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On December 2, 1942, in a converted squash court beneath the University of Chicago’s football
stadium, the world transitioned into the nuclear age. Enrico Fermi and his team achieved the
first controlled, self-sustaining nuclear chain reaction with Chicago Pile-1, a feat that
transformed theoretical physics into a monumental engineering reality. However, the
achievement was as terrifying as it was groundbreaking. Operating without a radiation shield,
relying on manual safety interventions like an axe-wielding physicist and a suicide squad with
buckets of cadmium, the experiment sat at the knife-edge of catastrophe. This paper examines
the rigorous mathematical foundations that gave Fermi his legendary confidence, specifically
the four-factor formula and the utilization of delayed neutrons to manage reactivity. It also
addresses the significant "unknown unknowns" that faced the Manhattan Project, ranging from
isotopic impurities to the then-unmapped biological effects of neutron flux. By contrasting the
calculated precision of the neutron budget with the primitive, high-stakes safety infrastructure,
this study explores the dual nature of Chicago Pile-1: a masterpiece of experimental physics and
a profound ethical gamble conducted in the heart of a major American city.
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1. The Inception of the Atomic Age

The dawn of the nuclear era was not a quiet evolution of academic curiosity, but a violent
rupture in the fabric of traditional physics, accelerated by the existential dread of global conflict.
By the early 1940s, the discovery of nuclear fission by Otto Hahn, Fritz Strassmann, and Lise
Meitner had moved from the realm of theoretical speculation to a matter of urgent national
security. The realization that a single atom of uranium-235 could be split to release a massive
amount of energy—roughly 200 million electron volts—suggested a potential for power that
was both intoxicating and terrifying. For the scientists who understood the implications, the
race was no longer just about understanding the universe, but about mastering a force that
could determine the survival of entire civilizations.

1.1 The Geopolitical Pressure of 1942

The year 1942 represented a dark and pivotal moment in human history. The Axis powers had
secured vast swaths of Europe and Asia, and the United States was still reeling from the entry
into a truly global war. Within the scientific community, a specific fear loomed larger than any
conventional weapon: the German nuclear energy project. Because Germany was the birthplace
of modern quantum mechanics and the site of the original fission discovery, it was assumed by
Allied intelligence that the Nazis were well on their way to developing a "uranium engine" or an
atomic bomb.

This fear was the primary engine behind the Manhattan Project. The Einstein-Szilard letter had
already alerted President Franklin D. Roosevelt to the possibility of nuclear weapons, but by
1942, the project shifted from feasibility studies to a crash-program of engineering and
construction. The pressure to succeed was not merely professional; it was a race against a
perceived German lead that threatened to end the war in favor of fascism. This high-pressure
environment dictated the pace and location of early experiments. There was no time for the
traditional, slow-moving safety protocols of peacetime science. Every month of delay was
viewed as a month during which an enemy might finalize a weapon of mass destruction. It was
this atmosphere of "existential speed" that eventually justified the decision to build a nuclear
reactor in a densely populated urban center like Chicago, a decision that would be unthinkable
under any other historical circumstance.

1.2 Transitioning from Laboratory to Reactor

Before the construction of Chicago Pile-1, nuclear research was conducted on the scale of
tabletop experiments and small-scale "exponential piles" at Columbia University. Enrico Fermi
and Leo Szilard had been experimenting with graphite and uranium, attempting to measure the
absorption of neutrons and the efficiency of various configurations. These early trials were



intended to prove that a chain reaction was possible in principle, but they were limited by the
purity of materials and the physical space available.

The transition from these bench-top experiments to a full-scale, self-sustaining reactor required
a massive leap in both resources and physical footprint. The project needed a centralized
location where the brightest minds in physics could collaborate under intense secrecy. The
Metallurgical Laboratory, or Met Lab, at the University of Chicago became that hub. However,
the move from laboratory science to reactor engineering brought a new set of challenges. At
the laboratory level, the primary concern was accuracy of measurement; at the reactor level,
the primary concern became the management of a self-sustaining system that generated its
own heat and radiation.

This shift required a new breed of scientist-engineer. Fermi had to oversee the procurement of
hundreds of tons of high-purity graphite and uranium, materials that were not yet being
produced at such levels of refinement. The team had to design a structure that could support
nearly a million pounds of weight while maintaining a precise geometric lattice. The choice of
the West Stands of Stagg Field—a decommissioned football stadium—as the site for this
transition was a matter of pragmatism. A labor strike had stalled construction at a more remote
site in the Argonne Forest, and with the winter of 1942 approaching and the war reaching a
fever pitch, Fermi insisted that the squash court underneath the stands was sufficient. This
move marked the formal end of "small science" and the beginning of the "Big Science" era,
where the laboratory was no longer a room with a bench, but a massive structural entity
capable of altering the physical world.

2. Theoretical Frameworks: The Four-Factor Formula and Neutron Budget

The successful operation of Chicago Pile-1 depended on a meticulous accounting of subatomic
particles, a process Enrico Fermi referred to as the neutron budget. In a nuclear reactor, the goal
is to create a self-sustaining cycle where each fission event produces at least one subsequent
fission event. To achieve this, Fermi and his colleagues developed a theoretical framework to
track the life cycle of neutrons from birth to death. If the budget was balanced such that the
number of neutrons in one generation exactly equaled the number in the previous generation,
the reactor would achieve criticality. If the budget showed a surplus, the reaction would grow
exponentially. The mathematical heart of this budget was the four-factor formula, a tool that
allowed the team to predict the behavior of a system that had never before existed.

