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The Effects of Spin in Gases

The nucleus of an atom can have a spin, somewhat like a tiny top. How
can that spin, which is isolated from the outside world, dramatically
change the properties of a gas, such as its ability to conduct heat?

are separated by large distan-

ces, have long provided an en-
joyable playground for physicists.
Much of the enjoyment comes from
the simplicity of the medium; since
the atoms collide only occasionally
with one another, a theoretical un-
derstanding of the gases’ macro-
scopic properties is easily attained.
A significant fraction of the cur-
rent understanding, in fact, comes
from contributions made late in the
19th century by James Clerk Maxwell
and Ludwig Boltzmann. In contrast,
many of the properties of liquids and
solids—which consist of large num-
bers of closely spaced, simultaneous-
ly interacting particles—continued to
be mysterious until the development
of the quantum theory in the early
part of the 20th century, and explana-
tions of some of the properties still
elude theorists.

One might suppose the pleasure of
the playground would by now have
been exhausted by the very simplic-
ity of low-density gases. Recent work
by a number of investigators includ-
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ing us shows that this is not the case;
low-density gases continue to serve
up a rich variety of phenomena as
well as counterintuitive surprises. In
particular, the macroscopic proper-
ties of a gas composed of individual
hydrogen or helium atoms can under
special circumstances be changed
dramatically by quantum-mechani-
cal effects.

According to quantum theory, the
nucleus of an atom behaves in a way
similar to a rotating top, which has
angular momentum about its axis of
rotation; that is, the nucleus has spin,
known more precisely as spin angu-
lar momentum. If the atoms of a gas
are spin-polarized, so that their nu-
clei all have their spins pointing in
the same direction, the viscosity of
the gas can be changed enormous-
ly and so can its ability to conduct
heat. Quantum-mechanical correla-
tions among the nuclei called spin
waves, which up to now had been
observed only in certain liquids and
solids such as magnets, can also
arise. The changes are large enough
for one to say the quantum-mechan-

GAS OF ATOMS is said to be spin-polarized when the atomic nuclei have their spins, or
spin angular momenta, aligned in the same direction (left). Here the spins are depict-
ed pointing “up.” When the gas is unpolarized, the spins point in all directions (right).

94

ical effects have caused the gas to
take on entirely new properties.

In a certain sense it is amazing
to think that polarizing the nuclear
spins can have any effect on the mac-
roscopic properties of the gas, since
the nuclear spins are so weakly cou-
pled to the outside world. Yet the ob-
servations are in full agreement with
theory. Moreover, because spin-po-
larized gases are still fairly simple
systems, they can be understood in
terms of precise calculations made
from fundamental principles, some-
thing that is still not possible to do in
the case of liquids and solids.

Our work has involved two kinds
of gases: atomic hydrogen and
helium 3 (*He). Atomic hydrogen, of
course, consists of a single electron
bound to a nucleus made of a sin-
gle proton. Hydrogen gas in nature is
generally diatomic, composed of two
hydrogen atoms bound together (H,).
In recent vears investigators have
found that they can keep hydrogen
atoms from binding and thereby pre-
pare samples of atomic hydrogen gas
by exploiting the effects of spin po-
larization [see “The Stabilization of
Atomic Hydrogen,” by Isaac F. Sil-
vera and Jook Walraven; SCIENTIFIC
AMERICAN, January, 1982]. Such sam-
ples represent yet another remark-
able way in which quantum-mechan-
ical effects come into play on a mac-
roscopic level. Exactly how the ef-
fects make themselves felt will be-
come clear as we discuss the effects
of spin in general.

The other gas we have worked
with, helium 3, has a nucleus consist-
ing of two protons and a neutron.
Two electrons are bound to the nu-
cleus. Helium atoms are nonreactive,
and so diatomic molecules of helium
3 never form. At sufficiently low tem-
peratures—about 3.2 degrees Kelvin
at atmospheric pressure—atomic he-
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lium-3 gas does liquefy. Atomic hy-
drogen, on the other hand, is unique
among all substances in that it is ex-
pected to remain a gas even at abso-
lute zero (zero degrees K.).

