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Multiphoton Exchange Amplitudes Observed by Neutron Interferometry
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Polarized neutron interferometry has been used to measure the amplitudes for the exchange of up to
five photons between the neutron and an oscillating magnetic field. The Rabi spin flip configuration and
a configuration in which spin Hip is suppressed were investigated, because they raise different questions
on the conservation of angular momentum. Because of the linearity of the time-dependent interference
signal in the exchange amplitudes, photon exchange probabilities below 1% could be resolved.
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A, /2 and the photon has spin 6. Hence u~ and u ~ should
vanish. Absorption or emission of one more photon
should then restore the original spin state, and therefore
do, d2, and d 2 should vanish, and so forth. In this picture
a change of the neutron's energy by an even number of
quanta preserves the spin state, while change by an odd
number of quanta leads to a spin Rip. Interestingly, this
picture works when the oscillating field and the initial
neutron polarization are perpendicular to each other, but
it fails when they are parallel. For then the neutron may,
for instance, absorb the energy of only one photon and yet
keep its spin state.

While it is clear that this simple picture cannot be true,
as the neutron behaves as a "dressed neutron" in the field
[15], the mechanism of angular momentum conservation
must still be different in the two field configurations. The
purpose of the experiment was a quantitative determination
of the various amplitudes u~ and d& for the two configura-
tions, and thereby —through comparison with theory an
indirect demonstration of this difference.

In the so-called parallel field configuration, the neutron
crosses the spatially homogeneous field

Bz(t) = z(Bo + Bi cos tot),

which is similar to that used in measurements of the scalar
Aharanov-Bohm effect [16,17]. The direction of the field
remains parallel to the quantization axis of the neutron
spin, hence no spin flip can occur and d~ = 0 for all j.
The amplitudes u~ are given by the Bessel functions

n = (IL/6o))

sin(d'or/2),

(3)

where p, is the magnetic moment of the neutron and ~ is
the time of flight through the field region [12]. Note that
the neutron can absorb from the field or emit into it an
even as well as an odd number of photons, in each case
preserving its spin state.

In the so-called perpendicular field configuration, static
and oscillating field components are perpendicular to each
other,

B„(t) = xBo + zB~ cos(cor) . (4)

In the interferometry with massive particles, which cur-
rently includes electrons [1],neutrons [2], several species
of atoms [3], and the Na2 molecule [4], the amplitude in-

formation available in the interference pattern has rarely
been used. Exceptions are electron holography [5,6], ab-
sorption in neutron interferometry [7], and measurements
of spectral distributions with electrons [8] and neutrons

[9—11]. As the interference contrast is linear in the square
roots of the probabilities of the two (or more) superposed
states, these experiments could exploit the increased sensi-
tivity at small probabilities. Here, we report on the use of
this feature to determine the amplitudes for the exchange
of several photons between the neutron and a magnetic
field oscillating in time. In our setup, the neutron passes
through a Mach-Zehnder interferometer and in one arm is
subject to the oscillating field with which it interacts due
to its magnetic moment. In the region after the field this
generally results in a neutron state whose phase and spin
state are periodic with the frequency of the field. Hence,
for a neutron with energy En and spin state ~+z& before
the field, the state after the field must be of the form [12]

I&I& = p(u, I+z& + d, I
—

z&) )E,&, (1)

showing the neutron in a superposition of discrete energy
states. These energies are given by E~ = En + j fico, ,

where co is the angular frequency of the field. For positive

j, there is a quantized transfer of energy from the field to
the neutron, and vice versa for negative j. The amplitudes

d~ and u~ take into account that this may happen with or
without a neutron spin flip, respectively. Using a classical
magnetic field the exchanged quanta cannot readily be
named. However, for the parameter range of interest
here, the quantized and the classical description of the
field yield the same amplitudes uj and dj [13]. We can
therefore speak of the exchange of photons, in analogy to
the exchange of phonons in neutron scattering at vibrating
macroscopic objects [14].

This raises the question of conservation of angular
momentum. In a naive view, the neutron should undergo
a spin flip when absorbing one photon from, or emitting
one photon into the field, because the neutron has spin
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When Bi « Bp one has the conditions of the Rabi
resonance spin flip, where only one photon is exchanged
[18]. This was used as a method of spin flip in earlier
neutron interferometry experiments [19,20]. To facilitate
the exchange of more photons in the present experiments,
Bi and Bp were of comparable size. As mentioned
above, here the exchange of an even number of photons
preserves the spin state, and the amplitudes for emission
and absorption are equal. Spin flip only occurs when an
odd number of photons are either absorbed or emitted, and
the amplitudes for emission and absorption are in general
very different from each other [12,13].

