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3He Spin Echo: New Atomic Beam Technique for Probing Phenomena in the nev Range
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We have developed a new experimental method for measuring extremely small changes in kinetic
energy in a Aux of atoms. Analogously to the well-known technique of neutron spin echo, we have
succeeded in manipulating the nuclear spins in an atomic beam of He. The result, He spin echo, is a
universal, high intensity, high resolution tool for a wide range of areas in physics and molecular
sciences. We describe the experimental setup and show first spin echo curves. In addition, we dem-
onstrate the power of the method by resolving a change in energy of the 3He atoms of ca. 33 neV.

PACS numbers: 39.10.+j, 34.50.—s, 76.60.Lz

In the last few decades atomic and molecular beam
techniques have contributed invaluable information in
many areas of science [1]. Over the years, especially with
the implementation of supersonic expansions, the quality
of these beams improved, both in intensity and monochro-
maticity. In time of flight (TOF) measurements, the latter
has determined the energy resolution of scattering experi-
ments performed with atomic and molecular beams. At
present, the TOF method seems to have reached a practi-
cable limit of some tenths of meV. In analogy with the
spin echo technique used for neutrons [2], we created a
new tool for atomic and molecular beam spectroscopies,
in which beam monochromaticity no longer limits energy
resolution. Since our ultimate goal is to study slow mo-
tion in and on surfaces, we chose to develop this method
for a helium beam. In the discipline of surface science He
scattering has a unique position among all other probes.
With thermal beam energies of 10—100 meV, correspond-
ing to de Broglie wavelengths of some A, a beam of He
atoms is exclusively surface sensitive (no penetration into
the bulk) and completely inert (no electronic excitations or
reactions). Whereas He diffraction reveals structure, in-
elastic He scattering interrogates the dynamics at or on a
surface. For the kind of processes that we will be inves-
tigating (diffusion of large molecules, phase transitions,
etc.), the energy resolution of standard TOF methods is
not sufficient. 3He spin echo ( He-SE) increases this reso-
lution by at least 4 orders of magnitude. In addition, since
no chopper is needed, there is a gain in intensity as well,
by a factor of 2—100 with respect to TOF.

The basic idea behind He-SE is to use the Larmor
precession of the nuclear spin of each 3He atom as the
particle s individual, internal clock. By polarizing the
atomic beam, in direction x perpendicular to the beam
axis z, all clocks get synchronized. At this point the
beam averaged polarization P = 1. If we subsequently
send the atoms through a magnetic field parallel to the
beam, i.e., perpendicular to this macroscopic polarization,
of magnitude B~ and length l, each nuclear spin will start
precessing. The total angle of rotation, Pi, of each spin
traversing this spin echo coil with velocity vi depends

(2)Bqdl
Vp

(we turn back time). If the field integral of the second
spin echo coil is identical to the first one and v2 = v],
after having traversed both coils, all nuclear spins point in
the x direction again, for each particle precesses backward
by exactly the same angle as it did forward: @z = —Pi.
In general, the point of regained polarization is defined by

and called the spin echo point. Provided the spin echo
field integrals are exactly the same, this condition is
met, independent of the magnitude of V. We may
thus explore more of phase space (more intensity) and
use atomic beams that have a much larger velocity
spread (up to Av/v = 20%) than those required for TOF
measurements (Av/v ~ 1%).

If we detune the SE field integrals, while measuring
P„we obtain a spin echo curve of the type presented in
Fig. 2. It shows how the He spins dephase by moving
away from the spin echo point. Successive maxima indi-
cate multiple revolutions of precession, while the damp-
ing is due to the finite width of the velocity distribution

on the rate of precession, i.e., on the Larmor frequency
cut. = yBi, and the time l/vi the atom spends within the
magnet:

B)dt = — Bidl
'y

V)

with the gyromagnetic ratio for He, y = 2~ X 32.433
MHz/T.

If we start out with a finite width velocity distribution,
the atomic beam is no longer polarized at the exit of the
SE coil, for spins with different velocities precess over
different angles. Exiting the magnet, each clock reads
the time that particular particle spent in the SE coil, that
is, each precession angle is uniquely linked to a certain
velocity through (1).

By applying a second magnetic field 82 in the opposite
direction (i.e., antiparallel to the beam) downstream, we
make each He atom precess backward by an angle
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in the beam. Mathematically, the spin echo curve is the cosine transform of the wavelength distribution (with the de
Broglie wavelength A. = h/mv as a measure of time):

P, = (cosAP) = y
ym

f(A) cos Bidl—
h

B2dl A d A (4)
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FIG. 1. Schematic representation of the He-SE spectrometer.

in which I stands for the mass of a 3He atom, f(A)
represents the wavelength distribution in the beam, and
h is Planck's constant.

If some event, taking place between the spin echo coils
(e.g. , inelastic scattering), introduces a change in kinetic
energy and v2 4 v ~, the He atoms precess backward
by a different amount than they did forward. Each atom
leaves the second spin echo coil with an additional phase
shift, which, if both spin echo field integrals are equal,
amounts to

ym
tt'2 + 4'1 (~2 ~1) ~1,2 dl ~

h
When there are elastic interactions only, the polariza-

tion P of a monochromatic, spin polarized beam varies as
a function of spin echo coil detuning like a cosine curve.
For a beam which suffers a change in kinetic energy, how-
ever, the spin echo curve is dispersively shifted with re-
spect to the symmetric case.

We will now discuss some key points in the practical
realization of our 3He spin echo method; details of the ex-
perimental setup will be published elsewhere. Schemati-
cally, the He-SE apparatus consists of the following
sequence of elements (see Fig. 1): (a) an atomic beam
source, (b) a polarizer, (c) a guide field, (d) a first SE coil,
(e) a second SE coil, (f) a guide field, (g) an analyzer, and
finally (h) a detector.

