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paper is reproduced in Andrew Brown’s excellent biography of Chadwick
[3]; if your school library subscribes to the JSTOR journal retrieval sys-
tem the Proceedings paper can be downloaded at no cost. As we work
through Chadwick’s analysis these will be referred to as Papers 1 and 2,
respectively. 

THE EXPERIMENTS: BERYLLIUM, GAMMA-RAYS, AND

PROTONS

A complete description of the experiments which resulted in the dis-
covery of the neutron would be quite extensive, so only a brief descrip-
tion of the essentials is given here. A more thorough discussion appears in
Chapter 6 of reference [3]; see also Chapter 6 of Richard Rhodes’ The
Making of the Atomic Bomb [4].

The experiments which lead to the discovery of the neutron were
first reported in 1930 by Walther Bothe and his student Herbert Becker,
working in Germany. Their research involved studying gamma radiation
which is produced when light elements such as magnesium and aluminum
are bombarded by energetic alpha-particles emitted in the radioactive
decay of elements such as radium or polonium. In such reactions, the
alpha particles often interact with a target nucleus to yield a proton
(hydrogen nucleus) and a gamma-ray, both of which can be detected in
Geiger counters. A good example of such a reaction is the one used by
Chadwick’s mentor, Ernest Rutherford, to produce the first artificially-
induced nuclear transmutation in 1919. Rutherford used alpha-particles
emitted in the natural decay of radium to bombard nitrogen atoms, induc-
ing the reaction

4           14         1         17
He +   N →  H +  O + γ . (1)

2            7          1          8

The mystery began when Bothe and Becker found that boron, lithi-
um, and particularly beryllium gave evidence of gamma emission under
alpha bombardment but with no accompanying protons being emitted. A
key point here is that they were certain that some sort of energetic but
electrically neutral “penetrating beryllium radiation” was being emitted:
it could penetrate foils of metal (even inches of lead) but could not be
deflected by a magnetic field as electrically charged particles would be.
Gamma rays—that is, high-energy photons—were the only electrically
neutral form of penetrating radiation known at the time, so it would have
seemed natural to interpret their results as evidence of gamma-ray emis-
sion despite the anomalous lack of protons.

Bothe and Becker’s unusual beryllium result was picked up by the
Paris-based husband-and-wife team of Frédéric Joliot and Irène Curie,
hereafter referred to as the Joliot-Curies. In January 1932, they reported
that the (presumed gamma-ray) beryllium radiation was capable of
knocking protons out of a layer of paraffin wax that had been put in its
path. The situation is shown schematically in Figure 1, where the sup-
posed gamma-rays are labeled as “mystery radiation.” The energy (hence
speed) of the protons could be deduced by such means as determining
what thickness of metal foil they could penetrate before being slowed
down or by measuring how many ion pairs they created in a Geiger
counter; such measurements were well-calibrated by this time. In com-
parison to the gargantuan particle accelerators of today these experiments
were literally “table-top” nuclear physics: in his recreation of the Joliot-
Curies’ work, Chadwick’s experimental setup involved polonium deposit-
ed on a silver disk 1 cm in diameter placed close to a disk of pure beryl-

lium 2 cm in diameter, with both enclosed in a small vessel which could
be evacuated (a photograph appears in reference [3]).

In reactions like that appearing in Equation (1) the sum of the mass-
es of the products on the output (right) side of the arrow is often less than
that of the input reactants on the left side, with the difference appearing
in the form of kinetic energy of the products via E = mc2. Such energies,
known as “Q-values,” are usually of the order of a few millions of elec-
tron-volts (MeV) and can be written on the output side of the reaction
equation. For example, the alpha-producing polonium decay in Figure 1
can be written   

210             206            4         
Po →     Pb  +  He +  5.41 MeV , (2)

84                82             2          

that is, this spontaneous decay liberates 5.41 MeV of energy to be shared
between the product lead and alpha nucleus. While this is a lot of energy,
the masses of the products involved in such reactions are typically such
that their speeds are non-relativistic; we can usually write their kinetic
energies and momenta classically as mv2/2 and mv. Even if mass is cre-
ated or lost in a reaction momentum must always be conserved; if the
polonium nucleus is initially stationary then the lead and alpha nuclei
must recoil in opposite directions. One can easily show from classical
momentum conservation that if the total kinetic energy of the two prod-
uct nuclei is Q, then the kinetic energy of the lighter product nucleus must
be

Km = Q/(1 +m/M) , (3)

where m and M are respectively the masses of the light and heavy prod-
uct nuclei. For lead and alpha nuclei m/M ~ 4/206, so the alpha-particle
carries off the lion’s share (about 5.3 MeV) of the liberated energy. The
speed of such an alpha-particle is about 0.05c, justifying the non-rela-
tivistic assumption.

THE PHYSICS

We now set up some expressions that will be useful for dissecting
Chadwick’s neutron discovery analysis.

Chadwick and the Discovery of the Neutron
(continued from page 1)

(continued on page 3)

Figure 1
The “beryllium radiation” experiment of Becker, Bothe, the
Joliot-Curies and Chadwick.
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First, let us assume that Bothe and Becker and the Joliot-Curies were
correct in their interpretation that α-bombardment of Be creates gamma-
rays. To conserve the number of protons involved, they hypothesized that
the relevant reaction is

4            9             13         
He +   Be →   C +  γ . (4)

2            4              6          

Strictly speaking, we are cheating here in writing the reaction in modern
notation that presumes knowledge of both neutrons and protons, but this
has no effect on the argument. Now, it happens that this reaction has a Q-
value of 10.65 MeV; this energy, when added to the ~ 5.3 MeV kinetic
energy of the incoming alpha, means that the γ-ray can have an energy of
at most about 16 MeV. More precisely, the energy of the gamma-ray
works out to about 14.6 MeV if the recoil motion of the carbon nucleus
is accounted for. The gamma-rays then strike protons, setting them in
motion. See Figure 2. Such a collision is a problem that requires both rel-
ativistic and classical dynamics: a γ-ray is relativistic, whereas the pro-
tons can be treated classically (this is justified under “Analysis” below.)

Suppose the gamma-ray strikes an initially stationary particle of
mass m. In what follows, the symbol Em is used to represent the

Einsteinian rest energy mc2 of the struck particle while Km is used to des-

ignate its classical kinetic energy mv2/2; Eγ is used to designate the ener-
gy of the gamma-ray. Maximum possible forward momentum will be
imparted to the struck particle if the gamma-ray recoils backwards after
the collision; we assume that this is the case. If the energy of the gamma-
ray after the collision is Eγ*, then conservation of relativistic mass-ener-
gy demands

Eγ + Em = Eγ* + Em + Km . (5)

In writing Equation (5) we are assuming that the struck particle does not
change its identity, so the Em terms can in fact be cancelled. Since the
momentum of a photon of energy E is given by E/c, conservation of
momentum for this collision can be written as

Eγ/c = –Eγ*/c + mv , (6)

where v is the post-collision speed of the struck particle. The negative
sign on the right side of Equation (6) means that the γ-ray recoils back-
wards. It will prove handy to also have on hand expressions for the clas-
sical momentum and kinetic energy of the struck particle in terms of its
rest energy: 

mv = √(2mKm) = [√(2mc2Km)]/c = [√(2EmKm)]/c (7)

and

Km = 1/2 mv2 = ((mc2)v2)/2c2 = 1/2 Em (v/c)2 . (8)

With Equation (7) a factor of “c” can be cancelled in Equation (6); then,
on eliminating Eγ* between Equations (5) and (6) we can solve for Eγ:

Eγ = 1/2 [(Km + √(2EmKm)] . (9)

If the kinetic energy of the struck particle (proton) can be measured, we
can use Equation (9) to figure out what energy the gamma-ray must have
had to set it into such motion. On the other hand, if we desire to solve for
Km presuming that Eγ is known the situation is slightly messier as
Equations (5) and (6) combine to give a quadratic in √(Km) that has no
neat solution.  But if we assume that the rest energy Em of the struck par-
ticle is large compared to Eγ the resulting quadratic can be solved approx-
imately as [5]

Km ~ (2E2)/Em [1 – (2Eγ)/Em + ... ] . (10)
γ

This approximation is quite reasonable: the gamma-rays have Eγ ~ 14.6
MeV (see following Equation 4) while a proton has a rest energy of about
938 MeV.