A schematic diagram of the experimental arrangement
at beam port C at the University of Missouri Research
Reactor as shown in Fig. 1. A monochromatic beam of
thermal neutrons (A = 2.35 A., AA/A = 5 X 10 ) was
produced by Bragg reflection in a vertically focusing
pyrolitic graphite (PG) crystal monochromator assembly.
Order contamination was eliminated by passage through
a standard 5 cm long PG filter. The beam was then
refIected off a vertically magnetized Fe/Si supermirror
of length 50.4 cm. The angle between incident and
reflected beam was 0.96, resulting in a 2 mm wide
polarized beam with a probability of the state I+z) of
at least 0.88. The beam height at the interferometer
was 6 mm. To keep the spin quantization axis well
defined the vertical magnetic field was continued beyond
the supermirror by means of permanent magnets and
into the region of the interferometer by means of a
pair of Helmholtz coils to enable control of the static
field component Bp. The interferometer, made of single
crystal silicon, used refraction at the 220 planes for beam
splitting and recombination. The centerlines of the long
parallel stretches of the two paths inside the interferometer
were 21 mm apart. The phase shift between them was
adjustable by means of a 1.05 mm thick Al phase plate.

The oscillating magnetic field region was placed in
path I. In the parallel field configuration, the oscillating
field was created by a C-shaped yoke consisting of alternat-
ing layers of 1 mm iron and 1 mm cardboard and two driv-
ing coils above and below the gap. The neutrons passed
through the gap, which was 7 mm high, 14 mm wide, and
measured 21 mm along the neutron trajectory. The guide
field was adjusted to avoid a zero crossing of the magnetic
field. In the perpendicular field configuration, the oscillat-
ing field was produced by a rectangular copper coil, already
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FIG. 1. Schematic layout of the experiment (not to scale).
The spin Hipper in path II was only present in experiments
with perpendicular field configuration. Not drawn: Permanent
magnets on both sides of the interferometer, which were only
present in experiments with parallel field configuration.

used elsewhere [20], of dimensions 16 mm X 19.5 mm
through which the neutrons passed axially. It extended
19 mm along the neutron path. In both configurations the
coils were cooled to within 0.02 'C of the ambient air to
minimize distortions of the interferometer crystal leading
to phase drifts. The coils were driven sinusoidally with
7534 Hz. The upper limit of this frequency was set by the
achievable time resolution of the neutron detection scheme.

The two beams exiting from the interferometer hit cylin-
drical He detectors, with a diameter of 1.27 cm, perpen-
dicular to their axes. The mean intensities at detectors C2
and C3 were 3.7 and 1.3 counts/s, respectively. The con-
trast of an interferogram obtained by rotating the phase
plate was typically 50%. In order to resolve the time de-
pendence of the interference signal, the counts in each de-
tector were fed into a PC-based Ortec multichannel sealer
card that was run synchronous to the oscillating magnetic
field. Each period of the magnetic field was divided into
64 time channels, each of width 2.07 p, s. The polariza-
tion after the oscillating field region was measured on the
beam leaving the interferometer after the third crystal slab.
That beam passed through a spin flipper and was then an-
alyzed by a Heusler crystal, which only reflected the

I

—z)
component into detector C4.

For the determination of the non-spin-flip amplitudes u~
the static spin flipper in path II was switched off, or it was
not present at all, such that the probability of detecting a
neutron at detector C3 was proportional to

I I+.) + e"le) I'= I+
2 N

g (u, !+z) + d, !
—z))e " ' +2 g Iu, !cos(P, + ~ —j rut), (5)

where g is the phase shift induced by the phase plate
and P~ are the phases of the amplitudes uJ. Counting
the number of unknowns shows that magnitudes as well
as phases of the u~ could be obtained from the Fourier
transforms of just three runs with different settings of

The spin flip amplitudes dj could be determined

!
analogously, but the static spin flipper in path II had to
be turned on.

