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First measurement of neutron birefringence in polarized '**Xe and *'Xe nuclei
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We present measurements of polarized neutron birefringence in transmission through nuclear-polarized '**Xe
and !'Xe gas and determine the neutron incoherent scattering lengths b;('?*Xe) = —0.186 = (0.021 ), £
(0.004)4ys;. fm and b;(P'Xe) = 2.09 £ (0.29). £ (0.12)y. fm. These results determine the essential param-
eter needed for interpretation of spin-dependent neutron-scattering studies on polarized xenon ensembles with
possible future applications ranging from tests of time-reversal violation to mode-entangled neutron scattering

experiments on nuclear-polarized systems.
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This work presents the measurement of neutron birefrin-
gence in polarized '*Xe and '*'Xe nuclei, which gives the
nuclear polarization-dependent bound scattering length differ-
ence Ab = b, — b_ for nuclear spin / parallel or antiparallel
to the neutron spin s. Knowing Ab one can now conduct and
interpret spin-dependent neutron scattering from an ensemble
of polarized xenon nuclei using the well-established theory of
Van Hove [1,2] generalized for neutron spin-dependent scat-
tering from polarized nuclei [3]. Because nuclear-polarized
xenon ensembles can be created in conditions where the elec-
tron spins do not dominate the magnetic properties (unlike
the great majority of magnetic systems in condensed mat-
ter), our work enables qualitative types of polarized neutron
investigations. Highly polarized ensembles of xenon gas can
be created by spin-exchange optical pumping (SEOP) [4—-12]
in volumes high enough to create long-lived polarized Xe
liquids and solids by freezing [13—15] for exploration of subtle
properties of these “pure” spin systems. The conclusion of this
paper describes examples of possible future polarized neutron
investigations that make essential use of the special properties
of polarized xenon in quantum entanglement [16,17] and in
searches for new sources of time reversal violation. These
newly enabled neutron scientific applications of polarized
129%e and *'Xe can also complement their many existing
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applications in biomedical imaging [4,10,12,18-21], nuclear
magnetic resonance (NMR) spectroscopy [18,22], fluid dy-
namics [18,20,22], gas/surface interactions [23-25], studies
of Berry geometric phases [26], and searches for charge parity
time (CPT) symmetry and/or Lorentz violation [27-32], elec-
tric dipole moments [33,34], and axion-like particles [35,36].

Neutron scattering amplitudes are often expressed in op-
erator form as b = b, + b;s - I, where 5 is the neutron spin,
b. =[U + by +1b_1/(2I + 1) is the spin-independent co-
herent scattering length, and the spin-dependent incoherent
scattering length b; = I/I + 1[by — b_]/(2] + 1) is directly
proportional to Ab. For '?Xe or *He with nuclear spin I = %
the compound neutron-nucleus total spinJ = I &£ s can form a
triplet (J = 1) and singlet (/ = 0) total spin state correspond-
ing to the by = b, and by = b_ channels, so Ab = b; — by.
Forl = % Blxe, my =2,1,0, —1 are possible. Ab measures
the difference of the b,,,—» + b,,,=1 and b, + by,,=—; scat-
tering amplitudes for spin order characterized by the nuclear
polarization P, = (I,)/I with no tensor alignment. A general
analysis of neutron spin dynamics in media with nuclear spin
order [37] implies that, for the precision reached here and
for the neutron energies far from neutron-nucleus resonances
used in this work, we can relate the spin rotation angle to the
scattering length difference in the usual way. Texts on neutron
optics [38] discuss the statistical weight factors used to derive
the above relations.

We measured Ab by observing the change in phase of the
neutron spin as neutrons pass through a polarized nuclear
target, a method referred to as “pseudomagnetic preces-
sion” [39]. Although this phenomenon was initially described
[39,40] in terms of a fictitious “pseudomagnetic field” inside
the sample, Ab originates from neutron-nucleus scattering.