Chadwick’s analysis also involves examining the possibility that
instead of a gamma-ray being created in the α-Be collision a neutral mate-
rial particle of mass μ is created (the neutron!) which subsequently col-
lides with an initially stationary particle of mass m as illustrated in Figure

Chadwick and the Discovery of the Neutron
(continued from page 2)
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Figure 2
A gamma-ray strikes a stationary massive particle, setting it in
motion. The gamma-ray is assumed to recoil backwards.
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3. This collision can be analyzed with the familiar head-on elastic-colli-
sion formulae of freshman-level physics; if the neutron has speed vμ and
kinetic energy Kμ, then the post-collision speed and kinetic energy of the
struck mass will be

vm = [2μ/(μ + m) vμ ] and  Km = [4μm/(m+μ)2] Kμ . (11)

THE ANALYSIS

Upon reading the Joliot-Curies’ paper, Chadwick immediately
plunged into an intense three-week period of work during February 1932
to reproduce, extend, and finally radically reinterpret their findings. With
the expressions developed in the preceding section we are ready to follow
the steps of his analysis.

Upon reproducing the experiments, Chadwick found that the protons
emerge from the paraffin with speeds of up to about 3.3 x 107 m/s [Paper
2, page 695; quoted in Paper 1 as 3.2 x 107 m/sec].  This corresponds to
(v/c) = 0.11, so our assumption that the protons can be treated classically
is reasonable. The modern value for the rest mass of a proton is 938.27
MeV. From Equation (8), these figures give the kinetic energy of the
ejected protons as 5.7 MeV, exactly the value quoted by Chadwick on p.
695 of Paper 2. Equation (9) then tells us that if a proton is to acquire this
amount of kinetic energy by being struck by a gamma-ray, then the
gamma-ray must have an energy of about 54.4 MeV [Chadwick quotes
52 MeV in Paper 1 and 55 MeV on p. 696 of Paper 2.] But we saw just
after Equation (4) that a gamma-ray arising from the Joliot-Curie’s pro-
posed α + Be → 13C  reaction has an energy of only  about 14.6 MeV—
a factor of nearly four too small! This is the first difficulty with the
gamma-ray proposal. 

To be historically correct, the mass of beryllium atoms had not yet
been accurately established in 1932, so Chadwick did not know the 14.6
MeV figure for certain. However, he was able to sensibly estimate it as
no more than about 14 MeV unless the beryllium nucleus lost an unex-
pectedly great amount of mass in the reaction, so it, as he remarks in
Paper 2 (p. 693), “... is difficult to account for the production of a quan-
tum of 50 MeV from the interaction of a beryllium nucleus and an α-par-
ticle of kinetic energy of 5 MeV.” But Chadwick was not satisfied with
only this argument: he was a careful, meticulous experimenter, and so
devised a further test to investigate the remote possibility that 55-MeV

gamma-rays might somehow be being created in the α-Be collision. In
addition to having the “beryllium radiation” strike protons, he also direct-
ed it to strike a sample of nitrogen gas. The mass of a nitrogen nucleus is
about 14 mass units; at a conversion factor of 931.49 MeV per mass unit
the rest energy of a 14N nucleus is about 13,040 MeV. If such a nucleus
is struck by a 54.4-MeV gamma-ray, Equation (10) indicates that it
should acquire a kinetic energy of about 450 keV. From prior experience
[Paper 2, p. 696] Chadwick knew that when an energetic particle travels
through air it produces ions, with about 35 eV required to produce a sin-
gle ionization (hence yielding “one pair” of ions). A 450 keV nitrogen
nucleus should thus generate some 13,000 ion pairs. Upon performing
this experiment, however, he found that some 30,000 to 40,000 ion pairs
would typically be produced. These figures imply a kinetic energy of ~
1.1 – 1.4 MeV for the recoiling nitrogen nuclei, which in turn (Equation
10) would require gamma-rays of energy up to ~ 90 MeV, completely
inconsistent with the ~ 55 MeV indicated  by the proton experiment.
Indeed, upon letting the supposed gamma-rays strike heavier and heavier
target nuclei, Chadwick found that “... if the recoil atoms are to be
explained by collision with a quantum, we must assume a larger and larg-
er energy for the quantum as the mass of the struck atom increases.” The
absurdity of this situation is the second problem with the gamma-ray
hypothesis, and led him to write [Paper 2, p. 697] that, “It is evident that
we must either relinquish the application of conservation of energy and
momentum in these collisions or adopt another hypothesis about the
nature of the radiation.” One cannot but stand in awe of what Hans Bethe
has described as a beautiful example of systematic experimentation [6] as
well as smile inwardly at the dry British understatement with which
Chadwick demolished the gamma-ray hypothesis.

The fundamental problem with the gamma-ray hypothesis is that for
the amount of energy liberated in the α-Be reaction any resulting gamma-
ray will possess much less momentum than a classical particle of the
same kinetic energy; the ratio is pγ/pm = √(E/2Em) where E is the energy
involved and Em the rest energy of the massive particle. Only an incred-
ibly energetic gamma-ray could kick a proton to a kinetic energy of sev-
eral MeV. Chadwick’s key insight was to realize that if the protons were
in reality being struck billiard-ball style by neutral material particles of
mass equal or closely similar to themselves then the striking energy need
only be on the order of the kinetic energy that the protons acquired in the
collision. In a later recollection (ref. [3], p.104) Chadwick remarked that
when he informed Rutherford of the Joliot-Curie’s gamma-ray interpre-
tation, he (Rutherford) had exclaimed, “I don’t believe it.”

This is the point at which the neutron makes it’s debut. Chadwick
hypothesized that instead of the Joliot-Curie reaction (4), the α-Be colli-
sion leads to the production of a carbon-12 atom and a neutron via the
reaction

4            9               12         1
He +   Be  →    C +     n . (12)

2            4                6          0

Note that in this case a C-12 atom is produced as opposed to the
Joliot-Curies’ proposed C-13. Since the “beryllium radiation” was known
to be electrically neutral, Chadwick could not invoke a charged particle
such as a proton or electron here. The C-12 nucleus, incidentally, will
likely remain trapped in the Be target and hence go undetected since it is
not radioactive. If the neutron is assumed to have a mass similar to that

Chadwick and the Discovery of the Neutron
(continued from page 3)

(continued on page 7)

Figure 3
A particle of mass μ strikes a stationary particle of mass m,
setting it in motion with speed vm. 
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The hours spent in the dorm just waiting and
watching, seeing the events unfold and hear-
ing the number of dead and wounded climb
higher was the epitome of helplessness. This
was a tragedy the likes of which had never
been seen before, and hopefully will never
be seen again. We heard it over and over
again. The worst school shooting in US his-
tory, they said at first. Then, the worst mass
murder in US history as the numbers
climbed. Any attempt to convey the emo-
tions and thoughts which barraged my mind
today would be futile, vain, and ultimately
trite. This was a dark day, near black as
night.