As stated by quantum theory, there
are important differences in the be-
havior of atomic hydrogen and heli-
um 3. Atomic hydrogen is expected
to belong to a class of particles called
bosons and helium 3 is expected to
belong to a class of particles called
fermions. The contrast between bos-
ons and fermions is considerable. Un-
der certain conditions that we shall
elaborate on, bosons tend to come
close to one another easily, whereas
fermions tend to avoid one another.
Such behavior is the basis of the
surprising effects observed in spin-
polarized gases.

Whether a particle is a boson or a
fermion depends on its spin. We have
already mentioned that the nuclei of
atoms have spin. It turns out that spin
is an intrinsic property of every parti-
cle. Since every atom is a composite
entity consisting of a nucleus and
one or more electrons, it will in gen-
eral have a composite spin.

The spin of a particle is somewhat
like the spin of a ball, but there are
important differences. The direction
of the spin of a ball is given by the
rule that if the fingers of the right
hand curl in the same sense as the
spin, the right thumb points in the di-
rection of the spin. A quantum parti-
cle has spin, but the particle cannot
be thought of as actually rotating or
spinning in space. Also, unlike the
spin of a ball, which can take on any
angular momentum, the spin of an
atom or a subatomic particle is quan-
tized: the magnitude of the spin can
take on only integer or half-integer
values of the fundamental unit of
angular momentum called Planck’s
constant. The proton, the neutron
and the electron, for instance, have a
spin of 1/2. The photon, or quantum
of electromagnetic radiation, has a
spin of 1. A particle that has half-inte-
ger values of spin, such as 1/2, 3/2,
5/2 and so on, is called a fermion, af-
ter the Italian physicist Enrico Fermi.
A particle that has integer values of
spin, such as 0, 1, 2, 3 and so on, is
called a boson, after the Indian physi-
cistS. N. Bose.

To determine the spin of a compos-
ite entity such as a nucleus or an
atom, one must take the so-called
vector sum of the spins of its compo-
nents. (A vector is a quantity that has
both a magnitude and a direction.)
Since the nucleus of a hydrogen atom
consists of a single proton, its spin is
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EFFECTS OF SPIN POLARIZATION on heat conduction were measured at the Ecole
Normale Supérieure by a group of collaborators including one of the authors (Laloé). A
gas of helium-3 atoms is spin-polarized by a beam of circularly polarized laser light,
which injects angular momentum into the sample. The spin-polarized atoms travel
down a pipe about a meter long into a chamber held at a temperature of a few degrees
Kelvin. The bottom surface of the chamber has a resistor glued to it. By passing an elec-
tric current of known magnitude through the resistor, a known heat current can be
made to pass through the gas. When the gas is spin-polarized, the temperature differ-
ence between the top and bottom surfaces is less than when the gas is unpolarized;
spin-polarized helium 3 conducts heat better than unpolarized helium 3. The electro-
magnetic coils on each side of the chamber are employed to deliver a quick pulse of
oscillating magnetic field to destroy the polarization for comparative measurements.

895



ENHANCED HEAT CONDUCTION of spin-polarized helium 3 can be accounted for by
the laws of quantum mechanics. In ordinary, unpolarized helium 3 the atoms collide
frequently, and the mean free path—the average distance traveled by one atom be-
tween two successive collisions—is rather short (left). Heat is poorly conducted (col-
ored arrow). The enhanced conduction of spin-polarized helium 3 arises from the fact
that the atoms belong to a class of particles called fermions; according to quantum me-
chanics, if one fermion occupies a certain state, all other identical fermions are exclud-
ed from that state. (The state of a particle is a complete specification of the characteris-
tics of the particle, such as its energy, its position or momentum and its spin.) If two
helium-3 atoms have identical spins, they cannot be found at the same point in space:
the two atoms tend to avoid each other. In a spin-polarized helium-3 gas, therefore, at-
oms ignore one another and the mean free path approaches infinity (right). The longer
the mean free path, the better the efficiency with which “hot,” or fast, atoms can carry
heat from a hot part of the gas to a cold part: the conduction increases dramatically.

