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Neutron Polarization Induced by Radio Frequency Radiation
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We have measured that an unpolarized ultracold neutron beam gets polarized through its interaction
with a resonant radio frequency field. Both spin components pass through the field and end up in one
single spin state. We present a simple description for this surprising effect together with first experimental
results.

PACS numbers: 29.27.Hj, 33.55.Be, 39.20.+q, 67.65.+z
In 1981 the first observation of the neutron kinetic en-
ergy shift due to magnetic resonance was reported by
Alefeld et al. [1]. Meanwhile in beam neutron magnetic
resonance has become a wide field of investigations and
applications [1–3]. Also a scheme of dynamical polariza-
tion of neutrons was proposed by Badurek et al. [2], but
never realized. Within their scheme, in beam magnetic
resonance is used to obtain a spin dependent kinetic en-
ergy shift. In a following static field region the differ-
ences in the accumulated Larmor phase of the two spin
states due to the kinetic energy shift lead to polarization.
They neglect the longitudinal Stern-Gerlach effect inside
the magnetic resonance region, which as we point out
in the following can be used to obtain polarization with-
out the need of an additional magnetic field downstream
of the beam. In this Letter we report the observation of
a beam polarization introduced by the interaction of ul-
tracold neutrons with an electromagnetic resonance field,
opening the way to a new technique for neutron polariza-
tion without the use of material or matter in the beam.
Instead of removing the unwanted spin state, we apply a
radio frequency field to enhance one neutron spin state, by
selectively flipping the other spin state.

For ultracold neutrons (UCN) the Zeeman energy in a
magnetic field of 1 T is of the same order of magnitude as
their kinetic energy. Therefore their kinetic energy changes
considerably while traveling into a strong magnetic field.

Assume an in beam NMR experiment with an unpolar-
ized monochromatic UCN beam. An unpolarized UCN
beam consists of an incoherent mixture of 50% spin up
and 50% spin down particles. The spin component of an
UCN parallel to the static NMR field (spin up) is slowed
down while traveling into the strong magnetic field region
due to the longitudinal Stern-Gerlach effect. In contrast,
its spin down component is accelerated and therefore the
traveling time through the magnetic field region is shorter
than for the spin up component. Inside the static mag-
netic field we apply a perpendicular rf field, tuned to reso-
nance with the Larmor precession of the UCN spin in the
static field. The phase of the Rabi oscillation due to
the rf field is proportional to the traveling time through
the rf field and to its strength. As a consequence the Rabi
phase for both spin components is different as well as the
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probability of a spin flip. By carefully tuning the strength
of the static and the rf field we can achieve an inversion of
an initial spin up UCN and none for an initial spin down
UCN. Both initial spin states thus exit the NMR region
pointing up. In this way we obtain a totally polarized UCN
beam without filtering out one of the initial spin states.

Figure 1 shows schematically the transitions of the two
possible initial states of a monochromatic UCN beam
to the four possible final states after passing a resonant
rf field inside a static magnetic field. Inside the static
magnetic field B0 the potential energy of an UCN with
spin up is EM�2, for an UCN with spin down 2EM�2,
with EM � h̄gB0 (gyromagnetic ratio of neutrons g �
183.25 MHz�T). Because the total energy of the UCNs is
conserved, the change of the kinetic energy of the UCN is
the same as the change of the potential energy, but with
opposite sign. The probability of a spin flip due to the
resonant rf field Brf follows from the Bloch equations
for a spin 1�2 particle: P�spin flip� � sin2�vR�2t�. The
Rabi phase vRt is the Rabi frequency vR � gBrf times
the time of flight t through the rf field Brf. Writing the
Rabi phase in terms of the initial kinetic energy Ek0 and
the kinetic energy inside the static B0 field Ekin leads to
the following expression:

vRt � gBrf
L
y

� gBrfL
r

m
2Ekin

�
F0p

Ekin�Ek0
, (1)

F0 � gBrfL
r

m
2Ek0

.