Published by the American Physical Society
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The optical theorem [38] relates the spin dependence of the
neutron optical potentials associated with the scattering am-
plitudes b and b_ to a two-valued neutron index of refraction
(n4, n_) depending on the relative orientation of the neutron
spin and the nuclear polarization:

T
ni = 1= 5 Nibeon +bs),
(1)

2
An=(ny —n_)~ —ﬁN(b-r —b_),

where N is the number of nuclei per unit volume, k is the
neutron wave number, and the approximation in the sec-
ond expression is valid in our case as the neutron index of
refraction is >~ 1. An makes the medium optically birefrin-
gent for neutrons so that the two helicity components of the
neutron spin state accumulate different phases, knid, in the
forward direction as neutrons propagate a distance d through
the target. Therefore neutron spins orthogonal to the nuclear
polarization direction of the target precess around the nuclear
polarization by an angle ¢* = kAnd. Many texts and reviews
on neutron optics state that the birefringence experienced by
neutrons in magnetized media is a direct consequence of the
two-valued neutron index of refraction and leads to analogous
effects as in light optics [41—43]. It is perhaps conceptually
important to point out that neutrons, unlike light photons
whose quantization axis is defined by their direction of mo-
tion, have a quantization axis defined by the magnetic field
direction, i.e., the polarization axis, which can be arbitrary
with respect to the neutrons’ direction of propagation. Thus
the neutron birefringence is expressed in the plane perpendic-
ular to the magnetic field as opposed to the direction of motion
for light.

Measurements of neutron birefringence are well suited to
the Ramsey method of separated oscillatory fields [44,45].
Previous work [40,46—49] determined Ab for several nuclei
dynamically polarized in the solid state. We used the neutron
spin-echo (NSE) technique [50] to measure Ab in SEOP cells
filled with He, '¥Xe, or 3!'Xe (an earlier measurement in
3He [51] also used this method). The measurement sequence
is similar to spin echo manipulations in nuclear magnetic
resonance [52], however the precession and flipping fields are
encountered in space along the traveling neutron beam, as
opposed to time-dependent fields applied to spins at rest in the
laboratory frame. In contrast to the Ramsey sequence, NSE
uses a 7 spin flip at the field symmetry point (Fig. 1) to refocus
the spin precession of neutrons with different velocities so
they are rephased at the polarization analyzer. Phase shifts of
the interference fringes from the sample are compensated by
DC magnetic fields from phase (compensation) coils, which
are scanned over several periods about the compensation point
to obtain the NSE signal. The sensitivity of the measurement
is therefore set by the ratio of the field resolution in the
compensation coils to the total field integral of the instrument.
Since for the J-NSE instrument [53] used in this work the
phase coil precision can be nT/m compared to a total field
integral on the instrument of over 1 T/m, very high phase
precision is possible.
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FIG. 1. A schematic drawing of a NSE instrument following the
description in the text. The first neutron 7 /2 flipper sets the neutron
spins to precess about the total field defined by the direction of B,
Bsgop, or By, i.e., in the respective regions. The  flipper reverses
neutron precession and the second /2 flipper and analyzer return
the in-phase magnitude of the final neutron polarization.

The spin-echo condition holds for any group of neutron
velocities at By echo = Bz, where the number of forward
precessions though ﬁeld 31 over length L; in the first region
and back precessions in the second region of field B, and
length L, are equal, i.e., ¢, (Bl echo) = ¢,. The phase shift
accumulated in either region is Z BlLl where m is the mass
of a neutron with de Broglie Wavelength A and gyromagnetic
ratio y. The additional phase shift from Ab modifies the spin
echo condition by adding an extra phase ¢*. The precession
caused by the neutron birefringence is

¢F = ——— AP.N.d AB*
20+ 1

I,
=2 AP.N.d,b}. (2
I +1

Here, Iy = 159 = 1/2 for 3He and '®Xe and I3 = 3/2 for
131Xe, and P, and N, are the polarization and number density
of the respective polarized nuclei of atomic weight x with
corresponding scattering length difference Ab} or incoherent
scattering length b7. The relevant product PN, is determined
by NMR calibration measurements using absolute P33 of the
3He cell from neutron transmission as a standard. ¢* is then
measured from the shift of the NSE signal upon reversal of
the nuclear polarization with all static magnetic fields con-
stant. Whereas the classical NSE used here senses precession,
incoherent scattering lengths can equivalently be measured
by the techniques of intensity-modulated NSE [54]—or the
even the MIEZE technique in neutron resonant spin echo
[55]—where the neutron does not experience precession while
it is interacting with the sample (and is even unpolarized in
the latter), showing the necessity of scattering theory and the
optical theorem to describe the effect.