simply 1/2. The net spin of the he-
lium-3 nucleus, which consists of
three spin-1/2 objects, turns out to be
1/2 also. The spin of the hydrogen
atom as a whole assumes an integral
value (either 0 or 1), because the at-
om’s spin-1/2 nucleus and spin-1/2
electron “add” vectorially, and the
hydrogen atom may be expected to
act as a composite boson. The he-
lium-3 atom, on the other hand, con-
tains two spin-1/2 electrons, and so
the total spin of the atom will always
assume a half-integral value (either
1/2 or 3/2). Helium 3 may be expect-
ed to act as a composite fermion.

erties of bosons and fermions is
that they can deviate from some of
the predictions of classical physics.
A key breakdown in classical theory
stems from the incorrect assump-
tion that individual particles are al-
ways distinguishable from one an-
other. According to quantum me-
chanics, however, identical particles
that have identical spins are in fact
indistinguishable: no measurement
can be made to determine which par-

One of the most fascinating prop-
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ticle is which. Indistinguishable par-
ticles exhibit important nonclassical
effects when they come together in a
collision. The nature of such effects
depends on whether the particles are
fermions or bosons.

The basis for the behavior of fermi-
ons is the quantum-mechanical rule
called the Pauli exclusion princi-
ple, named after the Austrian physi-
cist Wolfgang Pauli. The principle re-
quires that if one fermion occupies a
certain state, all other identical fermi-
ons are excluded from that state. The
state of a particle is a complete spec-
ification of its characteristics, such
as its energy, its position or momen-
tum and its spin. An important con-
sequence of the exclusion principle
is that if two electrons, say, are in
identical spin states, they cannot be
found at the same point in space. Un-
der such conditions, which we allud-
ed to above, the two electrons tend to
avoid each other. (Electrostatic repul-
sion, which also tends to keep the
two electrons apart, is a separate but
important consideration.) It is the ex-
clusion principle, applied to the elec-
trons of atoms, that gives rise to the

properties of all the elements, each
with its own distinct and stable elec-
tronic configuration.

Let us now clarify what we mean
by indistinguishability in a colli-
sion between two fermions. One can
in principle observe the respective
paths of the two fermions as they ap-
proach each other. The collision al-
ters their directions, and one can
then observe their paths as they re-
cede from each other. If both fermi-
ons are in the same spin state, one
cannot distinguish which fermion is
which. If, however, they are in differ-
ent spin states, they can (at least in
principle) be distinguished by meas-
uring the direction of their spins.
This would enable one to determine
the complete path of each fermion,
that is, one would know which fermi-
on is which. (The same statement
applies to a collision between two
bosons.) The tendency of two indis-
tinguishable fermions to avoid each
other is known to influence the way
they interact during a collision.

Bosons, on the other hand, do not
follow the Pauli exclusion principle.
There is no limit to the number of
bosons that can occupy the same
guantum state. If two simple bos-
ons, such as photons, have identi-
cal spins—and are therefore indistin-
guishable—they tend to come close
to each other more readily than
two distinguishable particles would.
Composite bosons such as hydrogen
atoms with identical electron spins
will exhibit a similar effect when
their nuclear spins are the same.

The exclusion principle can be ex-
ploited to keep individual atoms of
hydrogen from combining to form
molecular hydrogen (H;) when they
collide. Actually, although the hydro-
gen atom is a composite boson, its
constituent proton and electron are
fermions and therefore obey the ex-
clusion principle. In ordinary, unpo-
larized gaseous hydrogen the spins
of the electrons of the atoms point in
all directions in a random manner. (In
an applied magnetic field the spins
can point in only one of two direc-
tions, either “up” or “down.”) Two
electrons that have the same spin
state are indistinguishable and will
tend to avoid each other. If each elec-
tron is part of a hydrogen atom, this
would prevent the formation of a
chemical bond between them. If the
electron spins point in different di-
rections, however, they are distin-
guishable and no quantum principle
keeps them from being in the same
place at the same time. If each elec-




tron is part of a hydrogen atom, it is
energetically more favorable for the
two atoms to bind together than for
them to remain apart. Molecular hy-
drogen forms.

Now suppose the gaseous sample
of hydrogen is polarized, so that the
spins of all the electrons point in the
same direction. In this case all the
electrons are indistinguishable, and
they will tend to avoid one another.
Consequently the hydrogen atoms
will not come together and bind into
pairs during a collision; they sepa-
rate instead. Under these conditions
atomic hydrogen is stable and molec-
ular hydrogen will not form. In recent
years a number of laboratories
around the world have produced sta-
bilized atomic hydrogen gas by spin-
polarizing the electrons.