Since the magnetic moment of the 3He nuclear spin is
rather small, we have to apply quite intense, inhomoge-
neous magnetic fields in order to spin polarize and spin

analyze our atomic beam. The residence time within these
Stern-Gerlach type magnets increases by reducing the ki-
netic energy of the helium atoms. With a temperature of
the liquid He cooled nozzle source of 1.3 K, we obtain
a beam energy of less than 0.3 meV, which corresponds
to an atomic velocity of less than 100 m/s. For initial
spin selection, we use a ca. 0.4 m long electromagnetic
quadrupole field with more than 1 T at the pole shoes. A
permanent sextupole analyzer of comparable length and
strength selects the final spin state entering the detector.

In neutron spin echo (NSE) experiments, the nonadi-
abatic spin state transitions between guiding fields and
SE fields, and in between SE fields (referred to as 7r/2
and vr fiips, respectively), can be realized easily using
so-called Mezei coils. Since He atoms, in contrast with
neutrons, do not penetrate through matter at a11, we used
a sequence of magnetic fields separated by zero-field
regions. This scheme for flipping spins has been success-
fully implemented earlier, both in NSE experiments (re-
lated to a search for neutron-antineutron oscillations [3]),
and in an atomic beam experiment (on manipulating the
electron spin of lithium [4]). In short, a nonadiabatic tran-
sition between two magnetic fields is achieved by expo-
nentially decreasing the magnitude of the first down to a
level at which the corresponding Larmor frequency ~z
of spins traversing this field is less than the angular ve-
locity cuz of the field, as seen by the moving particle.
Coarsely speaking, the spins must practically stop noticing
the presence of the first magnetic field before they are to
feel the second. The latter then grows from coz « co~ to
cuz » au~. This method for flipping spins thus requires
relatively long regions of extremely low magnetic back-
ground (B11„kg„,„„d ( 100 nT, "zero field" ). We achieve
this by enclosing the entire beam path with a doubly lay-
ered mu-metal shield, which from time to time can be
demagnetized. In this manner we are able to produce 2
flips between the guiding fields and the SE coils to within
3, and a ~ flip between both SE fields to better than 4
of dephasing.

The actual spin echo coils have been constructed
following the optimal Larmor precession field shape of
Zeyen et al. [5]. This design has the advantage that off-
axis field integral inhomogeneities in a spin echo coil are
minimal (the magnetic field intensity varies as a half wave
of cos along the beam axis). The two spin echo coils
used in our experiment each produce the same magnetic
field integral of 2.34 mTm per ampere coil current to
better than 10 within the beam diameter of 6 mm. On
top of the second, we wound another cos coil with a
slightly lower integral value of 1.99 mTm/A. This so-
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the limited tuning range under these conditions, the curve
in Fig. 4 shows the quadratic dependency described by
(8). There is no physical process of lower order in A. The
best fit through the data (the solid line in Fig. 4) contains a
quadratic term only. It shows, however, a coefficient that
is some 50% larger than that following from (8). This is
due to gravity as well, but via a second mechanism.

For the very slowly moving He atoms, gravity causes
the particles' trajectories to deviate noticeably from a
simple straight line. An atom traversing a parabolic
trajectory samples a slightly different magnetic field
integral, which depends on its wavelength, in each of the
SE coils. This effect can be neglected for a perfectly
aligned apparatus. However, by ramping up the end of
the apparatus by ca. 0.6 m, the two spin echo coils may
have become not exactly concentric around the (well
defined and aligned) beam path. Under normal conditions
(horizontal setup) this would merely lead to an offset of
the spin echo curve, and thus a constant contribution to
the curve in Fig. 4, independent of A. In the inclined
experiment, however, gravity causes A2 4 A&, and there
is a second order effect of the misalignment, giving
an additional quadratic contribution. From Fig. 4 we
determine the center of one spin echo coil to be ca.

1.5 mm lower than the beam axis. It is important to note,
however, that the observed gravity effect in Fig. 4 cannot
be totally due to misalignment, for that would require one
spin echo coil to be off center by at least twice the beam
radius, which is physically impossible.

Although in the prospective use of the apparatus as
a spectrometer this systematic effect is irrelevant, we
have reduced the origin of this misalignment and have
resumed normal (i.e., horizontal) operation conditions.
The resolution of our method therefore is determined by
the error bars in Fig. 4, which are statistical in nature. In
conclusion, we thus claim that with He-SE we are able to
resolve changes in kinetic energy on the order of 15 neV
or less.

We are now in the process of adding surface science ca-
pabilities to this He spectrometer. At the point of them

flip, i.e., in the middle between the two SE coils, we
are constructing a nonmagnetic, UHV scattering cham-
ber with a cryogenic crystal manipulator. It will become
the center of rotation for both the crystal and the detec-
tor (or better, for everything downstream from the 7r Ilip).
Therewith, we can select the exact kinematic conditions of
the atom-surface interaction, i.e., the momentum exchange
q. 3He-SE then allows us to measure the time correlation
function I(q, t) of the 2D system directly, without any
model dependent assumptions [2]. I(q, t) is the Fourier
transform in time of S(q, AF = Jtco), the scattering func-
tion obtained by traditional techniques. The discussed en-

ergy resolution of 15 neV thus opens the possibility for
studying correlations in surface scattering experiments on
long time scales, up to 10 s.
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FIG. 4. Plot of the phase shift of a spin echo group,
determined from spin echo curves of the type in Fig. 3, as a
function of the average - He beam velocity. The solid line is
a quadratic fit (no linear terms) based on (8). The parabolic
contribution caused by the mgkh gravity term only is plotted
as well.
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