L denotes the length of the flight path, y the velocity,
and m the mass of the UCNs. More general, for arbitrary
shapes of the rf field, the BrfL term in the expression for
F0 must be replaced by the rf field integral along the flight
path of the UCN. Inserting the kinetic energy inside the
B0 field for the two initial spin states leads to the scheme
shown in Fig. 1. For the Rabi phases we write

initial spin up �"�: F1 �
F0p

1 2 EM�2Ek0
,

initial spin down �#�: F2 �
F0p

1 1 EM�2Ek0
.

(2)
© 2000 The American Physical Society



VOLUME 84, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 10 APRIL 2000
(down, Ek0, 0) (down, Ek0 + EM / 2, - EM / 2)

(down, Ek0, 0)(down, Ek0 + EM / 2, - EM / 2)

(up, Ek0 + EM, 0)(up, Ek0 + EM / 2, EM / 2)

updownP( )

down downP( )

(up, Ek0, 0) (up, Ek0 - EM / 2, EM / 2)

(down, Ek0 - EM, 0)(down, Ek0 -EM / 2, - EM / 2)

(up, Ek0 -EM / 2, EM / 2) (up, Ek0, 0)

up upP( )

up downP( )

FIG. 1. Schematic representation of the spin state, the kinetic energy (second value), and the potential energy (third value inside
the brackets) of UCNs passing through a resonant rf field inside a static magnetic field.
The probabilities for the spin transitions originated by the
Rabi oscillations are

P�"!"� � cos2 F1

2
, for EM , 2Ek0 ,

P�#!#� � cos2 F2

2
,

P�"!#� � sin2 F1

2
, for EM , Ek0 ,

(3)

P�#!"� � sin2 F2

2
.

For a magnetic energy higher than the limits given in
Eqs. (3), a spin up UCN is reflected and cannot pass
through the magnetic field region. The induced emission
of a photon of the rf field is described by the transition
up ! down, which changes the potential energy of the
UCN from EM�2 to 2EM�2. The induced absorption of a
photon is given by the transition down ! up. After pas-
sage of the rf field region the potential energy is converted
into kinetic energy of the neutron due to the gradient of the
B0 field. We end up with the final states shown in Fig. 1.
The polarization �sz� of an UCN beam then is the relative
difference of the population of the two spin states. For an
initially unpolarized UCN beam, for which half of the neu-
trons are in the spin up state and half are in the spin down
state, the polarization after passage of a resonant rf field
follows from (3):
�sz� �
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, for Ek0 , EM , 2Ek0 , (4)

�sz� � sin2 F2

2
2 cos2 F2

2
� 2 cosF2, for EM $ 2Ek0 .
For EM $ 2Ek0 UCNs with initial spin up are reflected
by the magnetic potential of the B0 field. Therefore the
polarization of the UCNs after the magnetic fields is the
same as in the case of an initial beam with polarization
21. In this case the intensity of the final beam is half
of the intensity of the initial unpolarized beam. In the
case of Ek0 , EM , 2Ek0 only the UCNs which undergo
the transition up ! down are reflected. As a consequence
we obtain the full intensity of UCNs in the final beam
if the polarization is 1, but only half of the intensity if
the polarization is 21. For EM , Ek0 all UCNs pass
the magnetic fields and we have always the full intensity,
independent of the final polarization. Minima and maxima
of the polarization are found for

F1 � np; F2 � mp; n . m; n, m [ N

for EM , 2Ek0 ,

in particular,

�sz� � 1 for n � even, m � odd,

�sz� � 21 for n � odd, m � even,

�sz� � 0�saddle point� for n, m � even or m, n � odd.
3271



VOLUME 84, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 10 APRIL 2000
For given natural numbers n and m (n . m) we calculate
F0 and EM at this point to

EM �
n2 2 m2

n2 1 m2 2Ek0; F0 � np

s
2m2

n2 1 m2 . (5)