2.1 Calculating the Multiplication Factor (k)

The most critical value in nuclear engineering is the multiplication factor, denoted by the letter
k. This value represents the ratio of the number of neutrons in one generation to the number of
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neutrons in the preceding generation. For Chicago Pile-1 to work, Fermi needed to ensure that k
could reach or slightly exceed 1.0. The four-factor formula broke this complex probability into
four distinct, measurable components: k = epsilon * p * f * eta.

The first factor, epsilon (the fast fission factor), accounts for the small number of fissions caused
by high-energy, fast-moving neutrons immediately after they are born. While most fissions in a
graphite reactor are caused by slow neutrons, these fast neutrons provide a small "bonus" to
the neutron population, typically increasing the count by about 3 percent.

The second factor, p (the resonance escape probability), represents the most dangerous phase
of a neutron's life. As neutrons slow down, they pass through a "resonance" energy range
where they are highly likely to be captured by uranium-238 atoms without causing fission. If too
many neutrons are captured here, the chain reaction dies. Fermi’s design used a lattice
structure—placing uranium in lumps rather than mixing it uniformly—to allow neutrons to
escape the uranium and slow down in the graphite before returning to the fuel at safer, lower
energies.

The third factor, f (the thermal utilization factor), measures the efficiency of the "thermal" or
slowed-down neutrons. It is the probability that a neutron, once it has reached the ideal slow
speed, will actually be absorbed by the uranium fuel rather than being wasted on the graphite
moderator, the air, or structural impurities like boron.

The final factor, eta (the reproduction factor), describes the "yield" of the fuel. It is the average
number of neutrons produced for every thermal neutron absorbed by the fuel. For the natural
uranium used in Chicago Pile-1, this value was roughly 1.3. When these four factors were
multiplied together, the resulting k-infinity represented the potential of an infinitely large pile.
Because Chicago Pile-1 was finite, neutrons would inevitably leak out of the sides, meaning the
actual k-value would be lower. Fermi’s genius lay in calculating a structure large enough—the
"critical size"—where the internal production of neutrons finally overcame the losses through
the surface.

2.2 The Role of the Moderator in Neutron Deceleration

The choice of graphite as a moderator was perhaps the most pivotal technical decision of the
project. A moderator is a material used to slow down neutrons without absorbing them. This is
necessary because the uranium-235 atoms in natural uranium are far more likely to capture a
"slow" (thermal) neutron than a "fast" one. When a neutron is born from fission, it is moving at
roughly 10,000 miles per second. At this speed, it is essentially invisible to the fissile nuclei it
needs to hit.

To slow these neutrons down, Fermi used the principle of elastic scattering—much like a billiard
ball hitting another ball of similar mass. When a neutron strikes a carbon nucleus in the graphite
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blocks, it transfers some of its kinetic energy to the carbon atom. After about 100 such
collisions, the neutron is "thermalized," meaning its speed has dropped to about 1 mile per
second, which is roughly the speed of the surrounding atoms due to heat.

Graphite was chosen because carbon is a light element, which makes for efficient energy
transfer, and because it has an exceptionally low "capture cross-section," meaning it is very
unlikely to swallow the neutron entirely. However, the graphite had to be incredibly pure. Even
minute traces of boron—an element that eats neutrons with voracious efficiency—would have
"poisoned" the pile, making a chain reaction impossible regardless of the size of the structure.
Fermi’s team had to work closely with manufacturers to develop new industrial standards for
graphite purity, essentially creating a new grade of material specifically for the atomic age. The
moderator was the silent engine of the reactor; without its ability to effectively manage the
neutron budget by slowing the particles to a usable speed, the uranium would have remained
inert, and the age of nuclear power would have remained a theoretical dream.

3. Materials Science: Graphite Purity and Uranium Enrichment Challenges

The success of Chicago Pile-1 was as much a triumph of industrial chemistry and materials
science as it was of nuclear physics. In the early 1940s, the materials required to build a self-
sustaining reactor simply did not exist in the necessary quantities or purities. The team had to
essentially invent the supply chain for nuclear-grade graphite and uranium while simultaneously
designing the reactor. The margin for error was non-existent; even a slight contamination in the
moderator or a lack of high-quality fuel would have rendered the entire million-pound structure
an inert monument of bricks.

3.1 The Boron Impurity Problem

One of the most significant "unknown unknowns" that nearly derailed the project was the
impact of trace impurities in graphite. Historically, the German nuclear program had tested
graphite as a moderator and concluded it was unsuitable, leading them to pursue heavy
water—a far scarcer and more expensive material. The German scientists had failed to realize
that their graphite samples were contaminated with boron and cadmium. Boron is a voracious
neutron absorber; even a few parts per million can swallow enough neutrons to prevent a chain
reaction.

Enrico Fermi and Leo Szilard suspected that the failure of earlier experiments was due to such
impurities rather than a fundamental flaw in graphite itself. They consulted with experts from
the National Carbon Company, specifically MacPherson and Hamister, to identify the
contaminants. This collaboration led to the development of thermal purification techniques for
large-scale production. The resulting material, designated AGOT graphite, became the first true
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nuclear-grade moderator. Without this breakthrough in chemical purification, the Chicago Pile-1
would have required a mass significantly larger than the squash court could accommodate, or it
might have failed to achieve criticality entirely.

