of the National Defense Research Committee. In addition, also with
OSRD, there will be a Planning Board of distinguished chemical engineers with
Mr. E. V. Murphree of the Standard Oil Development Company of New York

as its chief.

[ am assuming leave status from my position as Assistant Professor of Chemistry
in order to devote full time to this high priority research program. My group
is being substantially expanded in order to broaden the scope of my work. My
graduate students, Arthur Wahl (who has essentially completed his graduate
work), Jack Gofman, Spofford English and John Hamaker, are continuing on
their programs: Wahl on the investigation of the chemical properties of elements
93 and 94, the identification of 93-237 and the measurement of the radioactive
and fission properties of 94-239 and 93-237 and the radioactive properties of
the 50-year 94 and its 2.0-day 93 parent; English is collaborating with Wahl on
the measurement of the radioactive and fission properties of the two isotopes
of element 94; Gofman is continuing his work on the search for U233 and the

measurement of its radioactive and fission properties in collaboration with Dr.
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Raymond W. Stoughton (who is working as a postdoctorate under my contract
OEMsr-206 supporting this work); Hamaker is working to set up the apparatus
for eventual ultra microchemical investigations of the chemical properties of 94-
239. Morris Perlman is continuing his work on the search for elements 93 and 94
in uranium ores. In addition, Robert B. Duffield, a graduate student working
with Professor Melvin Calvin, is shifting to participation in our program in view

of its urgency. (Seaborg, 1976, pg.82-83)

1942-01-08 Gofman dissolved the Pa233 of sample Th+n-I-Pa-IV (prepared on
November 19) in acid in order to make a practice run to recover the daughter
U233. He removed the dissolved copper by precipitation of copper sulfide,
then precipitated a number of zirconium phosphate precipitates to remove the
undecayed Pa233, finally added acetic acid and electrolyzed the solution to
recover the U233. He calculates from the estimated amount of U233 in the
sample at this date that he achieved a recovery of 75%. This is a pretty good
test of the procedure to separate uranium from protoactinium which is under
development in order to recover our large sample of U233 from sample Th-+n-
[-Pa-1. The Pa233 content could be estimated by comparison with the growth
of U233 alpha activity into sample Th+n-I-Pa-II as of this date using the ratio
of beta intensities of samples Th+n-I-Pa-IV and -II.

This is also notable in that it represents an actual isolation of the daughter

U233 from its parent Pa233.

Today Stoughton completed his measurements on the backscattering of Pa233
beta particles from copper using part of the Pa233 sample isolated on December
23 from bombardment Th-+n-II. The purpose is to calibrate our ionization
chamber FP-54 setup so that we can convert our readings on samples Th-+n-
[-Pa-IT and -IIT to absolute intensities of beta radiation. His measurements
show that a sample of mounted on copper leads to 49% greater deflection on

the recording system than does an identical sample mounted on cellophane;
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this corresponds to a correction factor of 1/1.49 = 0.67. The small effect
of backscattering from cellophane can also be corrected for by comparing
the Geiger-Mueller counting rate of a sample mounted on cellophane in the
upright position but covered by an identical sheet of cellophane with that of
the sample in the inverted position. The average of several such determinations
of this comparison for Pa233 radiation has shown that the counting rate for
the covered sample measured upright is 1.03 times that of the counting rate
for the uncovered sample measured inverted. Thus, there is a 3% increase
due to backscattering due to cellophane, and the correction factor is 1/1.03 =

0.97. (Seaborg, 1976, pg.86-87)

1942-01-12 Gofman took a sample of U233 and added a couple of micrograms of
natural uranium to test further the separation of uranium from protoactinium.
From acid solution he precipitated the dissolved copper as copper sulfide, made
a number of precipitations of zirconium phosphate to remove the Pa233, added
acetic acid to the remaining solution, and electrolyzed to obtain a yield of 75%.
This indicates that there is no great difference in yield between microgram and

submicrogram amounts of uranium in their evolving procedure. (Seaborg, 1976,

pg.89)

1942-01-17 Gofman took some of the Pa233 isolated on December 23 from
bombardment Th+n-II in order to prepare a U233 stock solution for use in
subsequent experiments. He removed the Pa233 very completely by repeated
precipitations with zirconium phosphate. This stock solution now contains a
concentration of U233 corresponding to about 143 alpha counts per minute (on
ionization chamber W-3) per cc, or about 300 alpha disintegrations per minute

per cc. (Seaborg, 1976, pg.90)

1942-01-19 Gofman and Stoughton have completed their experiments for separating
uranium from protoactinium and have established a p