Figure 2 shows the expected polarization of the final UCN
beam in dependence of the magnetic energy EM�Ek0 ~

mB0 and F0�2p ~ Brf.
The experiment was done at the UCN test beam facility

of the UCN turbine (PF2) at the high flux reactor of the In-
stitut Laue Langevin (ILL) at Grenoble (France). Figure 3
shows a sketch of the experimental setup. For the wave-
length selection of the UCN we used a storage volume with
an absorbing top [4] (Fig. 3 energy selector). UCNs with
insufficient kinetic energy could not reach the bottom of
the storage volume against the Earth’s gravitational field,
while UCNs with too high kinetic energy hit the top and
were absorbed. The bottom of the storage volume was
mounted 1.41 m and the top 1.79 m above the horizontal
beam axis.

The component of the UCN velocity along the beam
axis determines the traveling time through the rf field. We
measured the corresponding de Broglie wavelength spec-
trum with a time of flight setup using a beam chopper. The
deconvolution of a measured time of flight spectrum with
the time resolution of the chopper shows a spectrum with a
maximum at 66 nm wavelength and a FWHM of 12%. A
tail of long wavelengths due to the beam divergency up to
40± causes the mean wavelength to be 69.6 nm. Addition-
ally we had a small contribution of shorter wavelengths,
because we operated the energy selector in the continuous
mode in order to gain intensity. The measured spectrum
was in good agreement with theoretical calculations.

The B0 field was generated by a superconducting so-
lenoid (30 cm long, 8 cm inner diameter, 13 cm outer
diameter) with a relative field inhomogeneity 1 3 1023

across the rf field region. The ratio between the rf field,
needed for a p spin flip, and a B0 field of 1 T is 1 3 1024.
This value corresponds to the maximum tolerable B0 field

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

0.75  --   1.00
0.50  --   0.75
0.25  --   0.50
0.00  --   0.25
-0.25  --   0
-0.50  --  -0.25
-0.75  --  -0.50
-1.00  --  -0.75

EM / Ek0

Φ
0

/2
π

FIG. 2. Expected polarization of an initially unpolarized UCN
beam after passing a resonant rf field.
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inhomogeneity, in order to be in resonance. With a pair of
compensation coils in a split pair configuration the inho-
mogeneity of the B0 field decreased to 1.2 3 1024 (result
of a fit of a measured resonance curve).

Eight little coils of five windings each, arranged like
the spokes of a wheel, generate a ring shaped rf field
perpendicular to the longitudinal B0 field. The support of
these coils has windows between the coils for the UCNs,
because of poor penetration of UCNs through matter.
The variance of the rf field integral

R
L Brfl dl along

different flight paths of UCNs through these windows is
s�

R
L Brfl dl���

R
L Brfl dl� � 0.1. We get this value from

a Monte Carlo calculation.
We determined the degree of polarization with a fast adi-

abatic spin flipper [5] in combination with a polarization
foil [6]. The spins of the UCNs turned adiabatically from
the longitudinal direction of the B0 field to the transver-
sal direction of the static field of the fast adiabatic spin
flipper due to the superposition of both fields in the re-
gion between the two devices. The polarization foil was
magnetized in a strong magnetic field transversal to the
beam axis and consists of an aluminum foil covered with
a 1 mm thick FeCo layer. Only spin down UCNs could
penetrate the foil, because of the high magnetic potential
inside the FeCo layer. The cutoff of the polarization foil
for long wavelengths was measured to be 95 nm for spin
down UCNs.

The chopper for the time of flight measurement has an
open to close ratio of 0.1 and was operated with 5 Hz
rotation frequency. The length of the flight path between
the chopper and the active volume of the detector was
48 cm. The UCN detection was done with a microstrip
detector [7] loaded with a partial pressure of 50 mbar of
3He. Having fixed the beam chopper in the open position,
the counting rate of the UCNs was 290 counts in 300 s.