That said, I have every confidence in
this university and this community. I believe
this town is capable of rising to the occasion
and overcoming this monumental tragedy. I
have no idea what the coming days and
weeks hold in store, or even the slightest
notion of what will happen as time tran-
spires. There is no set procedure for han-
dling something of this magnitude, by sheer
virtue of the fact that it has never happened.
In spite of that, I feel we, Virginia

Polytechnic Institute and State University,
students, faculty and staff all, and the town
of Blacksburg, are capable of bonding
together to lift each other over this hurdle.
We will pay our dues and respects to those
deceased. We MUST pay our dues and our
respects. Anything less would be a mark
upon our record.

It is only then that we can hope to begin
the rebuilding and healing process. It will be
a long time before any student can step into
Norris Hall without immediately drawing to
mind thoughts of the events which occurred
in that building today. I can only imagine
what those who live on the 4th floor of West
Ambler Johnston Hall must feel now, and
likely for nights to come, in regards to what
transpired there as well. However, as time
passes and we slowly heal, these things will
become easier. And until that time, if we
band together, teachers and students, all
majors and classes, then we will be able to
carry on our work as an academic institu-
tion. That is the best way we can hope to
honor for years to come the memories of
those murdered here. We must continue to

learn, to advance the knowledge of our soci-
ety and our species, that we may continue to
understand the universe in all its parts. This
applies not only to this university, but to
every university in the United States and the
world, present and future. I leave you all
with one final plea from a freshman at this
university, a plea echoed from every corner
of this university by every student, faculty
and staff member, all who witnessed this
tragedy. I beg of you, for as long afterward
as you may be convinced to do so, wear any
maroon and orange you can find in remem-
brance of those innocents slain here. To bor-
row from several sources, for the sake of
those lost, put aside your allegiances and
college ties. For today we are all Hokies.

In most sincere regards and hope,

Mark Malloy
Virginia Tech Class of 2010
April 16, 2007

������������
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“TODAY WE ARE ALL HOKIES”
(continued from page 1)

2006-07 Marsh W. White Award Recipients
ANGELO STATE UNIVERSITY
Video Physics to Enhance Community Outreach Programs

Our SPS Chapter will produce a physics demonstration DVD and
printed support materials to enhance the effectiveness of the established
Peer Pressure Team (PPT) science outreach efforts. The goal is to pro-
vide K-12 teachers and students with a helpful and lasting tool that can
be used for post-outreach visit follow up investigations or viewed when
the PPT is not available. 
� Principal Proposers: Meagan Saldua and Jacob Spencer 
� Faculty Advisor: Dr. Toni Sauncy  

COE COLLEGE
Fifth Annual Playground of Science

Four years ago, the SPS chapter at Coe College initiated a new outreach event: the Playground of Science, an evening when the public is wel-
comed in to our academic and research facilities for a night of scientific exhibition. Since its inception, the Playground of Science has grown to
include four departments and over 1,000 inquisitive guests per year observing and learning about phenomena and physical principles associated with
the areas of optics, electricity and magnetism, mechanics, acoustics and more. With funding from the SPS national office, we can continue to
improve and expand our demonstrations and our service to the public at large. 
� Principal Proposers: Ben Franta, Trenton Edwards and Amy Marquardt 
� Faculty Advisor: Dr. Steven A. Feller 

CSU-CHICO
Absolute Zero at the Boys & Girls Club

The CSU Chico chapter of SPS requests financial aid in order
to bring the wonders of physics to children of the city of Chico. This
upcoming spring we will begin collaboration with the local Boys &
Girls Club to present monthly physics lectures and demonstrations,
targeted specifically to interest K-12 students in the broad and
rewarding field of physics. 
� Principal Proposers: Nic Sanabria and Brendan Diamond 
� Faculty Advisor: Dr. David Kagan 

(continued on page 6)
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2006-07 Marsh W. White Award Recipients
(continued from page 5)

OHIO WESLEYAN UNIVERSITY
Ph3— Physics Phun Phriday 

One of the most effective ways to promote physics is pro-
viding fun and engaging demonstrations for high school students.
We propose to do up to seven physics demos that we particularly
like at local high schools. These events will not only promote
interest in physics, but also build a good relationship between the
community and Ohio Wesleyan University. 
� Principal Proposers: Yun Kyoung Ryu and Stephanie Vasicek 
� Chapter Advisor: Dr. Robert A. Kaye

OHIO UNIVERSITY
An After School Science Club for Elementary Students 

In the 2005-06 school year, the Ohio University chapter of
SPS began an outreach program with a local elementary school
by creating a five week after school science club focusing on
demonstrations and hands-on experimentation. This year, the
chapter plans to improve the program by refining the five areas
of focus (electricity, magnetism, light, chemistry, and tempera-
ture) with more effective activities, and expanding the program
to include an additional short middle school project highlight-
ing temperature. 
� Principal Proposers: Rick Bond, Daniel Hoy, and David
McCowan 
� Faculty Advisor: Dr. Alexander Neiman 

DREXEL UNIVERSITY
Low Temperatures, Levitation, and Legendary Experiments

We propose a series of physics demonstrations, with an emphasis on low temper-
ature physics, to be presented to high school students in the spring of 2007, coinciding
with the Absolute Zero Campaign. In addition to purchasing new demonstrations, we
will utilize existing resources from the Drexel University Ultra-Low Temperature Lab. 
� Principal Proposers: Jerome Mlack and Sarah Wall
� Faculty Advisor: Dr. Roberto Ramos

TEXAS STATE UNIVERSITY
Constructing Models for Austin Science Fun Day

SPS students will assist junior high students from the San
Marcos Consolidated Independent School District in their prepara-
tion for a competition at Austin Science Fun Day. The students will
be guided through a systematic process of constructing their models
and presenting their experimentation that encourages learning in
experiential ways and using creativity. 
� Principal Proposer: Hui-Yiing Chang 
� Faculty Advisor: Dr. David Donnelly

TEXAS STATE UNIV.
Back row, (l-r): Jennifer
Walters, Simona
Rieman, Kellie Beicker,
Amanda Gregory,
Kelly Freeman, Hui-
Yiing Chang, Seth
Spiegel, Robin Porter,
Matt Flores. Front row,
(l-r): Chris Cumby,
Ryan Kassab, Robert
Kilbourn, Nick Miller.