In our work we have addressed the
question of what happens when the
nuclear spins of atomic hydrogen
and helium 3 are polarized. (The
hydrogen atoms are “doubly polar-
ized”: the electron and the nucleus
are both polarized. In helium 3 in its
ground state one does not need to
be concerned about polarizing the
electrons: each pair of electrons in
an atom are in opposite spin states,
yielding a composite electron spin of
zero.) The effects of polarizing the
nuclear spins are remarkable, partic-
ularly in the light of the fact that the
tiny magnetic top associated with
each nuclear spin is almost indif-
ferent to the environment surround-
ing the atom. The reason the nucle-
ar spin is isolated from the outside
world is that the magnetic force asso-
ciated with it is roughly 1,000 times
weaker than the magnetic force asso-
ciated with the spin of each electron
of the atom. Of course, the effects
of nuclear spin polarization do not
come from the magnetic forces asso-
ciated with the nuclear spins. Rather,
the dramatic changes in macroscopic
properties are built-in consequences
of the quantum-mechanical descrip-
tion of identical particles.

An important aspect of all our work
is that it has been done in very low
temperatures, no more than a few de-
grees above absolute zero. Low tem-
peratures are necessary because of
the wave-particle duality of matter
and radiation. A particle has associ-
ated with it a certain wavelength
known as the de Broglie wavelength,
which is inversely proportional to
the momentum of the particle. The
lower the temperature is made, the
longer the de Broglie wavelength be-
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ANOTHER SPIN PHENOMENON, called spin waves, has been observed at Cornell Uni-
versity by a group of collaborators including one of the authors (Freed). A spin wave in
a polarized gas is a collective oscillatory mode of the nuclear spins, so that the spins
precess, or rotate, about the average direction of polarization at a frequency that de-
pends on the amount of polarization. To study the waves, hydrogen molecules (H,) are
first dissociated into hydrogen atoms by bombardment with microwave radiation. The
atoms are then cooled and spin-polarized and allowed to fill a small chamber, which is
immersed in a strong magnetic field. The spin waves are induced by a pulsed nuclear-
magnetic-resonance (NMR) technique, in which a short pulse of radio waves is used to
tilt the nuclear spins at some small angle from their initial direction, and so afterward
they precess around the static magnetic field at a rate proportional to the strength of
the field. The rotating spins create a rotating magnetization that is transverse, or per-
pendicular, to the main direction of polarization. This transverse magnetization in-
duces a voltage that is amplified, detected and analyzed by its frequency spectrum.
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ORIGIN OF SPIN WAVES, like the dramatic changes in heat con-
ductivity, can be accounted for by quantum mechanics. Imagine
that into a collection of spin-up atoms a test atom is introduced
that has a slightly tilted nuclear spin (left). When the test atom
collides with any of the atoms, the amount of tilt will be virtually

comes, since the particle moves
more slowly and has less momen-
tum. Because of the Pauli exclusion
principle, two fermions in the same
spin state cannot come any closer to
each other than a distance on the or-
der of the de Broglie wavelength. For
the quantum effects of indistinguish-
ability to become important in a colli-
sion between two fermions, the de
Broglie wavelength must exceed the
range over which forces between at-
oms are appreciable. The tempera-
ture must therefore be lowered to
maximize the de Broglie wavelength.

The effect of spin polarization on
heat conduction is relatively easy
to understand. Suppose the nuclear
spins of a gas of helium-3 atoms are
polarized and the sample is held at a
low temperature, say one degree K. If
ordinary, unpolarized gaseous heli-
um 3 is held under such conditions,
atoms in the same spin state will ig-
nore one another, since helium 3 is a
composite fermion, but atoms in dif-
ferent spin states will collide and
interact with one another. In fully
polarized gaseous helium 3, in con-
trast, all the atoms will ignore one an-
other almost completely and colli-
sions will be much less frequent. It is
as if a complete nuclear polariza-
tion “switches off”’ any interactions
among the atoms.