Figure 1 shows the self-compensated superconducting
(SC) coil sets for the two precession regions of the J-NSE [56].
The polarized noble gas samples rest in the sample region
inside a By holding field normal to the neutron beam. Three
GE180 SEOP cells [57] produced in FZ-Jiilich were used in
this experiment. The *He and '?Xe cells were prepared in
Garching (FZ-Jiilich) [58] and the *' Xe cell was prepared and
characterized at Southern Illinois University [59].

Two frequency-narrowed diode array bars [60] realized in
situ SEOP. A 70 cm diameter Helmholtz coil pair produced
the magnetic field Bsgop normal to the neutron path. Cell
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TABLE 1. The relative error contributions divided between
systematic and statistical sources. The statistical error of the ¢ mea-
surement dominates. The estimate of oy = 24 barn from [62,67] was
used; the - denotes a one-sided systematic that would lower the
reported b; values.

isotope 129Xe Blxe
8b; 0.112 0.150
8b; stat. 0.110 0.139
stat. error source

8¢ 0.106 0.118
& (cosh™(R)) 0.0057 0.0057
8(83/S129) 0.028 0.028
8(S120/S131) 0.067
8b; syst. 0.023 0.055
syst. error source

oy —0.0045 —0.0045
8ds 0.021 0.021
8dyp9 or 8d,3 0.0079 0.0079
repeatability Xe pol. 0.05

heating and temperature regulation was provided by AC elec-
tric cartridge heaters for the *He cell and by flowing air for
the two xenon cells. NMR free-induction decay (FID) mea-
surements of the cell magnetizations (PN, ) used a home-built
pulse-receive system [60]. Since the three isotopes studied
here vary in gyromagnetic ratios y /2w =y’ by an order
of magnitude (y; = —3.243 kHz/G, y/,y = —1.178 kHz/G,
and y,,, = 0.349 kHz/G for *He, '®Xe, and '*'Xe, respec-
tively), the NMR FID calibrations presented an experimental
challenge.

The ratio R = T,,/Ty of the neutron transmission through
the polarized (7},) to unpolarized (T) 3He cell determines

cosh™ (R) = i—jAP3N3d3, 3)
t

where o ~ 0, = 5333(7) barn is the *He unpolarized neu-
tron absorption cross section normally used to characterize
neutron properties of 3He neutron spin filter cells [61], A, =
1.798 A is the standard reference wavelength for thermal
neutron cross sections, and A the neutron wavelength used.
Note the polarized *He neutron absorption cross section,
0% = 0, = 0y, — 01 should actually be used to characterize
P;. Here, o is the *He neutron triplet state absorption cross
section which is estimated to be 24 barn [62]. o} is not well
known resulting in the small systematic error in the value of
P;, given in Table I (also see the Appendix). P3N3 = 0.609 £
0.145 x 10** m~3 was obtained directly from the mean inten-
sity of the NSE curves for the polarized and unpolarized *He
cell through the cell center where d; = 4.8 £ 0.1 cm. Separate
neutron transmission measurements through different parts of
the 3He cell using neutron time of flight [63,64] determined
N3 = 8.627 £ 0.027 x 10** m~3 and characterized the path
length through its somewhat rounded ends. d; is inferred from
measurements of the cell’s external length and assumptions of
the glass thickness resulting in the given error. This density
implies P; = 70.6 &= 1.6%. Only the product P3N3 is needed
for absolute NMR calibration, but the Xe cell lengths are

needed to solve for Ab of '**Xe and '*'Xe. The NSE pro-
files of the transmitted neutrons were fit in the usual way
to determine ¢ for each pixel of the two-dimensional (2D)
detector [56].