SOUTH DAKOTA STATE UNIVERSITY
Phundamentally Physics: Elementary Educational Outreach
Program

We, the members of the Society of Physics Students, South Dakota
State University chapter, are currently developing a physics-based curricu-
lum designed to promote physics appreciation while educating the greater
Brookings community, specifically the students in the Brookings public
schools through interactive lectures and participatory demonstrations. 
� Principal Proposers: James Galipeau and Matt Small 
� Faculty Advisor: Dr. Geoffrey Bonvallet 

THE COLLEGE OF WOOSTER
Light and Optics Outreach for Elementary Schools

We would like to expand our successful outreach program for children in
grades two to five with a light and optics demonstration. We would discuss visible
light as part of a much larger spectrum of light and illustrate various facets of light
and optics such as lasers, polarization, holograms, fiber optics, and mirrors. 
� Principal Proposers: Danny Tremblay and Daniel Shai 
� Faculty Advisor: Dr. John F. Lendner 

GEORGIAN COURT UNIVERSITY
Fun with SPS 

The Society of Physics Students (SPS) group at Georgian Court University is excited
this year to participate in an outreach program in the surrounding high schools, middle
schools and the Georgian Court University community. Our commitment to outreach is
invigorating our SPS club to more fully develop a program using fun and interesting
hands-on demonstrations. We have received the SPS Outreach Catalyst Kit (SOCK), but
we would like to expand the program from just the materials that were provided in the kit. 
� Principal Proposer: Leah Mazza � Faculty Advisor: Dr. A. Tabor Morris 

COLORADO SCHOOL OF MINES
Colorado Physics Bowl 

The Society of Physics Students (SPS) in Golden, CO sponsors an annual Physics Bowl inviting many high schools to compete in several differ-
ent physics events. The event is normally held on a Saturday in the spring semester around April. In the past, SPS has had much success with this
event. The planning has begun for this event and we are coming up with new ideas that are going to require more funding. 
� Principal Proposers: Ryan Veirs, Colin Melvin, Brianna Rister and Jeremy Norman � Faculty Advisor: Dr. Chip Durfee

YESHIVA UNIVERSITY
Bringing Physics to New Heights 
Yeshiva University is located in Washington Heights in New York City, howev-
er the students have almost no interaction with the surrounding local residents.
The Yeshiva University Physics and Engineering Club (YUPEC) hopes to
change that, and at the same time, raise interest among the inner-city public
school students in college and the sciences. We have identified five public mid-
dle and high schools within a ten block radius which we hope to be in contact
with about visually stimulating physics demonstrations. 
� Principal Proposer: Dovid Skversky � Faculty Advisor: Dr. Gabriel Cwilich 
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of a proton (a presumption Chadwick was able to verify experimentally—
see below), the Q-value of this reaction is 6.48 MeV. With the addition of
the 5.3 MeV kinetic energy of the alpha particle we can expect the kinet-
ic energy of the neutron to be at most about 11.8 MeV; the actual figure
is about 10.9 MeV if the neutron’s true mass and the momentum acquired
by the C-12 nucleus are accounted for. A subsequent neutron/proton col-
lision will be like a collision between equal-mass billiard balls, so it is
entirely plausible that a neutron that begins with about 11 MeV of ener-
gy will be sufficiently energetic to accelerate a proton to a kinetic energy
of ~ 5.7 MeV 
even after it (the neutron) batters its way out of the beryllium target and
through the window of the vacuum vessel on its way to the paraffin.  

Recall Chadwick’s nitrogen experiment described above. Suppose
that neutrons emerging from the vacuum vessel do indeed have energies
of 5.7 MeV. With neutrons of mass 1 and nitrogen nuclei of mass 14,
Equation (11) indicates that a nitrogen nucleus should be set into motion
with a kinetic energy (56/225) that of the incoming neutron, about 1.4
MeV. This figure is in excellent agreement with the energy indicated by
the observed number of ion pairs created by the recoiling nitrogen nuclei! 

As Chadwick related in Paper 2 (p. 698), independent cloud-cham-
ber measurements of the recoiling nitrogen atoms indicated that they
acquired speeds of ~ 4.7 x 106 m/s as a result of being struck by neutrons.
Knowing this and the fact that neutron-bombarded protons are set into
motion with a speed of about 3.3 x 107 m/s he was able to estimate the
mass of the neutron by a simple classical argument. If the mass of a pro-
ton is 1 unit and that of a nitrogen 14 units, Equation (11) indicates that
the ratio of the speed of a recoiling proton to that of a recoiling nitrogen
would be (μ+14)/(μ+1) where μ is the mass of the neutron; the measured
speeds lead him to conclude μ ~ 1.15 with an estimated error of 10 per-
cent. The important point here is that this result is independent of any pre-
sumed knowledge of the neutron’s kinetic energy. Further experiments
with boron targets led Chadwick to report a final estimate of the neutron
mass as between 1.005 and 1.008 mass units. The modern figure is about
1.00866; the accuracy he achieved with equipment which would now be
regarded as hopelessly primitive is nothing short of awe-inspiring. 

In summary, Chadwick’s analysis consists of four main points: (1) If
the “beryllium radiation” comprises gamma-rays then they must be of
energy ~ 55 MeV to set protons in motion as observed. (2) Such a high
energy is unlikely from an α-Be collision, although not inconceivable if
the reaction happens in some unusual way involving considerable mass
loss. (3) Letting the same “gamma-rays” strike nitrogen nuclei causes the
latter to recoil with energies indicating that the gamma-rays must have
energies of ~ 90 MeV, utterly inconsistent with point (1). (4) If instead the
“beryllium radiation” is assumed to be a neutral particle of mass close to
that of a proton, consistent results emerge for the proton and particularly
the nitrogen recoil energies. 

The tightness of Chadwick’s experiments and logic is compelling.
The neutron hypothesis also quickly proved to resolve longstanding
issues concerning the spin properties of nuclei, and Chadwick was award-
ed the 1935 Nobel Prize in Physics for his discovery. He further specu-
lated in Paper 2 that neutrons might represent a complex particle consist-
ing of a proton and an electron, but this proved not to be the case:
Heisenberg’s uncertainty principle was to rule against the possibility of
containing electrons within such a small space. Subsequent experiments
by Chadwick himself (see reference [6]) showed that the neutron is a fun-
damental particle in its own right.

Chadwick left Cambridge in 1935 to accept the chair of physics at
the University of Liverpool. During World War II he headed the British
Mission attached to the Manhattan Project and witnessed the Trinity
atomic-bomb test in July 1945. Curiously, the “initiators” in those
weapons designed to provide a flux of neutrons at just the right time to
trigger the nuclear explosion utilized a polonium-beryllium mixture, the
same materials Chadwick had used in his historic 1932 experiments. 

Like many other pioneers of nuclear physics, Chadwick struggled
with the implications of his work. In a 1969 interview ([4], p. 356) he
related that, “I remember the spring of 1941 to this day. I realized then
that a nuclear bomb was not only possible—it was inevitable.... And I had
nobody to talk to.... But I did realize how very very serious it could be.
And I had then to start taking sleeping pills. It was the only remedy. I’ve
never stopped since then. It’s 28 years, and I don’t think I’ve missed a sin-
gle night in all those 28 years.” After the war he returned to England to
become Master of Gonville and Caius College at Cambridge until his
retirement at the end of 1958. He passed away at the age of 82 on July 24,
1974, survived by his wife Aileen and twin daughters Joanna and Judy.

Chadwick had begun his career as a student of Rutherford about
1911; by 1932 he had the combination of experimental experience, theo-
retical knowledge, preparedness of mind and just plain good luck of being
in the right place at the right time to recognize the neutron when it made
its presence known. Rutherford had invented the concept of the “nuclear”
atom and had begun seriously speculating on the possibility of neutrons
about 1920; the concept must have been pervasive at the Cavendish
Laboratory. [7] But the play of history is not pre-ordained: had the Joliot-
Curies not committed such incredible errors of fundamental physics and
experimental misinterpretation our textbooks might relate a very different
story. As it happened, for a few intense weeks in early 1932 James
Chadwick enjoyed the rare experience of making a fundamental discov-
ery about the nature of the physical universe. 
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by Phillip F. Schewe, Ben Stein, and 
Davide Castelvecchi

THE EFIMOV EFFECT: THREE’S COMPANY,

TWO’S A CROWD. At the April 2007 APS
meeting in Jacksonville, FL, physicists dis-
cussed the recent observations of the Efimov
effect, a purely quantum phenomenon where-
by two particles such as neutral atoms which
ordinarily do not interact strongly with one
another join together with a third atom under
the right conditions. The trio can then form
an infinite number of configurations, or put
another way, an infinite number of “bound
states” that hold the atoms together.