The switching off of atomic inter-
actions leads to significant changes
in an important physical quantity
called the mean free path: the aver-
age distance traveled by one atom
between two successive collisions in
a gas. In an ideal gas the atoms would
have no mutual interaction at all, so
that their mean free path would be
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infinite. The atoms, merely ignoring
one another, would fly along straight
lines directly from one wall of a gas
container to another. In real gases at-
oms collide with one another and the
behavior becomes truly ideal only in
the limit of infinite dilution. Yet the
ideal gas behavior is precisely what
is expected for a completely polar-
ized helium-3 gas sample at extreme-
ly low temperatures. Under such con-
ditions helium 3 acts as an “artificial”
ideal gas, and the length of its mean
free path approaches infinity. Similar
effects were predicted in 1977 by two
Soviet physicists, E. P. Bashkin and
A. Meyerovich of the S. I. Vavilov In-
stitute of Physical Problems, for di-
lute solutions of liquid helium 3 in su-
perfluid helium 4, a physical system
that can be very similar to a gas in
some ways. (The helium-4 nucleus,
which is naturally more abundant
than the helium-3 nucleus, consists
of two protons and two neutrons; a
superfluid flows with no resistance.)
Among the physical properties
that depend on the mean free path is
the ability of any gas to conduct heat.
If two walls of a container filled with
a gas are kept at different tempera-
tures, the heat flow across the system
is proportional to the mean free path:
the longer the mean free path, the
better the efficiency with which the
“hot,” or fast, atoms will carry their
energy from the hot wall to the cold
one. Consequently a polarized gas of
helium 3 at low temperatures should
have a much higher heat conduc-
tivity—it would approach infinity as
the mean free path approaches infin-
ity—than its unpolarized counter-
part. The viscosity of the gas should

unchanged, but the test spin will be rotated slightly around the
vertical axis (middle). The effect on the test spin in subsequent
collisions will be almost identical. As a consequence the random
collisions among the atoms will eventually produce a cumu-
lative rotation of the test spin around the vertical axis (right).

also increase for similar reasons, al-
though the effect is not as intuitive.
The effects of spin-polarizing the
nuclei of hydrogen atoms, on the oth-
er hand, should be just the opposite.
The reason is that hydrogen atoms
are bosons (actually composite bos-
ons made of two fermions, remem-
ber), and that as identical particles
they therefore tend to come close
to one another more easily. Spin-po-
larizing the nuclei should make the
mean free path shorter and decrease
both the viscosity and the heat con-
duction. Even in an unpolarized sam-
ple, however, bosons are largely free
to interact with one another any-
way, and so the effects of polariza-
tion should be less pronounced than
they are for fermions and less inter-
esting to investigate experimentally.

he effect of spin polarization on

heat conduction in gaseous heli-
um 3 was observed and measured by
a group of collaborators including
Pierre-Jean Nacher, Genevieve Taste-
vin, Michéle Leduc, Stuart B. Cramp-
ton, David S. Betts, James M. Daniels
and one of us (Laloé) at the Ecole Nor-
male Supérieure in Paris. It is first
necessary to polarize the helium nu-
clei. To do so a technique called laser
optical pumping was used. Optical
pumping is a general method, invent-
ed in 1950 by Alfred Kastler, then at
the Ecole Normale, in which a beam
of circularly polarized light (light in
which the associated electric field ro-
tates about the direction of travel) is
employed to inject angular momen-
tum into a gas of atoms and polarize
their spins. Many atoms can be polar-
ized this way, but helium raised spe-




cific difficulties that were solved in
1963 at Texas Instruments Incorpo-
rated by Forrest D. Colegrove, Laird
D. Schearer and G. King Walters in an
approach that was further refined by
Leduc and her colleagues at the Ecole
Normale.

The second problem is to create
the nuclear polarization in a cold gas,
at temperatures of a few degrees Kel-
vin, where the quantum effects are
significant. At the Ecole Normale this
was done by using a special contain-
er called a double cell. The container
has two chambers: one held at room
temperature, where the helium nu-
clei are polarized by optical pump-
ing, and one held at a low tempera-
ture, where the measurements are
made. The two parts are connected
by a pipe about a meter long in which
the atoms diffuse under the effect of
their random thermal motion. The
diffusion transfers polarization from
the room-temperature cell to the cold
measurement cell. To minimize the
sticking and interaction of the atoms
with the cold cell, the walls are coat-
ed with solid molecular hydrogen.