3.2 Sourcing and Machining the Pile Components

The procurement of uranium presented an equally daunting challenge. In 1942, there was no
industrial capacity for producing pure uranium metal in tons. As a result, the pile had to be
designed as a hybrid. The core of the reactor contained about 6 tons of pure uranium metal,
which was placed at the center where the neutron flux would be highest and the "neutron
economy" was most critical. The rest of the reactor was fueled by roughly 40 tons of uranium
oxide. This oxide arrived in two forms: "brown" oxide and "black" oxide.

Because the uranium was not enriched—meaning it contained only the 0.7 percent of fissile
uranium-235 found in nature—the geometry of the fuel was vital. Walter Zinn designed
specialized dies to press the uranium oxide into three-inch "pseudospheres" or slugs. On-site at
the University of Chicago, a makeshift factory was established in the West Stands to machine
the graphite blocks and prepare the fuel. This was grueling, hazardous work. Skilled mechanics
and student assistants worked in shifts to drill holes into the "live" graphite bricks to house the
uranium slugs. The process created an overwhelming amount of slick, black graphite dust that
permeated the air and the skin of the workers. This "factory" produced approximately 45,000
graphite blocks and 22,000 uranium slugs, each of which had to be precisely machined to
ensure a tight fit in the lattice, minimizing air gaps that would otherwise absorb precious
neutrons. The physical assembly was a monumental task of manual labor, conducted in the
freezing Chicago winter, transforming raw industrial materials into a precision scientific
instrument.

4. Structural Engineering: The Architecture of the Squash Court Reactor

The physical construction of Chicago Pile-1 was a feat of manual assembly that defied the
conventional standards of both laboratory science and civil engineering. Built without
architectural blueprints in the traditional sense, the reactor was an improvisational structure
that relied on the structural integrity of stacked materials and a crude wooden framework. The
squash court at Stagg Field, measuring approximately 30 by 60 feet, was never intended to
house a massive industrial weight, and its selection as the site for the experiment necessitated a
design that was both compact and structurally sound enough to prevent a catastrophic collapse.



4.1 The Geometry and Lattice Design

The reactor was designed as an oblate spheroid—a flattened sphere—because this shape
offered the best surface-to-volume ratio to minimize neutron leakage while fitting within the
vertical constraints of the room. It stood approximately 20 feet tall and measured 25 feet across
at its widest point. The internal architecture followed a cubical lattice concept, where the
uranium fuel was not distributed uniformly but was instead concentrated in discrete lumps or
"slugs" embedded within the graphite moderator.

This lattice was comprised of 57 distinct layers of graphite bricks. The team utilized two types of
layers in an alternating pattern: "dead" layers consisting purely of graphite, and "live" layers
where the graphite blocks were drilled with holes to accommodate the uranium metal and
oxide pseudospheres. This alternating arrangement ensured that every neutron born from a
fission event in a uranium lump would have to pass through a specific thickness of graphite
before encountering another piece of fuel. The geometry was so precise that the placement of
each block was dictated by the ongoing neutron measurements; as the pile grew, the team
could adjust the lattice spacing to optimize the reaction. The resulting structure, described by
observers as an "ominous black beehive," was held together entirely by gravity and the friction
between the precisely machined bricks, with no mortar or adhesive used to secure the millions
of components.

4.2 The Mechanical Stress of One Million Pounds

The sheer mass of Chicago Pile-1 presented a significant engineering challenge for the floor of
the squash court. The final structure incorporated approximately 771,000 pounds of graphite
and nearly 100,000 pounds of uranium metal and oxide, bringing the total weight to nearly 432
tons. This immense load was concentrated on a relatively small footprint, creating mechanical
stresses that required a heavy timber foundation to distribute the weight across the floor of the
West Stands.

To manage the environmental conditions and provide a rudimentary form of containment, the
entire pile was encased in a massive, square-bottomed balloon made of rubberized cloth. This
envelope was provided by the Goodyear Tire and Rubber Company and was intended to allow
the team to evacuate the air from the pile and replace it with a non-absorbing gas if the neutron
budget proved too tight. However, the balloon also served as a visual reminder of the lack of
traditional shielding; there were no thick concrete walls or lead plates to absorb radiation. The
only barrier between the core and the city of Chicago was a thin layer of rubberized fabric and
the brick walls of the stadium. The structural integrity of the pile was paramount, as any shifting
or settling of the bricks under their own weight could have altered the lattice geometry,
potentially causing a localized surge in reactivity. The engineering was a testament to the



"stacking" method—a primitive but effective way to manage the massive forces and delicate
physics of the world's first reactor.

5. Mathematical Extrapolation: The Inverse Multiplication Plot

The construction of Chicago Pile-1 was not a blind assembly followed by a hopeful activation; it
was a continuous, data-driven experiment where every added layer of graphite and uranium
served as a new data point. Because Enrico Fermi was operating in an era without electronic
computers or automated simulations, he had to develop a method to "see" the approaching
criticality while the reactor was still sub-critical. This was achieved through a rigorous process of
mathematical extrapolation known as the inverse multiplication plot. By monitoring the
behavior of the neutron population as the pile grew, Fermi could determine the exact point of
self-sustainment with enough lead time to ensure that the reaction remained under control.