The effect was first predicted around 1970
by a physicist named Vitaly Efimov, then a
PhD candidate, but was originally considered
“too strange to be true,” according to the
University of Colorado’s Chris Greene, in
part because the atoms would abruptly switch
from being standoffish to becoming stuck-
together Siamese Triplets at remarkably long
distances from one another (approximately
500-10,000 times the size of a hydrogen
atom in the case of neutral atoms). For
decades, experimenters tried in vain to create
these three-particle systems (which came to
be known as “Efimov trimers”). 

In 1999, Greene and his collaborators
Brett Esry and Jim Burke predicted that gases
of ultracold atoms might provide the right
conditions for creating the three-particle
state. In 2005, a research team led by Rudi
Grimm of the University of Innsbruck in
Austria finally confirmed the Efimov state in
an ultracold gas of cesium cooled to just 10
nanokelvin. 

How do the neutral atoms attract one
another in the first place? At small distances,
ordinary chemical bonding mechanisms
apply, but at the vast distances relevant to the
Efimov effect, it is mainly through the van
der Waals effect, in which rearrangements of
electrical charge in one atom (forming an
“electric dipole”) create electric fields that
can induce dipoles in, and thereby attract,
neighboring atoms. 

The observation of the Efimov effect is a
coup for being able to study the rich quantum
physics between three particles. The effect
can conceivably occur in nucleons or mole-
cules (and any object governed by quantum
mechanics). However, it will likely be harder
to observe in those systems because physi-

cists cannot alter the strengths of interactions
between the constituent particles as easily as
they can in ultracold atom gases (through
their “Feshbach resonances”). 

But the effect could provide insights on
such systems as the triton, a nucleon with
one proton and two neutrons, in addition to
the BCS-BEC crossover, in which atoms
switch from forming weakly bound Cooper
pairs to entering a single collective quantum
state. (See also article by Charles Day,
Physics Today, April 2006; Esry et al., Phys.
Rev. Lett, 30 August 1999; and Kraemer et
al., Nature, 16 March 2006).

THE PHYSICS OF UTENSILS. The physics of
utensils is explained by the University of
Virginia’s Lou Bloomfield in the May issue
of Physics Today. Forget about cooking
classes—cutlery can provide a rich lesson in
crystallography and condensed-matter
physics. Forks, knives and spoons are gener-
ally made of steel—an alloy of iron and car-
bon with other elements mixed in. A room-
temperature iron crystal is soft, as it is sus-
ceptible to shear stress. 

In other words, pushing layers of the iron
crystal in opposite directions causes the lay-
ers to slip, bending the iron permanently,
which, as Bloomfield points out, is “fine in a
twist tie, not so good in a knife.” When the
iron crystal (known as ferrite) takes in even a
small amount of carbon, the situation
changes. 

Dispersed throughout the ferrite (the car-
bon is generally insoluble in it), the carbon
makes it more difficult for crystal impurities
known as dislocations to move, thereby frus-
trating shear forces and hardening the solid.
Put even more carbon into the ferrite and it
distorts the crystal into the hardest possible
steel structure, suitable for the cutting edges
of knives. Making useful steel cutlery gener-
ally requires heating an iron-carbon mixture
to well over 727 degrees C, in order to facili-
tate structural transformations throughout the
entire steel material. 

What type of utensil results depends on
how quickly the steel is cooled, or
“quenched.” Slowly quenched steel results in
pearlite, a sturdy but relatively soft com-
pound often used for spoons. The most
quickly cooled steel leads to martensite, the
hard steel used in cutting edges. Reheating
the martensite rearranges some crystalline
structures and “tempers” it so it becomes less
brittle. Making stainless steel, Bloomfield
says, involves adding elements including
chromium. 

When the Cr content exceeds 11.5 percent
by weight, a chromium oxide layer forms on
the surface to prevent rusting. More details
can be found in Bloomfield’s article, which is
freely accessible at:
http://ptonline.aip.org/journals/doc/PHTO

AD-ft/vol_60/iss_5/88_1.shtml . 

�
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THE PHYSICS OF UTENSILS

Dislocations in a crystal allow sections of atomic planes to slide
across one another. The result is a softer material. (a) An edge dislo-
cation (blue) involves the abrupt termination of a crystal plane. (b) A
screw dislocation has a handedness. In this illustration, following a
line of atoms counterclockwise around the screw axis brings one to a
higher layer. 
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IDAHO STATE UNIVERSITY
A MEASUREMENT OF THE ATMOSPHERIC OPTICAL THICKNESS USING
PHOTOVOLTAIC CELLS

We propose to carry out investigations involving solar cells.
These investigations involve measurement of the atmospheric opti-
cal thickness (aot), using bandpass filters to determine wavelength
dependence of the aot, and a technique for optimizing the photo-
voltaic panels' alignment. Using a given intensity of sunlight, we
will also determine the absolute efficiency of the photovoltaic panel.
Finally, we will determine the effects of diffuse light on the photo-
voltaic panels by masking the solar cells to block the access of
direct sunlight.
�Principal Proposers: Zeb Graham, David Coneff and Andrew
Sayler
�Faculty Advisors: Dr. Dan Dale and Dr. Steven Shropshire

CENTRAL WASHINGTON UNIVERSITY
ELECTRONIC REALIZATION OF CHAOTIC SYSTEMS

The Central Washington University chapter of SPS is interested
in experimentally investigating electronic realizations of chaotic
systems. J.C. Sprott has reported on a class of chaotic differential
equations that can, in principle, be simply realized using discrete
electronic components. These circuits can be used to easily investi-
gate chaotic behavior in a simple system. This will be done by con-
structing a simple chaotic circuit and investigating the chaotic out-
put, while varying the controls parameters. We will use a computer
interface that will allow us to automate the investigation of the rela-
tionship, collect data, and to vary initial conditions. Another aspect
that we propose to investigate is the synchronization of two addi-
tional chaotic circuits. 
�Principal Proposers: Taylor Kendall, David Cross, James Mullen
and Eric Kangas
�Chapter Advisor: Dr. Sharon L. Rosell

�Faculty Advisor: Dr. Michael R. Braunstein 
INDIANA UNIVERSITY
STUDIES OF A PYROELECTRIC CRYSTAL TO DEVELOP A TABLETOP
NEUTRON SOURCE

It is proposed to develop a neutron source from an existing
commercial product. The tabletop device uses a pyroelectric crystal
to create an electric field that accelerates ions towards a deuterated
target to produce neutrons via fusion. The neutrons will be charac-
terized and used to further study particle interactions by Indiana
University undergraduate students. 
Principal Proposers: Greg Pauley and Andrew Ferguson 
Chapter Advisor: Dr. Mike Snow 
Faculty Advisor: Dr. Rick Van Kooten 

UNIVERSITY OF LOUISVILLE
TWO PANEL COSMIC RAY TELESCOPE

Recent findings have shown that cosmic rays traveling through
the atmosphere may play a role in weather patterns. The research
plan is to use the detector to determine if there is a correlation
between cosmic ray flux and thunderstorms by studying the flux
during lightning, cloud formation, and rain.
�Principal Proposers: Timothy Allen, Brett Batchelor, Albert
Bolander, Blakesley Burkhart and Benjamin Snook
�Faculty Advisor: Dr. David Brown