Typical data of the normalized counts in C3 are shown in
Fig. 2. Differences in detection efficiency of C2 and C3,
as well as different times of flight from the exit point of
the interferometer to the detectors are taken into account.
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FIG. 2. One of the data sets with Bi = 62.8 G of experiments
with the parallel field configuration. Average counts per
channel (C2 + C3): 1341. Channel width: 2.07 p, s. Solid
line: Reconstruction of data from Fourier spectrum up to the
sixth harmonic.
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The error bars indicate the statistical standard deviation. In
Fig. 3 the photon exchange amplitudes obtained with the
parallel field configurations are shown as a function of the
strength of the oscillating field. The full lines are a least
squares fit of the theoretically expected Bessel functions
done simultaneously to all the data shown. The only free
parameter was the scaling constant s in the argument of
the Bessel functions, J„(snBi). The error bars of the data
points include the statistical standard deviation as shown
in Fig. 2, the uncertainty in the different values of the
phase shift g due to slow drifts during data accumulation,
and the uncertainty in the interference contrast of the
interferometer. The latter is very sensitive to vibrations
and temperature gradients, and the statistics of Fig. 3
suggest that this has led to a small systematic error. Of
the 99 measured amplitudes shown, 45 differ from the
theoretical curve by more than 1, and 10 differ from
it by more than 3 standard deviations. But the general
consistency between observed and predicted values of the
exchange amplitudes confirms that in this configuration,
indeed, an even as well as an odd number of photons can be
absorbed or emitted by the neutron despite the fact that no
neutron spin Aip occurs. Obviously, the picture of angular
momentum conservation presented above is untenable in
this case.

Results of two experiments with the perpendicular field
configuration are shown in Fig. 4. The panels on the
left-hand side [Figs. 4(a) and 4(c)] show results with the
static spin flipper off. Ideally the interference pattern
then only contains amplitudes for the exchange of an
even number of photons, because these processes do not
lead to a spin fIip. The amplitudes for emission and
absorption should be equal. The panels on the right-
hand side [Figs. 4(b) and 4(d)] depict the results with
the static spin fiipper switched on. Here, only photon
exchange processes accompanied by a spin Aip and thus
involving only an odd number of photons should ideally
be contained in the interference pattern. The amplitudes
for emission and for absorption need not be equal. It
can be seen that these predictions are reasonably well
fulfilled by the data. The deviations, as seen in the
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FIG. 3. Photon exchange amplitudes obtained in experiments
with parallel field configuration, as a function of the oscillating
field component Bi. Data are normalized such that the total
exchange probability from —10 to +10 exchanged photons
is 1.

nonvanishing amplitudes for exchange of an even number
of photons in the panels on the left, and for exchange of
an even number of photons in the panels on the right,
can be attributed to nonperfect realization of the desired
field configuration: At the site of the oscillating coil
the guide field had a small horizontal component ((3 ),
and in Figs. 4(b) and 4(d), a nonperfect static spin fiip
in path II led to a contribution in the interference pattern
containing both Aipped and nonflipped components of the
state vector of path I ~ The open circles and triangles in
all panels of Fig. 4 show the results of two simulations in
which the field in the coil region was assumed spatially
homogeneous and sharply bounded, and the values of Bo
and Bi were taken to be the experimentally measured
fields at the coil center. The length of the region was
taken as 22.3 mm (open circles) and 24.5 mm (triangles)
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FIG. 4. Photon exchange amplitudes for two different experi-
ments with perpendicular field configuration. Closed circles in-
dicate experimental data; open circles and triangles show results
of theoretical simulations. Positive signs and negative signs
correspond to photon absorption and photon emission, respec-
tively. Probability of spin flip in oscillating field region as ob-
tained in the simulations for experiment of upper panels (a),(b):
0.37; for experiment of lower panels (c),(d): 0.21. Field val-
ues for experiment of upper panels: Bo = 9.9 G, B] = 14.8 G.
For experiment of lower panels: Bo = 11.6 G, B] = 25.8 G.

instead of the actual 19 mm. The agreement with the data
is quite good, except in Fig. 4(d), where the simulation
showed that the amplitudes for emission of a photon (—1)
and for absorption of a photon (+1) are very sensitive to
small changes of coil length. The experimental data seem
to be an average over different effective coil lengths.

The overall good agreement of theoretical and observed
amplitudes for photon exchange between the neutron and
the oscillating magnetic field shows the impossibility of the
simple picture of conservation of angular momentum for
the parallel field configuration. Furthermore, it suggests
that time-resolved neutron interferometry may be useful in
the investigation of dynamical processes, e.g. , in solids or
liquids.

It should also be noted that the low frequency and fields
used in the present experiments permit an understanding
of the interference signal without the concept of energy
exchange. It is sufficient to trace the accumulation of
phase of the two spin components inside the coil. After
the coil a neutron state with energy Fo and one with energy
Eo + AF to first order in b, F/Fo acquire the same phase
over a given path length, such that for small AF there is
no further contribution to the phase shift between the two
interferometric paths.

With respect to alternative ways of measuring small
changes of energy, as, for instance, by high resolution
spectroscopy, it should be noted that such methods require

the neutron's change in energy to be larger than the
energetic width of the incident beam, and are only
sensitive to the probability of a specific exchange process
[14]. The interferometric method, on the other hand, is
directly sensitive to the quantum mechanical amplitude of
a process, and there is no lower limit for the achievable
energy resolution.
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