5.1 Real-Time Data Monitoring in a Pre-Computer Era

In the winter of 1942, data monitoring was a tactile, manual process. The primary instruments
used to track the health of the pile were boron trifluoride counters and ion chambers. These
devices were placed at strategic points within the lattice and connected to galvanometers
located on the balcony of the squash court. As neutrons struck the boron in the counters, they
triggered electrical pulses that were recorded as clicks or deflections on the galvanometer
needles.

The scientists, including Herbert Anderson and Leona Woods, were responsible for recording
these readings by hand. Every time a new layer of graphite was laid, the control rods were
momentarily withdrawn, and the neutron count was measured. This raw data was then handed
to Fermi, who would process the numbers using a slide rule and hand-drawn charts. There was
no digital lag or software interface; the feedback loop between the physical state of the reactor
and the mathematical understanding of the scientists was direct and personal. This manual
monitoring allowed for an immediate response to any anomalies. If the neutron count had risen
faster than the mathematics predicted for a given layer, construction would have halted
immediately to investigate the cause, effectively turning the assembly process into a slow-
motion simulation of the final experiment.

5.2 Predicting Criticality through Layered Growth

The core of Fermi's predictive power lay in the use of an inverse multiplication plot. To
understand this, one must consider the activity (A) of the reactor, which is the measured
neutron count. As a reactor approaches its critical size, the number of neutrons produced by
fission increases, and the measured activity rises toward infinity. Since infinity is difficult to plot



on a graph, Fermi plotted the reciprocal of the activity, or 1/A, against the number of layers
added to the pile.

As the pile grew larger and closer to its critical mass, the value of 1/A would steadily decrease
toward zero. By plotting these points on a coordinate plane, Fermi could draw a best-fit line
through the existing data and extend it to see where it would intersect the horizontal axis. The
point where 1/A = 0 represented the theoretical layer at which the reactor would become self-
sustaining. This method allowed Fermi to predict the critical layer days before the construction
reached that height. For example, by the time the team reached layer 50, Fermi’s plot showed
that the pile would reach criticality at approximately layer 56 or 57. This gave the team the
confidence to prepare the final safety protocols and control rod configurations well in advance.
It transformed the danger of a sudden, unexpected jump into a predictable, gradual
convergence. By the morning of December 2, Fermi knew exactly how many inches of the final
control rod needed to be removed to trigger the reaction, turning what could have been a
reckless gamble into a validated mathematical certainty.

6. The Physics of Control: Delayed Neutrons and Reactivity

The most terrifying aspect of nuclear physics to the uninitiated is the speed at which a chain
reaction can escalate. In a system where a single fission event occurs in a fraction of a
microsecond, an uncontrolled reaction could theoretically double in power hundreds of times in
a single second. However, Enrico Fermi knew that Chicago Pile-1 could be controlled by humans
because of a quirk of nuclear decay involving delayed neutrons. While more than 99 percent of
neutrons in a fission reaction are released instantly—known as prompt neutrons—a small but
vital fraction, approximately 0.7 percent in the case of uranium-235, are released seconds or
even minutes later.

6.1 The Temporal Buffer of Isotopic Decay

These delayed neutrons are the products of the radioactive decay of fission fragments rather
than the fission event itself. When a uranium nucleus splits, it creates two smaller nuclei, often
referred to as "fission products." Many of these products are unstable and undergo beta decay
to reach a more stable state. In certain specific decay chains, the daughter nucleus is born in an
excited state and almost immediately ejects a neutron to shed excess energy. Because these
precursor atoms must undergo their own radioactive decay first, they introduce a significant
time lag into the neutron population growth cycle.

This lag acts as a natural brake or a temporal buffer. It effectively stretches the generation time
of the reactor from microseconds to minutes. For Fermi, this meant that the power level of
Chicago Pile-1 would not jump instantaneously from zero to a million watts. Instead, the power
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would climb slowly and predictably, allowing a human operator like George Weil to adjust the
control rods or Norman Hilberry to swing his axe if the rate of increase became too rapid. This
physical reality turned a potentially explosive event into a manageable engineering task. The
existence of delayed neutrons is the only reason that nuclear reactors can be safely operated by
human beings or even by mechanical systems with finite response times.

6.2 Differentiating Prompt and Delayed Criticality

Understanding the boundary between safety and catastrophe requires a technical distinction
between being critical and being prompt critical. A reactor is considered critical when the
multiplication factor, k, is exactly 1.0. At this state, the reaction is self-sustaining but stable.
However, the reactor's behavior changes dramatically if k exceeds 1.0 by more than the delayed
neutron fraction, commonly represented by the ASCIlI symbol beta.

If k is greater than 1 but less than 1 + beta, the reactor is in a state of delayed criticality. In this
state, the reactor is dependent on those slow-moving delayed neutrons to maintain the chain
reaction. If the delayed neutrons were suddenly removed, the reaction would die out. Because
of this dependency, the reactor's power increases at a rate dictated by the seconds-long or
minutes-long decay times of the precursor isotopes.

In contrast, if k exceeds 1 + beta, the reactor enters a state known as prompt criticality. In this
scenario, the reactor is able to maintain a chain reaction using only the prompt neutrons
released at the moment of fission. The 0.7 percent of delayed neutrons are no longer necessary
to keep the cycle going. At this point, the time constant of the reactor—the time it takes for the
power to increase by a factor of e—drops from minutes to milliseconds. Fermi’s calculation for
Chicago Pile-1 ensured that the reactor would never reach this threshold. By keeping the excess
reactivity, k - 1, significantly lower than the value of beta, he ensured that the reactor remained
entirely dependent on the slow-moving delayed neutrons. This margin of safety was the
difference between a controlled scientific demonstration and a catastrophic radiation pulse. The
reactivity was managed so tightly that the reactor's doubling time was measured in minutes,
giving the team ample opportunity to confirm that the physics matched their predictions before
the power reached even a single watt.