UNIVERSITY OF SOUTHERN MISSISSIPPI
CHARACTERIZATION OF A RUBIDIUM MAGNETO-OPTICAL TRAP

Recently, at the University of Southern Mississippi, rubidium
atoms were cooled and trapped in a magneto-optical trap (MOT).
The proposed research program consists of a systematic characteri-
zation of the rubidium MOT in terms of the total number of trapped
atoms versus different laser intensities, laser detunings, and magnet-
ic field gradients. 
�Principal Proposers: Dwana J. King, Gregory Carson, Tyler
McCleery and Randall Dannemann
�Faculty Advisor: Dr. Alina Gearba

�
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2006-07 Sigma Pi Sigma Undergraduate Research Award

Recipients

L-R: Dr. Steve Shropshire, SPS Advisor; Zebulon
Graham, SPS President; David Coneff; Cody
Womack; Andrew Sayler; and Dr. Dan Dale,
Research Advisor. The device we are holding is a
prototype solar cell panel, similar to the larger
one we will build for this project. 

L-R: Tim Allen, Blakesley Burkhart, Ben Snook,
Albert Bolander, Brett Batchelor, and Faculty
Advisor Dr. David Brown at Univ. of Louisville. 
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1. THE THIRD LAW OF THERMODYNAMICS

A system’s internal energy U and entropy S are introduced in
terms of their changes. The First Law of Thermodynamics extends
the work-energy theorem to include energy exchanged as heat besides
mechanical work. The Principle does so in terms of the change in U,

dU = dQ − PdV , (1)

where dQ denotes the energy put into the system as heat, and PdV the
mechanical work done by the system. It took the Special Theory of
relativity with E = mc2 to fix the zero point for the internal energy of
a system of particles. 

The Second Law of Thermodynamics expresses the non-conser-
vation of entropy S, also introduced in terms of its change:

B

SB − SA = * dQ/T , (2)
A

where the integral may be evaluated along any path of successive
equilibrium states that carry the system from state A to state B.  If we
let B denote a generic state of temperature T, and A denote some ref-
erence state, for example the state of the system at absolute zero, then

T

S(T) = S(0) + * dQ/T , (3)
0

which leaves the constant S(0) undetermined.
This ambiguity becomes a problem when we need to know the

entropy of a state, not merely the entropy change between two states.
For example, the thermodynamic potentials (introduced below) such
as the Helmholtz energy F and Gibbs energy G, lead to relations for
their changes that require the value of S itself, in particular,

dF = −SdT − PdV (4)
and

dG = −SdT + VdP . (5)

We therefore find it necessary to articulate a principle that allows
the value of S to be uniquely determined for any system. A principle
that fixes the integration constant in Eq. (3) is called the “Third Law
of Thermodynamics.” Its simplest form was enunciated by Max
Planck in 1911, who expanded on an earlier version of the principle
proposed by Nernst in 1906.  Nernst postulated that the entropy of
any two states of a given system approaches the same value as the
temperature approaches absolute zero.  If states A and B denote two
states of a substance, then

SB − SA → 0  as  T → 0 (Nernst) . (6)

Let us write Eq. (3) in a form that will be useful to our purpos-
es. When no phase changes are involved, energy transferred as heat
can be represented with a heat capacity C via dQ = CdT, so that Eq.
(3) becomes

T

S(T) = S(0) + * C(T’) dT ’/T ’ , (7)
0

where a temperature dependence for C has been indicated.
As an example of a practical consequence of the Nernst postu-

late, and an illustration of the kinds of system to which it applies,
consider system that consists of, say, N atoms of iron and N atoms of
sulphur, the two species separated by a membrane. Call this “System
Fe+S.” Iron and sulphur may also exist together in the form of N units
of FeS; call this “System FeS.”  Even though systems Fe+S and FeS
are different states, they contain the same atoms, so according to the
Nernst postulate will have the same entropy at absolute zero.
Therefore, at temperature T, System Fe+S has entropy

T

S Fe+S (T) = SFe+S(0) + * C Fe+S(T ’) dT ’ /T ’ (8)
0

and for System FeS,

T

S FeS (T) = SFeS(0)  + * C FeS(T’) dT ’ /T ’ . (9)
0

The entropy difference between systems Fe+S and FeS is controlled
by the difference in their heat capacities,

T

S Fe+S (T) − S FeS (T) = * [C Fe+S − C FeS] dT ’ /T ’ (10)
0

where the Nernst postulate allows us to cancel the S(0) terms:

SFe+S(0) = S FeS(0) . (11)

Although Nernst stated this postulate for liquids and solids, it is
assumed to hold for all systems that have equilibrium states in the
vicinity of absolute zero (even for glasses, which are are inherently
disordered). 

In 1911 Planck extended the Nernst statement of the Third Law
to postulate that any equilibrium state has zero entropy as the tem-
perature approaches absolute zero:
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S → 0 as T → 0 (Planck) . (12)

Therefore, S(0) = 0 and a system’s entropy at any other temperature
T > 0 can be uniquely determined from the integral of Eq. (3). 

We will demonstrate the connection between the Nernst and
Planck statements, and see how the Third Law can be reconciled with
statistical mechanics in Section 4. In the meantime we accept the
Third Law and in Section 3 examine some of its consequences.

Before we can develop those consequences we must back up to
recall the thermodynamic potentials that are necessary for connecting
the Nernst-Planck postulate to the rest of thermodynamics. These
potentials are all developed from U via the Legendre transformation.
Section 2 therefore takes us on a digression into the generic Legendre
transformation, which is subsequently applied to the thermodnamic
potentials. This leads us to the so-called Maxwell relations between
state variables, that will be useful to our program. 

2. LEGENDRE TRANSFORMATIONS AND THE MAXWELL

RELATIONS

Consider some function W of two independent variables x and y,
W = W(x,y). It’s differential is

dW = (∂W/∂x)y dx + (∂W/∂y)x dy . (13a)

Let
P = (∂W/∂x)y (13b)

and
Q = (∂W/∂y)x , (13c)

where the subscripts on the partial derivatives remind us which vari-
able is being held fixed. Therefore, Eq. (13) may also be written

dW = Pdx + Qdy . (13d)

P is “canonically conjugate” to x, and Q is “canonically conju-
gate” to y. If x and y are called “space coordinates,” then P and Q
might be called their corresponding “momenta.” If we picture W(x,y)
as a surface, like a roof over the xy plane, then P and Q measure the
slope of this surface’s local tangent line, parallel to the x axis and the
y axis respectively, as in Fig. 1. It should be well noted that the “coor-
dinates” and their “momenta” come coupled in pairs, like some kind
of mathematically married couple. In our example there are two of
these couples,

(x,P) and (y,Q) .