With the rf field switched on, we measured a reso-
nance curve by ramping the B0 field strength. A fit to
this resonance curve results in a resonance frequency of
nres � 23.4932 MHz which corresponds to a B0 field of
0.80553 T. With l � 69.6 nm follows EM�Ek0 � 0.576.
At the resonance frequency we varied the rf field ampli-
tude (see Fig. 4). Without the use of the spin flipper only
spin down UCNs can pass through the polarizer foil and
reach the detector. For initial spin up UCNs which are
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FIG. 3. Sketch of the experimental setup as installed at the ILL
PF2-facility.
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FIG. 4. Rabi oscillation of initially unpolarized UCNs; curve
a: without spin flipper; curve b: with spin flipper. (Through
going lines are theoretical calculations; see text.)

flipped by induced emission of a photon the wavelength
l � 69.6 nm is shifted to l � 107 nm. This is above the
cutoff of the polarizer and these UCNs cannot reach the
detector. Therefore the counting rate behaves like a cosine
function equal to the case when we start with an initial po-
larization of 21. Averaging over the spectrum and the rf
field integral and the B0 field for different flight paths of
the UCNs results in curve a of Fig. 4. Additionally, a loss
of polarization of 10% due to nonperfect magnetic orienta-
tion inside the polarizer foil is included in the calculation.
This depolarization was separately measured. Switching
the spin flipper on at a rf field of point A of Fig. 4 shows
the counting rate of point B. The polarization of the UCNs
derived from point A and B is �39.4 6 2.4�%. Because
only unflipped spin up UCNs can reach the detector, the
polarization shows the same dependence on F0 ~ Brf as
in the case of Eko , EM , 2Ek0 [see Eq. (4)]. Compared
to a normal spin filtering polarizer we get an intensity gain
factor of 1.2. Figure 5 (data, with Brf) shows the UCN
wavelength spectrum at point B (Fig. 4).

An initially spin down UCN, which was flipped by
induced absorption of a photon (curve b, Fig. 5), has a
shorter wavelength as an unflipped spin up UCN (curve a,
Fig. 5). Therefore they can penetrate the polarizer foil after
an additional spin flip due to the spin flipper. The data are
in good agreement with the calculated spectrum (curve c,
Fig. 5). To demonstrate the effect of the wavelength shift
we measured a spectrum without a rf field (Fig. 5, data,
without Brf). In this case only initially spin up UCNs reach
the detector (curve a, Fig. 5). The width of the shown
spectra is mainly originated in the poor time resolution of
the chopper.

In conclusion, we find that an unpolarized UCN beam
becomes polarized while interacting with a resonant rf
field. Our experiments demonstrate clearly this effect. Ad-
ditionally we observed the energy shift of UCNs caused
by an absorption of a rf photon. Because of the kinetic
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FIG. 5. Spectra of final spin up UCNs (spin flipper switched
on). Curve a: Calculated spectrum of initial spin up UCNs.
Curve b: Calculated spectrum of flipped initial spin down UCNs
(flip efficiency derived from data of Fig. 4 is included). Their
wavelengths are shifted due to induced absorption of a photon.
Curve c: Sum of a and b.

energy shift of one of the initial spin states, the phase
space density is conserved and also Liouville’s theorem.
Taking the efficiency 0.9 of our polarization analysis into
account we reached a polarization of 44% and a gain fac-
tor of 1.2 in intensity compared to a conventional UCN
polarizer. The polarization and the gain factor for inten-
sity were limited in our experiment by the homogeneity of
our B0 field of 1.2 3 1024. For a homogeneity of 1025,
calculation shows a polarization of 88%. The gain factor
will be nearly the same as in our experiment for the same
EM�Ek0 � 0.58. But for EM�Ek0 � 1.2 the gain factor
increases to 1.7 and the polarization to 92%. To reach a
homogeneity of the B0 field of 1025 does not take much
effort, but was out of the scope of our first experimental
approach.
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