7. Safety Systems: An Analysis of SCRAM and Manual Interventions

The safety infrastructure of Chicago Pile-1 was a stark reflection of the era's technological
limitations and the extreme urgency of the Manhattan Project. While modern nuclear plants
utilize multi-layered, automated, and redundant electronic systems, the world's first reactor
relied almost entirely on mechanical simplicity and human reaction time. These systems were
designed to counteract a potential runaway reaction by introducing neutron-absorbing
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materials into the core as quickly as possible. The primitive nature of these defenses often leads
modern observers to view the experiment as reckless, yet from the perspective of Fermi and his
team, these manual interventions were a logical application of gravity and chemical physics.

7.1 The Mechanics of the Zip Rod and the Axe Man

The primary safety mechanism for Chicago Pile-1 was a heavy, cadmium-plated wooden rod
nicknamed Zip. Cadmium is an exceptional neutron absorber, meaning that when it is present
within the graphite lattice, it effectively "chokes" the chain reaction by removing the particles
necessary for fission. The Zip rod was designed to be a fail-safe; it was retracted from the pile
and held in a "ready" position above the structure, tensioned by a heavy weight. If the reactor's
power level rose too quickly, the Zip rod was intended to be released, allowing gravity to pull it
deep into the heart of the pile to terminate the reaction.

The most famous component of this system was the human element. Physicist Norman Hilberry
was stationed on a platform adjacent to the pile, holding a literal mountaineer's axe. His sole
responsibility was to stand ready to cut a manila rope that held the Zip rod in place. If the
electronic monitors or Fermi’s own observations indicated a dangerous surge, the command
would be given, the rope would be severed, and the rod would drop. This arrangement gave
birth to the term SCRAM, which is widely believed to stand for Safety Control Rod Axe Man.
Although the term has since been integrated into the official lexicon of nuclear engineering to
describe any emergency shutdown, its origins on that squash court balcony highlight a time
when the ultimate line of defense against a nuclear disaster was a single man with a sharp
blade.

7.2 The Liquid Control Squad as a Final Contingency

Beyond the mechanical rods, Fermi established a tertiary layer of defense known as the liquid
control squad, or more colloquially, the suicide squad. This team consisted of three young
physicists—Harold Lichtenberger, W.E. Nyer, and A.C. Graves—who stood on a small platform
overlooking the pile. Their equipment was decidedly low-tech: large buckets filled with a
concentrated solution of cadmium-nitrate.

The logic behind this contingency was based on fluid dynamics and chemical absorption. If the
mechanical rods, including the Zip rod and the manual rod operated by George Weil, failed to
slide into their channels—perhaps due to a structural shift or a mechanical jam—the liquid
squad was instructed to pour the cadmium solution directly onto the top of the graphite blocks.
The liquid would seep into the porous graphite and the gaps in the lattice, effectively poisoning
the reactor with neutron-absorbing cadmium from the top down. While this would have
permanently ruined the expensive materials and the reactor itself, it was viewed as the final,
desperate method to prevent a radiation catastrophe from spreading into the surrounding
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neighborhood. The presence of this squad underscored the team's recognition of "unknown
unknowns"; they prepared for a scenario where the physical structure of the reactor failed so
fundamentally that mechanical rods could no longer function, leaving only the manual
application of chemical absorbers as a viable solution.

8. Environmental and Atmospheric Variables in Criticality Calculations
8.1 The Goodyear Balloon and Nitrogen Absorption

The design of Chicago Pile-1 accounted for a variable that is often overlooked in modern, sealed
reactor vessels: the chemical composition of the ambient air. In 1942, the scientists were
uncertain if the combination of natural uranium and graphite would provide enough reactivity
to reach a self-sustaining state. To mitigate the risk of failing due to a lack of neutrons, Enrico
Fermi and his team took the extraordinary step of enclosing the entire reactor in a giant,
square-bottomed balloon. This envelope, manufactured by the Goodyear Tire and Rubber
Company, was made of rubberized fabric and measured roughly 25 feet on each side. The intent
was to create a controlled atmosphere inside the pile by allowing the team to evacuate the air
and replace it with a gas that was less likely to interfere with the neutron population.

The primary atmospheric culprit was nitrogen-14, which makes up about 78 percent of the
Earth's atmosphere. From a nuclear standpoint, nitrogen-14 is a significant neutron poison. It
has a relatively high cross-section for absorbing thermal neutrons, a process where a nitrogen
atom captures a neutron and releases a proton, transforming into carbon-14. Every neutron
captured by a nitrogen atom in the gaps between the graphite blocks is a neutron that cannot
contribute to the fission of uranium-235. Fermi calculated that by removing the air—and thus
the nitrogen—from the pile, he could increase the multiplication factor, k, by approximately
0.005. While this number seems small, in the delicate balance of the first reactor, it represented
a substantial margin of safety. If the pile had reached its final dimensions and remained sub-
critical, the Goodyear balloon would have been sealed and the air pumped out to buy the extra
neutrons needed to achieve criticality. As it happened, the materials were pure enough that the
balloon remained open during the final experiment, but its presence underscored the sensitivity
of the reactor to its immediate chemical environment.