The data were taken in defined time-ordered sequences
of alternating up and down target polarizations for all three
nuclei. Since the incoherent scattering length b? of *He has
been measured previously [51] and was known to be large
compared to our expected effects in '**Xe and '*!Xe, we used
these data to check the experimental procedure and apparatus.
The up/down polarization states for the polarized xenon tar-
gets were switched by reversing the pump-laser polarization
by turning the quarter-wave plates without any other changes.
The nuclear polarization is reversed by SEOP on a timescale
near the 7 relaxation time of '?°Xe, about 5 min for our cell,
so one 20 min NSE scan was skipped after each wave plate
change. For *'Xe, T} ~ 30 s [59,65] is much shorter than
the scan time and the polarization buildup time is negligible.
It is assumed the polarization reversal was symmetric within
measurement errors.

We analyzed the individual NSE scans in single detector
pixels for each run. The spin echo stationary phase point
varies slightly across the neutron beam due to the small spatial
variations in the field integral, and the spin echo phase drifts
slowly over timescales long compared to the target spin flip
due to very small changes in the total field over time. To
improve the signal/noise ratio for fitting the pixel spin echo
scans, we applied a fast Fourier transform (FFT) frequency
filter to the spin echo data. The precession angle is extracted
from the relative phase shift between oppositely polarized
nuclear target states with the NSE scans performed using
alternating groups of polarizations. A further discussion of
the NSE data analysis for this work is given in [66]. The
absolute phase ¢ was well represented by a square wave on
top of a slowly varying linear instrumental phase drift (Fig. 2).
This analysis resulted in precession angles averaged over the
active detector pixels of 4.05° 4 0.43° for the '*’Xe target and
3.05° 4 0.36° for the '3 Xe target.

We then use Eq. (2) to compute the incoherent scattering
lengths b;. Since the NMR calibration of the Xe measures
magnetization proportional to P.N,, any error in N, for Xe
drops out for the determination of b;. Using the NMR cal-
ibrations, we determine PN, for the two xenon isotopes as
follows. For I = 1/2 '%Xe and *He and for NMR FID per-
formed in the very low tip angle limit (i.e., < 90°),

2
3\ S120V3
) — 4

Pi29Njz9 = P3N3 (— ,
v120 ) S3Vi29

where the ratio of gyromagnetic ratios is squared to scale for
both the coil pickup and tipping pulse at fixed tip parameters,
S, is the NMR strength of the respective noble gas isotope and
Viag/V3 = 4.085 was the increase in tip amplitude for '**Xe
to obtain a good signal/noise ratio (S/N). Using this rela-
tion PjaoNj29 = 1.62 + 0.04 x 10%* m~3. The 0.3 bar total Xe
pressure measured during cell filling implies Pjy9 = 17.6%.
The “'Xe NMR calibration could not be performed
during the neutron experiment with our standard pickup
coil as the lower '*!'Xe polarization and the small '3!'Xe
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FIG. 2. (a), (b) Plots of relative NSE phases of '?Xe and '*'Xe
versus experiment time. Black dots are data and the blue crosses are
the model to extract A¢, i.e., the change in phase of the evenly
distributed groups of alternating P,. (c), (d) Bar graphs show the
distribution of phases about the mean value, 8¢, from the fit with
the corresponding width o.

gyromagnetic ratio lead to very weak signals; also NSE sig-
nals could not be obtained at the high By field required
to obtain the cross-calibration NMR frequency of 25.6 kHz
chosen to reach high enough signal-to-noise ratio. Therefore
131Xe polarization was calibrated in a separate measurement
after the NSE experiment, leaving the SEOP apparatus and
conditions unchanged. Using an NMR coil with a six-fold
higher quality factor, the NMR calibration was performed
with a maximum 7 /2 tip angle for both Xe isotopes, so one
factor of the ratio of gyromagnetic ratios drops out of the
calibration calculation. Additionally one needs to account for
the ratio of the different nuclear spins. The relation for the
calibration '*'Xe to 1 Xe becomes

Y129\ {1129\ S}
Pi31Ni31 = P129N129<—> (-)#, (©)
vi31 ) \ 131/ Sia9

where S, denote the signals obtained for the 7 /2 tip angles
used for this step. The result is Pj31N13; = 0.0498P129N 29 =
8.1 £0.2 x 102> m~3. Given the 0.20 bar total Xe pressure,
P31 = 1.96%. Neither the specific number densities nor the
isotopic concentrations of the xenon isotopes are needed for
the neutron scattering length determination with our method
using calibrated NMR.