The measurement cell itself has the
shape of a cylinder, about a centime-
ter high and a few centimeters in di-
ameter. The upper flat surface is in
contact with a helium-4 bath, which
acts as a refrigerant. The tempera-
ture of the bath can be adjusted be-
tween one and four degrees K. The
lower flat surface has a resistor glued
to it and is in contact with a vacuum.
An electric current of known mag-
nitude passing through the resistor
causes a known heat current to pass
through the gas; a simple measure-
ment of the temperature difference

between the two flat plates provides
a measurement of the heat-conduc-
tion coefficient of the gas.

The experiment consists of record-
ing the temperature difference when
a spin-polarized sample of helium-3
gas fills the cell and then applying an
oscillating magnetic field in a quick
pulse to destroy the polarization sud-
denly. A change of nuclear polari-
zation does indeed trigger a macro-
scopic temperature change; the tem-
perature difference between the top
and the bottom of the cell is less
when the gas is polarized. The ob-
served change matches the predict-
ed change, and the peculiar implica-
tions of quantum theory are upheld.

e have mentioned above that

the quantum effects of spin-
polarizing the nuclei of a gas are not
limited to heat conduction. Another
phenomenon was actually observed
earlier: spin waves. These waves
arise from the cooperative interac-
tion of particles with spin and are
perhaps best known for their role in
permanent magnets. In a permanent
magnet large numbers of electrons
have their spin in the same direction.
Since each electron spin behaves like
a tiny magnet, the cumulative effect
is to produce the permanent magnet-
ization. Now suppose (with the aid of
an external magnetic field if neces-
sary) all the electrons are made to
spin in the same direction, say up,
except for one, which points down.
This single down spin, which can be
thought of as a “spin-down excita-
tion,” can propagate rapidly through
the magnet: by interacting with the
spins of the surrounding electrons,

the spin-down excitation flip-flops its
way through the magnet. Such delo-
calization is a simple example of a
spin wave.

The origin of spin waves in a gas is
somewhat different, because the at-
oms are not fixed; they move con-
stantly in all directions. Moreover,
the spin waves that have been ob-
served involve the spins of atomic
nuclei, which are shielded quite well
from the outside world. How can oc-
casional random collisions in a gas
lead to correlations among the spins
of many atoms to make spin waves
possible?

The answer once again is found
in the quantum behavior of identi-
cal particles. As we have mentioned,
the result of a collision between
two identical atoms depends on the
spin directions of their nuclei, even
though the forces of interaction be-
tween the two atoms have nothing to
do with the nuclear spins. Suppose,
for example, one introduces into a
collection of identical spin-up atoms
atest atom that has a nuclear spin tilt-
ed slightly with respect to all the oth-
er nuclear spins. (Such a spin can be
expressed as a vector sum of a spin-
up state with a small amount of spin-
down character.) When the test atom
collides with any of the atoms, the
amount of downward tilt will remain
virtually the same, but the test spin
will be rotated slightly around the
vertical axis. (This is a consequence
of the spin-up part of the test atom’s
being indistinguishable in a collision
with a spin-up atom, whereas the
spin-down part engages in a distin-
guishable collision.) The effect on the
test spin in subsequent collisions will
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SPIN WAVES in a gaseous sample typically arise when the nucle-
ar spins in one region of the sample are tilted differently from
the nuclear spins in another (left). The transverse magnetization
in each region can be transmitted coherently through the sam-
ple by the cumulative effect of the successive collisions of the
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atoms, a behavior that constitutes the spin waves (middle). The
same random thermal motions that create the spin waves ulti-
mately destroy them as well; the motions transfer atoms ran-
domly from a region where the transverse magnetization points
in one direction to a region where it points in another (right).
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be almost identical, because the colli-
sions are always with spin-up atoms,
and so the random collisions among
the atoms will produce an overall
cumulative rotation of the test spin
around the vertical axis.