8.2 Barometric Pressure and the Neutron Budget

Even without evacuating the air, the reactor remained a sensitive barometer of the local
weather conditions in Chicago. Because the pile was unshielded and porous, the density of the
air within the graphite lattice changed in response to fluctuations in barometric pressure. This
meant that the number of nitrogen atoms available to absorb neutrons was not a fixed
constant, but a variable that shifted from hour to hour. On a day with high atmospheric
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pressure, the air inside the pile was denser, meaning more nitrogen atoms were packed into the
same volume, which in turn increased the rate of neutron absorption and lowered the reactivity
of the system.

Fermi had to account for these fluctuations in his real-time calculations. A drop in barometric
pressure could potentially cause a noticeable increase in the neutron count as the poisonous
nitrogen density decreased. This sensitivity meant that the critical position of the control rods—
the exact point where the reaction became self-sustaining—was not a fixed physical location but
a moving target. On the morning of December 2, 1942, the weather was exceptionally cold, and
the barometric pressure was fluctuating. Fermi’s team had to correlate their galvanometer
readings with the current pressure to ensure that their measurements reflected the true state
of the uranium lattice rather than a trick of the atmosphere. This awareness of environmental
variables transformed the reactor into a complex system that breathed with the surrounding
world, requiring the scientists to maintain a neutron budget that was as dynamic as the weather
outside the stadium walls. The precision required to manage these minute atmospheric shifts
demonstrates the level of control Fermi achieved over a system that was, in every physical
sense, open to the elements.

9. The Ethical Debate: Urban Experimentation and Public Risk

The decision to activate Chicago Pile-1 in the center of the nation's second-largest city remains
one of the most controversial administrative choices in the history of science. While the
technical success of the experiment is celebrated, the ethical landscape of the decision was
fraught with high-stakes gambles that prioritized military speed over the safety of several
million civilians. In 1942, there was no regulatory body like the Nuclear Regulatory Commission
to oversee such risks, and the shroud of wartime secrecy meant that the public was entirely
unaware of the unprecedented physical experiment taking place beneath their local football
stadium. This section explores the tension between scientific confidence and public
accountability.

9.1 The Decision to Sidestep Remote Testing

The original plan for the first self-sustaining chain reaction did not involve an urban campus. The
project leaders had selected a remote, thirty-one-acre site in the Argonne Forest, known as Site
A, roughly twenty miles outside of Chicago. This location offered a necessary buffer zone in the
event of a runaway reaction or a radiation leak. However, in October 1942, a labor strike by the
United Brotherhood of Carpenters and Joiners halted construction at Site A. With the timeline
for the Manhattan Project tightening and the fear of a German atomic breakthrough mounting,
Arthur Compton, the director of the Metallurgical Laboratory, faced a critical decision.
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Compton chose to bypass the safety of the remote site and authorized Enrico Fermi to build the
reactor at the Stagg Field squash court. This decision was made without consulting the
President of the University of Chicago, Robert Hutchins, or the municipal authorities. Compton's
justification rested entirely on his personal assessment of Fermi’s competence. He believed that
Fermi’s understanding of the neutron budget was so precise that the risk of a catastrophe was
essentially zero. However, this was a singular point of failure in ethical reasoning; the safety of
millions of people was staked on the calculations of a single individual working with theoretical
data. The choice to sidestep remote testing reflected a wartime ethos where the perceived
necessity of the goal was used to justify the bypassing of any standard protocol for public
protection.

9.2 Accountability and the Absence of Shielding

Perhaps the most striking ethical violation in the assembly of Chicago Pile-1 was the total
absence of radiation shielding. Because the pile was intended to operate at extremely low
power levels, Fermi argued that a heavy concrete or lead biological shield was unnecessary.
While this was true for a perfectly controlled 0.5-watt reaction, it offered no protection in the
event of an accidental surge. If the reactor had gone prompt critical, it would have emitted a
lethal flash of neutrons and gamma radiation that could have penetrated the unshielded walls
of the stadium, affecting not only the scientists in the room but also students and residents in
the immediate vicinity.

The accountability for this risk was held by a very small circle of men. The scientists were, in
effect, acting as the judge, jury, and executioner for the safety of a population that had not
given informed consent. There were no evacuation plans, no public sirens, and no notification to
local hospitals or emergency services. The secrecy of the Manhattan Project acted as a barrier
to accountability; because the danger was classified, it could not be publicly debated or
mitigated by external experts. This lack of transparency created a profound ethical imbalance
where the scientists’ calculated risk was a risk they forced others to take without their
knowledge. The absence of shielding was not merely a technical shortcut; it was a physical
manifestation of a wartime mentality that viewed human collateral as an acceptable variable in
the pursuit of technical superiority. The success of CP-1 does not erase the fact that it was a
reckless departure from the foundational principle of do no harm, setting a precedent for high-
stakes experimentation that would characterize much of the early Cold War.

10. The Unknown Unknowns: From Xenon Poisoning to Radiation Exposure

The scientific success of Chicago Pile-1 often obscures the fact that the team was operating in a
landscape of significant theoretical blind spots. While Enrico Fermi’s mastery of neutron
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statistics was unparalleled, there were physical phenomena and biological consequences that
had yet to be observed or measured in 1942. These "unknown unknowns" represented the true
margin of danger during the experiment. Had any of these hidden variables manifested
differently, the manual safety systems might have proven wholly inadequate against the speed
and nature of a nuclear excursion.