To build some intuition that will inspire us to rediscover for ourselves
the significance of Legendre transformations, let’s temporarily sup-
press the x dimension (with its P) by holding x fixed, and consider W
as a function of only y. Now W = W(y) describes a curve above the y-
axis. At some value of y, the slope of the local tangent line has some
value Q. If we extend this tangent line to cross the W-axis where the
intercept is N, as in Fig. 2, the equation of this tangent line is [1]

Q = (W − N)/(y − 0) , (14a)

-----------------------------------------------------------------------------------
Fig. 1. The xy plane, the surface W(x,y), and the con-
jugate slopes P (conjugate to x) and Q (conjugate to
y).
-----------------------------------------------------------------------------------

which we can transpose to the standard form of a Legendre transfor-
mation,

N = W − Qy . (14b)

The differential of N yields 

dN = dW − Qdy − ydQ (15a)

and using Eqs. (13d) for dW, and restoring Pdx, the Qdy cancels, leav-
ing

dN = Pdx − ydQ . (15b)

If we say that N = N(x,Q) then we may also write its differential as

dN = (∂N/∂x)Q dx + (∂N/∂Q)x dQ . (15c)

Even though N is a function of x and Q, P and y can still be extract-
ed from it, for comparing Eq. (15b) to (15c) requires

P = (∂N/∂x)Q (15d)
and

y = −(∂N/∂Q)x . (15e)
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-----------------------------------------------------------------------------
Fig. 2. The curve W(y) and one its tangent lines,
described by the equation W = Qy + N. 
-----------------------------------------------------------------------------

We now have two ways of describing the information carried in the
W-surface above the xy plane: we can use either W(x,y) itself, or we
can trade one of the coordinates for its conjuate slope, as we just did
for N(x,Q), where we traded y for its conjugate slope, the “momen-
tum” Q. Such trades can be done in a variety of ways that preserves
the “x-ness” and y-ness” of the dependent function, where we have a
function of one element from each pair of a coordinate and its conju-
gate slope. Our options will therefore be functions of:

(x,y), (x,Q), (P,y), and (P,Q) .

The functions of these variables considered so far are W(x,y) and
N(P,y) = W−Qy; functions of the other two pairings can be derived
from W by further Legendre transformations, where the old function
is turned into a new one by subtracting the product of a conjugate pair.
Thus, we can form a function M = M(P,Q) by subtracting from N the
conjugate pair Px,

M = N − Px
= W − Qy − Px , (16a)

whose differential, when compared to

dM = (∂M/∂P)Q dP + (∂M/∂Q)P dQ , (16b)
gives 

y = −(∂M/∂Q)P (16c)
and

x = −(∂M/∂P)Q . (16d)

Similarly, we can form R = R(P,y) with

R = W − xP . (17a)

so that
Q = (∂R/∂y)P (17b)

and
x = −(∂R/∂P)y . (17c)

A function of just (x,P) or only (y,Q) will not describe the xy space in
its entirety; therefore, no function of (x,P) and (y,Q) can be derived
from W(x,y) by Legendre transformations. To see this, let Y = Y(x,P)
and introduce some as-yet-unknown parameters A and B, according to

Y = W − AB . (18a)

The differential gives

dY = Pdx + Qdy − AdB − BdA . (18b)

Suppose we want Qdy to cancel. We can make that happen by setting
A = Q and dB = dy. But this also means BdA = ydQ, leaving

dY = Pdx − ydQ (18c)

which makes Y a function of x and Q, contrary to our assumption that
Y was to be a function of x and P.

In summary, Legendre transformations allows us the luxury of
describing a function of x-ness and y-ness in a variety of ways, by
selecting a combination of coordinates and slopes that are the most
convenient for whatever data we have at hand. 

APPLICATIONS TO THERMODYNAMICS

Now let’s apply the Legendre transformations to the internal
energy U, and generate some related energy functions, the “thermo-
dynamic potentials.” These are the enthalpy H, Helmholtz energy F,
and Gibbs energy G. From the combined First and Second Laws of
Thermodynamics, we have U = U(S,V) because

dU = TdS − PdV . (19a)
so that

T = (∂U/∂S)V (19b)
and

P = −(∂U/∂V)S . (19c)

Let us now turn to the thermodynamic potentials derivable from
U by Legendre transormations. We start with the enthalpy H,

H = H(S,P) = U + PV . (20a)

Examining the differentials and using dU gives

dH = TdS + VdP , (20b)
so that
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T = (∂H/∂S)P , (20c)
V = (∂H/∂P)S . (20d)

Next we take up the Helmholtz energy F,

F = F(T,V) = U − TS (21a)

from whose differential, with that of dU, yields

dF = −SdT − PdV (21b)
with

P = −(∂F/∂V)T (21c)
S = −(∂F/∂T)V . (21d)

We come finally to the Gibbs energy G,

G = G(T,P) = U − TS − PV , (22a)

whose differential yields

dG = −SdT + VdP (22b)
and

S = −(∂G/∂T)P (22c)

V = (∂G/∂P)T . (22d)

We can find several useful relations between state variables by push-
ing on to the second derivatives. If a function of two variables is con-
tinuous, then its second derivatives commute; generically,

∂ 2f /∂x∂y = ∂ 2f /∂y∂x . (23)

Accordingly, from the eight expressions above we have

∂ 2U /∂S∂V = (∂T/∂V)S = −(∂P/∂S)V  , (24)

∂ 2H /∂S∂P = (∂T/∂P)S = (∂V/∂S)P  , (25)

∂ 2F /∂T∂V = −(∂P/∂T)V = −(∂S/∂V)T , (26)

∂ 2G /∂P∂T = −(∂S/∂P)T = (∂V/∂T)P . (27)

These equations are called the “Maxwell relations.”

3. CONSEQUENCES OF THE THIRD LAW

The Planck statement of the Third Law says that, for any system,
S → 0 as T → 0. With the help of the Maxwell relations we now
derive some important consequences of the Third Law: As T → 0, we
find (1) that the heat capacity of any substance scales with tempera-
ture as T s where s > 1; (2) the coefficient of thermal expansion of any
substance approaches zero; and (3) no system can be cooled to pre-
cisely T = 0 in a finite number of steps, which means that absolute
zero can be approached, at best, only asymptotically.

The first of these statements, that the heat capacity approaches
zero as fast or faster than T as T → 0, follows at once: with the Third

Law, in the absence of phase changes the entropy of a system at tem-
perature T follows from Eq. (7),

T

S(T) = S(0) + * C(T’) dT ’ /T ’      (28)
0

(typically, C is the heat capacity at constant pressure). As T → 0, by
the Third Law the left-hand side vanishes, so the 1/T in the integrand
on the right-hand side demands that C(T) ~ T s where s > 1. 

The coefficient of thermal expansion α is, by definition, the frac-
tional change of the system’s volume with respect to a change in tem-
perature at constant pressure: 

α ≡ (1/V)(∂V/∂T)P . (29)

By virtue of the Maxwell Relation of Eq. (27), α may be written

α = −(1/V)(∂S/∂P)T , (30)

which by the Nernst statement of the Third Law vanishes as T → 0.
Because both αV and the heat capacity C vanish at absolute zero, it
requires some care to show that the Third Law implies that their ratio
be finite, in particular,

αV/C → const as T → 0 . (31)

This result provides a crucial link in demonstrating the impossibility
of a system’s temperature actually reaching absolute zero in a finite
number of steps. So let us first demonstrate the claim about αV/C.
From Eq. (30) we have

α V = −(∂S/∂P)V

T

=  = −(∂/∂P) * C(T’) dT ’ /T ’  (32)
0

Expanding the heat capacity in a Taylor series about T = 0, after fac-
toring out its low-temperature behavior C(T) ~ T s, we may write

C = T s (a + bT + ...) (33)

for some a, b,... This step allows us to evaluate the integral term by
term, after which we take the derivative with respect to P to find

α V = −T s [a’/s + b’ T/(s+1)+...] , (34) 

where the primes denote derivatives with respect to pressure.
Therefore, 

α V/C = −[ a’/s + b’ T/(s+1)+... ](a+bT+...)−1 , (35)

which gives a constant value as T → 0, as asserted in Eq. (31).  To
show that absolute zero can only be approached asymptotically, we