We also briefly measured b? to compare with previous
results. This measurement is calibrated absolutely from the
polarization dependent *He neutron absorption cross sec-
tion [66]. Our value of 2.280 =+ 0.020(stat.) + 0.015(syst.) fm
for b? agrees with previous work [51,67] and is determined
Ygth much higher precision than our b; values for '*'Xe and

Xe.

Combining Egs. (2), (3), and (4) or Eq. (5), we can write
the magnitudes of incoherent scattering lengths for the xenon

isotopes in terms of directly measured experimental quantities
as

P12 ﬁ(@)z $10  d3 S3Vin 0, ©
' 2 V3 COShfl(R) di29 S120V3 A,
and
R 3 /5 vioviail s ds S3Vi29 h& )

2V3 2 cosh T (R) disi SiagVa Siy A’

where for example cosh ™! (R) = 0.6939 % 0.0040 for the pix-
els in the center of the *He cell. As stated before, we used
a previous estimate of o1 = 24 barn [62,67] to determine o,
and obtain AP;Nsds from the *He cell polarized /unpolarized
neutron transmission ratio R [Eq. (3)]. Because the absolute
NMR calibration was done with the same neutron beam, the
neutron wavelength drops out of the final equations and the b;
values are independent of the detailed shape or mean value of
the neutron wavelength distribution. We include the effect of
o) as a one-sided systematic error. Other possible corrections
due to cell geometry or neutron wavelength distribution shift
because of the *He wavelength-dependent absorption [51] are
negligible and are discussed in a related work on b3 [66].
The values of the incoherent scattering lengths are thus

b!* = —0.186 £ (0.021 gy, = (0.004)5y5 fm
and
b1*' =2.09 £ (0.29)g. £ (0.12)gys fm.

Signs of the scattering lengths are determined from the spin
directions in the SEOP setup. The statistical errors 10% and
12% for '?°Xe and '*!'Xe, respectively, come from the scatter
of the phase shift fits shown in Fig. 2. These values for b; are
in line with those of other nuclei. We are not aware of any
simple argument that can explain why |b}31| is a factor of 11
larger than |b}29|, but it is known that poorly characterized
subthreshold resonances can influence b; [68]. A summary of
the statistical and systematic errors are given in Table I.

With b;('*Xe) measured in this work, one could probe
the degree of entanglement of polarized '**Xe spins gener-
ated in atomic collisions in SEOP systems using polarized,
mode-entangled neutron beams to measure spin-spin correla-
tion functions as entanglement witnesses for the xenon spin
states. A recently developed quantitative theory for the scat-
tering of mode-entangled neutron beams from spin-correlated
dimers [69] can be extended to polarized xenon gas, which
can be accurately modeled as an ideal gas with an analytical
expression for the neutron dynamic structure factor. SEOP
collisions of I = 1/2 3He and '*Xe atoms with properly pre-
pared polarized alkali atoms can generate a calculable degree
of entanglement in the nuclear spins under certain conditions
according to recent work [16,17]. The resulting long-lived
entanglement in the nuclear spin system is of interest for
optical quantum memories [70-72]. The quantum decoher-
ence of mode-entangled neutron beams passing through dense
matter is so small that the measurement of neutron entangle-
ment witnesses for Bell and GHZ inequalities are unaffected
[73-75]. The transverse spatial separation between the two
opposite-spin sub-beams created in devices like neutron

L011001-4



FIRST MEASUREMENT OF NEUTRON BIREFRINGENCE IN ...

PHYSICAL REVIEW C 109, L011001 (2024)

Wollaston prisms coincides with the range of mean free paths
of the polarized '*°Xe gas atoms accessible in SEOP cells.