10.1 Theoretical Gaps in 1940s Nuclear Science

In the early 1940s, the periodic table of isotopes and their various "cross-sections" for neutron
absorption were still being mapped. One of the most significant unknown variables was the
phenomenon of reactor poisoning, specifically by Xenon-135. This isotope, a byproduct of
fission, is an incredibly powerful neutron absorber—orders of magnitude more effective than
boron. Because Chicago Pile-1 operated at such a low power level and for such a short duration,
the buildup of Xenon-135 was negligible. However, had the team attempted to run the reactor
at high power for an extended period, the reactor would have inexplicably shut down as the
xenon built up, only to restart later as the isotope decayed. Without knowing the cause, a less
disciplined team might have pulled the control rods too far in an attempt to compensate for the
"dying" reaction, leading to a dangerous surge when the poison naturally cleared.

Another gap involved the long-term structural effects of radiation on materials, later known as
the Wigner effect. It was not yet fully understood that neutron bombardment could physically
displace atoms within the graphite crystal lattice, storing potential energy that could be
released as a sudden, intense burst of heat. Furthermore, the biological understanding of
radiation was in its infancy. While the scientists knew that radiation was dangerous, the specific
lethality of a massive neutron flux compared to gamma or alpha radiation was not precisely
guantified. The team lacked sophisticated dosimetry; many workers carried only small pieces of
unexposed film in their pockets as a rudimentary way to measure exposure after the fact. The
potential for a silent lethal dose—where the scientists would feel no immediate pain but would
be doomed by cellular destruction—was a constant, invisible threat that the primitive safety
infrastructure could not detect in real-time.

10.2 Assessing the Potential for a Prompt-Critical Surge

The most catastrophic unknown unknown was the precise threshold of prompt criticality. Fermi
relied on the delayed neutron fraction, represented as beta, to provide a human-scale reaction
time. However, if the experimental values for beta had been slightly lower than the theoretical
models suggested, the transition from a stable reaction to an exponential runaway would have
occurred much sooner than expected. In a prompt-critical state, the power of the reactor
increases according to the formula: P(t) = PO * exp((k_ex /1) * t), where | is the prompt neutron
lifetime. Because | is a value in the range of milliseconds or even microseconds, the power level
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would not climb over minutes, but would spike by several orders of magnitude in a fraction of a
second.

This flash of radiation would have been the primary failure mode of Chicago Pile-1. If the pile
had entered this state, the power would have surged to thousands of watts before the
mechanical Zip rod could even begin its descent or Norman Hilberry could swing his axe. This
pulse of energy would not have caused a traditional explosion, but it would have turned the
reactor into a massive, unshielded source of lethal neutrons. The heat might have caused the
uranium to warp or the graphite to crack, potentially jamming the very control rods designed to
stop the reaction. The margin of safety was predicated on the assumption that the delayed
portion of the neutron budget was a fixed, reliable constant. Any minor deviation in the isotopic
purity of the fuel or a misunderstanding of the neutron physics could have converted the
controlled experiment into a localized radiation disaster, proving that the Axe Man was more of
a psychological comfort than a physical guarantee against a prompt-critical excursion.

11. Technological Heritage: Impact on Modern Reactor Safety Design

The legacy of Chicago Pile-1 extends far beyond its proof of the feasibility of nuclear power; it
established the foundational philosophy of nuclear reactor safety. The makeshift arrangements
in the squash court—the cadmium-plated rods, the gravity-driven safety systems, and the focus
on neutron kinetics—served as the prototypes for the sophisticated safety architectures of the
modern era. While the technology has transitioned from manila ropes and axes to solid-state
electronics and magnetic clutches, the underlying principles developed by Enrico Fermi and his
team continue to govern the operation of every nuclear power plant in existence. This section
traces the evolution from the primitive manual controls of 1942 to the complex, multi-layered
safety systems that define the current nuclear industry.

11.1 Evolution of the SCRAM Protocol

The most enduring linguistic and functional heritage of Chicago Pile-1 is the SCRAM protocol.
While historians debate whether the term was originally a literal acronym for Safety Control Rod
Axe Man or a later backronym, its functional definition remains unchanged: the rapid,
emergency insertion of control rods to terminate a nuclear reaction. In the context of the
original experiment, the SCRAM was a binary, mechanical event. If the neutron flux exceeded a
certain threshold, the rope was cut, and the Zip rod fell. This established the concept of the
"fail-safe" in nuclear engineering. A fail-safe system is designed such that if any part of the
control mechanism fails—such as a loss of power or a broken cable—the system naturally
reverts to its safest possible state.
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In modern reactors, this principle has been highly refined but remains conceptually identical to
the Zip rod. Modern control rods are often held above the reactor core by electromagnetic
clutches. If there is a total loss of power at the plant, or if sensors detect an anomaly in
temperature or pressure, the electricity to these magnets is automatically cut. Without the
magnetic force to hold them, the rods drop into the core by the force of gravity alone. This
ensures that even in a catastrophic blackout, the reactor will "scram" without the need for
human intervention or auxiliary power. The transition from an axe to an electromagnet
represents the shift from human-dependent safety to system-dependent safety, where the laws
of physics—specifically gravity—act as the final guarantor of control. The SCRAM remains the
ultimate emergency brake of nuclear technology, a direct descendant of the desperate
measures taken in the West Stands of Stagg Field.