Absolute Zero and the Third Law of Thermodynamics
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now appeal to one of the so-called TdS equations that can be derived
from the Second Law of Thermodynamics (see the Appendix),

TdS = −α VT dP + C P dT , (36)

where C P denotes the system’s isobaric heat capacity. Let us exam-
ine the behavior of dT as T → 0. We have already seen that, in this
limit, C P → aT s where s > 1, and αV/C P → const. ≡ μ.  So for tem-
peratures approaching absolute zero, the TdS equation says

dT =  dS/aT s−1 + μT dP . (37)

Now we know that temperature is a state variable, so its change is
path-independent. So consider a decrease in temperature by using an
adiabatic process for which dS = 0. Then our TdS equation collapses
to

dT = μT dP . (38)

This innocent-looking equation holds a strong message about the
impossible: To achieve any finite decrease in temperature, however
infinitesimal, the closer T is to absolute zero the greater the pressure
change required: in other words, to have a finite |dT| requires infinite
|dP| for T = 0. Therefore, a system cannot actually reach absolute zero
in a finite number of steps!

4. STATISTICAL MECHANICS AND THE EQUIVALENCE

OF THE NERNST AND PLANCK STATEMENTS

Thermodynamics tells us relations between macroscopic state
variables, such as internal energy and temperature, entropy and vol-
ume. Internal energy and entropy, and thus the First and Second Laws
of Thermodynamics, receive their ultimate interpretation—we find
out what internal energy and entropy are in terms of atoms—from
statistical mechanics. In particular, we learn that the internal energy
measures the average energy of the population of atoms, and entropy
measures the logarithm of the number of ways the microscopic atoms
can be arranged to give the macroscopic state. What is the statistical
mechanics foundation of the Third Law? To answer this question—
which will also demonstrate in what sense the Nernst and Planck
statements are equivalent—we must examine the entropy, as it’s
described in statistical mechanics, in the limit as T → 0. From the
Helmholtz energy we see that 

S = (U − F)/T , (39)

and from statistical mechanics we recall that when the macroscopic
system can be partitioned into N identical microscopic subsystems
(“atoms”) in thermal equilibrium at temperature T, 

F = −(N/β) ln Z (40)
and

U = −N ∂ lnZ/∂β , (41)

where β ≡ 1/kT and k = 1.4×10−23 J/K denotes Boltzmann’s constant.
Z stands for the “partition function,” the Zustandssumme, or “sum
over states,”

Z = Σ exp(−βEn) , (42)
n

with En the energy of a microsystem in its microscopic state n.
Therefore Eq. (39) becomes 

S = Nk [−β ∂ /∂β + 1] lnZ . (43)

As the macroscopic system’s temperature approaches absolute zero
(so that β → ∞), the overwhelming majority of the microscopic atoms
will drop down into their state of lowest energy. Let that ground state
have energy ε, perhaps with a g-fold degeneracy, viz., there are g
states in each atom that have the lowest energy ε. Then the partition
function is dominated by the ground state energy term and Z becomes
approximately Z ≈ g e−βε . When we put this into Eq. (43), we find S
≈ Nk ln g. Because all terms on the right-hand side are independent
of T, we can go to the limit T = 0 and say that

S(0) = Nk ln g . (44)

If g = 1 (e.g., the quantum ground state is nondegenerate), then
S(0)=0, and we have the Planck statement of the Third Law right
away. But even if g ≠ 1, then we have the crucial result, the founda-
tion of the Nernst insight, that the specific entropy, S(0)/N = k ln g, is
independent of any macroscopic state variables. [2] For a given col-
lection of atoms, such as our iron and sulpher atoms in the earlier
example, the specific entropy at absolute zero does not depend on the
thermodynamics state variables at all; it depends only on the degen-
eracy of the atom’s ground state, and that’s a property of the micro-
scopic atom, not of thermodynamics. Therefore the zero for the
entropy of a given collection of atoms can be shifted, the Nk ln g sub-
tracted off. In this sense the Nernst statement is equivalent to the
Planck statement, atomic species by atomic species (if not universal-
ly so across the board with the same shift for all atomic species). 

5. PHYSICS PRINCIPLES SEEM TO STATE WHAT’S

IMPOSSIBLE

The Third Law of Thermodynamics joins a list of fundamental
physics principles that tell us what nature cannot do. The Third Law
implies that a system can only approach absolute zero asymptotical-
ly; it cannot actually reach absolute zero in a finite number of steps
(the temperature to beat these days lies in the nanoKelvin scale,
achieved in the last steps by the laser cooling of atoms). Similarly,
Special Relativity tells us that material particles may, in principle,
approach the speed of light asymptotically but will never actually
reach light speed. Quantum theory tells us that the precision to which
conjugate variables can be measured simultaneously must exceed the
tolerance of the quantum. The Second Law of Thermodyanamics

Absolute Zero and the Third Law of Thermodynamics
(continued from page 13)

(continued on page 15)
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observes that the efficiency of an engine can never achieve unity; as
a consequence, the entropy of an isolated system cannot decrease. 

Such articulations of the impossible stake out the boundaries of
reality. While heroic virtue in human affairs may follow from the
maxim that “anything is possible if you try hard enough,” knowing
where limits are in reality is valuable knowledge. 

APPENDIX: DERIVATION OF A TdS EQUATION

Start with the combined First and Second Law, Eq. (19), which
shows that U = U(S,V). When the system is in thermal equilibrium,
equations of state relates the entropy to the temperature and volume,
and the volume to the pressure and temperature. This is readily illus-
trated with the monatomic ideal gas of N atoms, for which

S = (3/2)Nk lnT + Nk lnV + const. (45)
and

V = NkT/P . (46)

Presumably we can suppose that, in general, we may write both S and
V, and therefore U, in terms of T and P. Therefore Eq. (1) may be
expanded in terms of dT and dP: [3]

(∂U/∂P)T dP + (∂U/∂T)P dT
= TdS − P[(∂V/∂P)T dP + (∂V/∂T)P dT] . (47)

Solving for TdS gives

TdS = [(∂U/∂P)T + P(∂V/∂P)T ]dP
+ [(∂U/∂T)P + P(∂V/∂T)P ]dT . (48)

Recall the definition of the coefficient of thermal expansion α, Eq.
(29), and note that the definition of isothermal compressibility κT is
the fractional decrease in volume per change in temperature,

κT ≡ −(1/V)(∂V/∂P)T (49)

(α and κT are readily measurable in the laboratory). The TdS equation
becomes

dS = (1/T)[(∂U/∂P)T − κT PV]dP
+ (1/T)[(∂U/∂T)P + αPV]dT , (50)

which can be denoted temporarily as

dS = AdP + BdT , (51)

where A = (1/T)[(∂U/∂P)T − κT PV] and B = (1/T)[(∂U/∂T)P + αPV].
Because dS is an exact (path-independent) differential, we may write

(∂A/∂T)P = (∂B/∂P)T , (52)

which yields

(∂U/∂P)T = −αVT + κT PV . (53)

Placing this in Eq. (50), recall that H = U+PV, and that dH = CPdT,
and use Eq. (29), one finds

TdS = −αVT dP + CPdT . (54)
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To help celebrate SPS’ theme of ‘Absolute Zero
and the Conquest of Cold,’ three of the 2006
SPS interns experiment with liquid nitrogen as
part of an outreach project at an elementary
school.
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