Polarized '*'Xe nuclei could be used in a search for new
sources of time reversal (T) violation in neutron-nucleus in-
teractions. T violation from some new interaction beyond the
standard model of particles and interactions is one of the
highest intellectual priorities in nuclear/particle/astrophysics,
and could shed light on the matter-antimatter asymmetry in
the universe according to the Sakharov argument [76]. The
forward scattering amplitude of polarized neutrons in a po-
larized nuclear target can possess a parity (P)-odd and T-odd
term of the form &, - (k, x I) where s, is the neutron spin,
k; is the neutron momentum, and I is the nuclear polar-
ization. Compound neutron-nucleus resonance reactions are
known to greatly amplify parity violation in neutron-nucleus
interactions [77,78]. A 4% P-odd asymmetry was measured
in the 3.2 eV p-wave resonance in *'Xe, an amplification
compared to nucleon-nucleon P-odd amplitudes of almost
10°. The theory that successfully predicted this phenomenon
long ago [79,80] implies that P-odd and T-odd interactions
between nucleons beyond the standard model should also be
amplified by a similar factor [§1-83]. Neutron transmission
measurements involving such coherent neutron-nucleus inter-
actions could provide null tests for time-reversal invariance
that are free from contamination by final state interactions
[84]. Advances in neutron polarization technology and source
brightness added to progress in SEOP polarization of '3!Xe
suffice to conduct a sensitive laboratory search for axion-like
particle (ALP) exchange [83] to complement astrophysical
bounds [85]. ALPs are poorly constrained by EDM searches
for ALP masses above 10 meV [86] because the standard
model axion relation between axion mass and coupling con-
stant does not apply [87].
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Appendix. As stated in the main paper the '°Xe cell mag-
netization was measured using NMR, which was calibrated
to an absolute *He standard from neutron transmission dur-
ing the NSE measurements. The transmission ratio R used
to determine P3N; often uses a simplification, namely that
oun = 0,, 1.€., the neutron absorption cross section of the po-
larized 3pHe cell, 0y,, is the same as the well-known unpolarized
3He neutron absorption cross section o,,. This approximation
can be used to determine the neutron polarization parameters
exactly [61], however this is not the case for a precision mea-
surement of P;. More precisely, o, = (1 — 01/0y, )04y is the
polarized He spin-dependent neutron absorption cross sec-
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FIG. 3. Example NMR spectra from Fourier-transformed single-
shot FID signals utilizing maximum 1 /2 excitation amplitude
recorded for calibration of the '*'Xe cell. '*'Xe and '*Xe spectra are
black and blue, respectively. The inset shows the NMR FID strengths
versus acquisition number used for the averaging of the '*'Xe signal.

tion, where o7, the absorption cross section for the n- 3He spin
with parallel (i.e., triplet state), is # 0. Since o), is smaller than
0. by o1, if one assumes the estimated o; = 24 barn of Huber
et al. [62,67] the value of P;N3 changes by —0.45% compared
to the value using the approximation o, >~ o,,, = 5333 &£ 7
barn. We used this estimated value of oy = 24 barn to correct
our reported values of b; but include its effect on the value of
P;5 in the systematic error estimates.

NMR FID intensity from Pj,9Nj29 was calibrated directly
to the FID signal intensity from P;N; utilizing low amplitude
excitations (i.e., < 7 /2) during the NSE measurements. The
data were acquired with a home-built single-coil pulse-receive
FID system using a 300-turn D = 2 c¢cm resonant surface coil
(quality factor ~ 3—4 and all digital signal processing of the
raw FID data [60]. Areas of the corresponding FFTs of the
digitally mixed-down and filtered FIDs were used to com-
pare the signal strengths at the same NMR frequency. The
P131N131 to PiagNip9 NMR calibration was performed after
the NSE measurements because the Bsgop field required for
131Xe NMR was too high and the resulting FID amplitudes
too weak to perform during the NSE measurements. These
measurements were performed utilizing a pickup coil with
a six-fold higher quality factor, resulting in correspondingly
higher FID amplitudes and calibrated /2 FID excitation
pulses to maximize the small signal from the '*'Xe. The
/2 tipping-pulse strength was determined by maximizing
the FID signal strength for saturated Xe polarizations by
varying the excitation amplitude. The ratio of the tipping
amplitudes V31 /Via9 required for these 7 /2 excitations scaled
as Y129/ y131 as expected. These single-shot FID strengths were
averaged to obtain the saturation Pj3;N;3; value of our SEOP
system and 3! Xe cell via the cross calibration to the saturation
value of Pjy9Njy9 for our system and the 129X e cell determined
during the NSE measurements. All optical pumping parame-
ters where held constant for the NSE measurements and the
later '3'Xe NMR calibration. Examples of the 12°Xe to 3! Xe
NMR calibration data are shown in Fig. 3.
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