Now suppose the nuclear spins in
one region of a sample are tilted dif-
ferently from the nuclear spins in an-
other region. The macroscopic effect
of tilting spins in one region of the
sample is first to create some magnet-
ization in a direction that is trans-
verse, or perpendicular, to the main
direction of polarization. This trans-
verse magnetization is then trans-
mitted coherently through the sam-

ple by the cumulative effect of the
successive collisions of the atoms.
The spins tend to rotate about the av-
erage direction of polarization and
at a frequency that depends on the
amount of polarization. Such a col-
lective oscillatory mode in the gas
is the spin wave. The more pro-
nounced the quantum effects are, the
more rapid the oscillation is.

An interesting aspect of spin waves
in gases is that the same thermal mo-
tions that create the spin waves in
random collisions are also responsi-
ble for destroying the waves. Typi-
cally, a gaseous sample containing
spin waves will have several regions

of different transverse magnetiza-
tions. The thermal motions of the at-
oms eventually transfer the atoms by
a diffusional process from a region
where the magnetization points in
one direction to a region where the
transverse magnetization points in
another direction. In time the mixing
of regions will randomize the over-
all transverse magnetization, so that
there will be no preferential direction
of the magnetization in the sample.
The effectiveness with which spin
waves are transmitted in a gas versus
the randomization of the transverse
magnetization by thermal motions is
proportional to the de Broglie wave-
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ANALOGUE OF HEISENBERG UNCERTAINTY PRINCIPLE oc-
curs in spin-polarized atomic hydrogen gas. The uncertainty
principle holds that the position and momentum of a quantum
particle cannot be simultaneously measured: if one attempts to
measure the position of a particle, the measurement itself will
change the state of the particle, so that after the measurement
the particle will be more localized in space. Similarly, spin waves
in a measurement cell are localized by immersing the cell in a
constant magnetic field gradient, the strength of which is low at
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one side of the cell and increases linearly across the cell to the
other side, where it is high. The gradient localizes the spin waves
in one of the two sides of the cell, depending in part on whether
the spin waves are associated with spin-polarized fermions or
particles called bosons. The spin waves associated with doubly
spin-polarized hydrogen atoms, which act as composite bosons,
should be trapped at the side that has the high field gradient
(Ieft). If the particles were instead to act as fermions, they would
be trapped at the side that has the low field gradient (right).
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length of the atoms and inversely
proportional to the range over which
the atoms interact (multiplied by the
magnitude and direction of the nucle-
ar-spin polarization).

he observation of spin wavesina

gas was made at Cornell Univer-
sity by a group of investigators in-
cluding Burgess R. Johnson, John S.
Denker, Nicholas P. Bigelow, Laurent
P. Levy, David M. Lee and one of us
(Freed). The work involved atomic
hydrogen gas, because it has the
least mass, yielding the largest de
Broglie wavelength. This maximizes
the effectiveness with which spin
waves are transmitted as compared
with the diffusional randomization.
The gas is generated by dissociating
molecular hydrogen with microwave
radiation. The individual atoms of
hydrogen are then made to travel
through a tube lined with Teflon, the
nonstick coating found on many fry-
ing pans, and subsequently in a low-
temperature section of the tube, a
film of superfluid helium 4. The Tef-
lon and liquid-helium coatings are
employed to minimize the recombi-
nation of the hydrogen atoms back to
molecular hydrogen on the walls of
the tube, since atomic hydrogen does
not stick as well to these coatings as
it does to other materials.

The atomic hydrogen gas then en-
ters a cell, which has a volume of .3
cubic centimeter, in which the tem-
perature is extremely low—only a
few tenths of a degree above abso-
lute zero. The sample cell is im-
mersed in a high magnetic field,
which attracts atoms that have elec-
tron spins antiparallel to the field
(down spins) and repels atoms that
have electron spins parallel to the
field (up spins). As a consequence the
cell contains only atoms that have
spin-down electrons. In other words,
the electrons in the gaseous sample
are spin-polarized. As we discussed
above, molecular hydrogen will not
form in such a gas. The atomic hy-
drogen gas is thereby made stable.