11.2 Passive vs. Active Safety Systems

The safety infrastructure of Chicago Pile-1 was a hybrid of what we now categorize as active and
passive safety systems. An active safety system requires an external trigger, a power source, or a
human action to function. The "Suicide Squad" with their buckets of cadmium solution and the
"Axe Man" were the ultimate active safety systems; they required human perception, decision-
making, and physical movement to succeed. Modern nuclear history has shown that active
systems are often the most vulnerable to failure, as seen in accidents where operator error or
mechanical pump failure prevented safety measures from engaging.

In contrast, passive safety systems rely on the inherent physical properties of the materials and
the environment to maintain stability. Fermi’s reliance on the physics of delayed neutrons was a
precursor to modern passive safety design. By ensuring the reactor was "sub-prompt critical,"
Fermi made the safety of the reactor a property of its physics rather than just its machinery.
Today, "Generation llI+" and "Generation IV" reactor designs prioritize these passive features.
For example, many modern reactors are designed with a "negative temperature coefficient of
reactivity." This means that as the reactor gets hotter, the physical properties of the fuel or the
moderator naturally cause the reaction to slow down without any rods being moved. This is the

an

modern equivalent of Fermi’s "neutron budget" being balanced by the universe itself.

The movement toward passive safety is a return to the spirit of Fermi’s calculations. Where the
Manhattan Project had to use buckets of liquid as a backup, modern designs might use gravity-
fed water tanks that automatically flood the core if pressure drops, requiring no electricity or
pumps. The heritage of Chicago Pile-1 taught the industry that while human ingenuity is
required to start a reaction, the laws of physics are the most reliable tools for stopping one. By
analyzing the risks taken in 1942, modern engineers have learned to build reactors that do not
require an "Axe Man" because the "Axe" is built into the very atoms and geometry of the
system. This evolution marks the maturation of nuclear science from a high-stakes experimental
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gamble into a disciplined engineering field that seeks to eliminate the "unknown unknown"
through the mastery of passive, physical certainty.

12. Conclusion: Retrospective on the Calculation of Risk

The success of Chicago Pile-1 on December 2, 1942, was a watershed moment that validated
nearly a half-century of theoretical developments in atomic physics. It moved the world from a
state of speculative inquiry into a new reality of controlled nuclear energy. However, looking
back through the lens of modern safety standards and ethical accountability, the experiment
remains a profound paradox. It was simultaneously a masterpiece of predictive science and a
startlingly high-stakes gamble with the lives of an unsuspecting urban population. The legacy of
CP-1is not found just in the electricity generated by modern reactors, but in the enduring
debate over how humanity should balance the pursuit of transformative knowledge against the
"unknown unknowns" of a new frontier.

12.1 Validating the Fermi Method

The ultimate achievement of Chicago Pile-1 was the validation of what can be termed the Fermi
Method: a rigorous, incremental approach to experimental physics that utilized constant
feedback loops to bridge the gap between theory and reality. Fermi did not simply build a
reactor based on equations and hope for a result; he treated every layer of graphite and every
movement of a control rod as an independent test of his hypothesis. By using the inverse
multiplication plot (1/A), he turned the approach to criticality into a visible, manageable
trajectory.

This method successfully accounted for the complex interactions of the "neutron budget,"
proving that the four-factor formula was a reliable tool for engineering. Fermi’s reliance on
delayed neutrons effectively "tamed" the speed of nuclear fission, demonstrating that a chain
reaction could be made to follow human timelines rather than subatomic ones. The fact that
the reactor behaved exactly as his slide rule predicted—reaching criticality within the very layer
he had identified days prior—remains one of the most impressive feats of manual calculation in
scientific history. The Fermi Method proved that even the most volatile forces of nature could
be harnessed through a combination of theoretical precision and disciplined, step-by-step
experimentation.

12.2 Final Reflections on Scientific Recklessness vs. Necessity

Despite the mathematical success, the question of "recklessness" remains unavoidable. The
safety infrastructure of CP-1—the axe, the buckets of cadmium, and the lack of any biological
shielding—would be considered criminally negligent by any modern standard. The scientists
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were operating in a vacuum of "unknown unknowns," where the lack of an immediate disaster
was, in part, a result of the extremely low power levels they chose to maintain. Had they
pushed the reactor to higher outputs, or had the isotopic behavior of the fuel deviated even
slightly from their models, the manual interventions of the "Suicide Squad" might have been
nothing more than a footnote in a tragedy.

The justification for this risk was the perceived necessity of the wartime mission. In 1942, the
fear of a Nazi atomic bomb acted as a powerful ethical solvent, dissolving the standard
precautions of civilian science. The leaders of the Manhattan Project weighed the risk of a local
accident in Chicago against the global risk of losing a war to a genocidal regime, and they chose
the former. This decision-making process highlights the "Ethical Threshold" of the atomic age:
the point where the potential benefits or pressures of a discovery are so great that the
traditional boundaries of public safety and informed consent are discarded.

In retrospect, Chicago Pile-1 stands as a monument to human genius and a warning about
human hubris. It proved that we could control the atom, but it also demonstrated the ease with
which scientific communities can rationalize extreme risks under pressure. As we move further
into the 21st century, the story of the squash court reactor serves as a reminder that the most
important "calculation" in science is not just the multiplication factor of neutrons, but the
calculation of our own responsibility to the society that lives in the shadow of our experiments.
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