Now, the nuclear spins of the hy-
drogen atoms can be either parallel
or antiparallel with respect to the
spins of the polarized electrons. At-
oms with nuclear spins that are anti-
parallel—that is, up—become slightly
depolarized, and they recombine
with one another and deposit on
the walls of the cell, so that a layer of
solid molecular hydrogen gradually
forms. After a few minutes the cell
contains only doubly polarized at-
oms: atoms with nuclear spins that

are parallel to the electron spins.
(Both are antiparallel to the magnetic
field.) The effect was first shown by
Thomas J. Greytak and Daniel Klepp-
ner of the Massachusetts Institute of
Technology.

The polarized atomic nuclei have
been made to exhibit spin waves by a
pulsed nuclear-magnetic-resonance
(NMR) technique developed by the
Cornell workers. In this technique a
short pulse of radio waves is used to
tilt the nuclear spins at some small
angle from their initial direction, so
that afterward they precess, or ro-
tate, around the static magnetic field
at a rate that is proportional to the
strength of the field. The rotating
spins create a rotating transverse
magnetization, which induces a volt-
age that is amplified, detected and
then analyzed in terms of its frequen-
cy spectrum.

Al important feature of the Cornell
experiment is that a constant
magnetic field gradient is applied to
the static magnetic field: the com-
bined field strength is low at one side
of the sample cell and increases lin-
early across the cell to the other end,
which has a high value. As a result
nuclear spins in different parts of the
sample cell precess around the field
at different rates. Normally the range
of different rotation frequencies of
the nuclear spins in the different
parts of the sample cell would pro-
duce a frequency spectrum that con-
sists of a broad resonance line. Such
a characteristic spectrum is in fact
exploited in other NMR applications
to obtain spatial images of materials,
and it is the basis of the magnetic-res-
onance-imaging (MRI) technique em-
ployed by hospitals. But the unique
feature of the Cornell experiment is
that superposed on the broad reso-
nance line is a series of prominent,
narrow resonance peaks. The peaks
correspond to the spin-wave modes
in the sample cell.

The magnetic field gradient also
produces another remarkable effect.
The effect is an analogue of the Hei-
senberg uncertainty principle, which
states that both the position and the
momentum of a quantum particle
cannot be determined simultaneous-
ly. A consequence of the uncertainty
principle is that if one attempts to
measure the position of a particle, the
very act of the measurement itself
will change the state of the particle in
such a way that after the measure-
ment the particle will be more local-
ized in space.

Similarly, the spin waves in the
sample cell are localized in space by
applying the field gradient to deter-
mine their location. In the absence of
the field gradient the waves are delo-
calized, but in the presence of the
gradient the spin-wave modes are lo-
calized in one of the two sides of the
sample cell. The field gradient both
traps the spin waves and allows them
to be imaged, that is, detected by the
NMR technique.

The spin waves are trapped either
at the side of the cell that has the low
combined magnetic field strength or
the side that has the high value. One
of the factors in making the determi-
nation is whether the atoms in the
gaseous sample act as fermions or as
bosons. According to theory, much
of which was developed at Cornell
by Levy and Andrei E. Ruckenstein,
the spin waves associated with the
doubly spin-polarized hydrogen at-
oms, which generally act as com-
posite bosons, should be trapped at
the side that has the higher field
strength. The experimental evidence
supports the theory and dramatically
confirms the fact that under the prop-
er conditions hydrogen atoms act as
composite bosons.

As a final note, the existence of
spin waves has also been observed
in gaseous helium 3. The work
was done by the collaboration at
the Ecole Normale. Although the spin
waves are not as spectacular as those
in atomic hydrogen, their existence
is just as significant. The observa-
tions are in good agreement with
the theoretical predictions of Claire
Lhuillier of the Ecole Normale and
one of us (Laloé).

As more experiments are done with
spin-polarized gases, it is quite
probable that the techniques de-
veloped in working with the gases
will spawn practical applications.
Already, for instance, some of the
techniques have been successfully
exploited by a number of groups to
build a new low-temperature hydro-
gen-atom maser, which could prove
to be an extremely accurate atomic
clock. Nuclear physicists are work-
ing on the use of spin-polarized he-
lium 3 as targets for particle colli-
sions. In the near future, however,
it seems likely the real significance
of spin-polarized gases is that they
will continue to offer the opportu-
nity to investigate, from first princi-
ples, a wide range of quantum phe-
nomena including interesting hydro-
dynamic effects,
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