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Spin dependence in the p-wave resonance of �139La +�n
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We measured the spin-dependent cross section at a neutron-induced p-wave resonance using a polarized
epithermal neutron beam and a polarized nuclear target. Our study focuses on the 0.75 eV p-wave resonance of
139La +n, where previous experiments have shown a large enhancement of parity violation. The spin dependence
of the neutron absorption cross section of polarized 139La and polarized neutrons determines the partial neutron
width of the p-wave resonance. This partial width is a key parameter needed to determine the sensitivity of
this system to possible parity-odd and time reversal-odd interactions beyond the standard model. Our findings
therefore serve as a foundation for a future search for time reversal violation in this compound nuclear system.
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I. INTRODUCTION

The spin dependence of the strong interaction between a
neutron and a nucleus can lead to a spin-dependent cross
section proportional to σ · I, where σ and I are unit vectors
parallel to the spins of the neutron and the nucleus, respec-
tively. This spin-dependent cross section can be observed
in spin-dependent transmission through a polarized nuclear
target. On a neutron-nucleus resonance, this observable can
directly determine the spin of compound resonance states.
Consequently, this method has been employed on s-wave res-
onances for a select few nuclides, utilizing both a polarized
neutron beam and a polarized target [1–3].

In the case of p-wave resonances, the spin-dependent cross
section contains valuable information not only regarding the
spin of the resonance, but also the partial neutron widths.
These widths quantify the size of symmetry violation en-
hancement effects in the compound nucleus. Amplifications
of parity violation amplitudes as large as 106 compared to
those seen in nucleon-nucleon interactions have been ob-
served in p-wave resonances of heavy nuclei [4]. These
enhancements are understood to come from parity mixing
between s and p compound nuclear resonances, referred to
as the s-p mixing model [4–6]. Theory suggests that this
mechanism can also lead to an enhancement of fundamental
time reversal violation, which could be used to search for

beyond-standard-odel physics by measuring a T -odd cross
section at the p-wave resonance using a polarized target and a
polarized neutron beam [7]. Within the s-p mixing model, we
can quantify the enhancement of P-odd and T -odd effects by
determining the partial neutron width [8–15].

This paper presents the first measurement of the spin-
dependent cross section at the p-wave compound resonance,
employing a polarized epithermal neutron beam and a polar-
ized nuclear target. 139La was selected as the target nucleus,
and displays an exceedingly large enhanced parity violation at
the 0.75 eV p-wave resonance [16].

II. EXPERIMENT

A. Experimental setup

The experiment was performed with a pulsed epithermal
neutron beam at the RADEN beamline of the Material and
Life Science Experimental Facility (MLF) at the Japan Proton
Accelerator Research Complex (J-PARC) [17]. The experi-
mental setup is depicted in Fig. 1. The La target is placed
23.0 m from the neutron moderator emission surface. The
target was a 2.0 cm cube of lanthanum metal cooled with
a dilution refrigerator. A 6.8 T magnetic field transverse to
the neutron beam direction was applied using a superconduct-
ing magnet to polarize the target nuclei. The neutron beam,
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FIG. 1. Experimental setup. The neutron spin after the 3He spin
filter adiabatically tilts from the longitudinal direction towards the
nuclear polarization direction, following the magnetic field on the
beam path.

collimated to a size of 3 cm by 3 cm, was stripped of thermal
neutrons using a cadmium filter upstream of the beamline
to reduce the heat load on the La target. 113Cd, because of
its large absorption cross section for thermal neutrons, works
well as a filter for experiments requiring epithermal neutrons.

The neutron beam was polarized using a 3He spin filter,
placed 4.3 m upstream of the La target. The 3He spin filter
is a device inserted into the neutron beam that makes use
of polarized 3He gas encapsulated in a glass cell to give the
neutron beam a net polarization. Neutrons passing through the
3He spin filter are polarized in the same direction as the 3He
polarization due to a very large spin dependence of the neutron
absorption cross section of the 3He nuclei. The 3He spin
filter was polarized using the spin exchange optical pumping
(SEOP) method [18] with a 110 W laser system. The spin filter
was optically pumped in a laboratory outside of the neutron
beamline and then installed on the beamline using a 1.5 mT
holding field from a coil inside a double magnetic shield to
maintain the 3He polarization [19].

The 3He cell was 45 mm in diameter by 70 mm in length
and the pressure was 0.31 MPa. The 3He polarization grad-
ually decays due to the nonuniformity of the magnetic field
and collisions with other atoms inside the glass cell, resulting
in a change in the neutron polarization as well. Since the
relaxation time of the 3He polarization is long enough, as dis-
cussed in Sec. II C, this change can be canceled out with high
accuracy (below 10−6) by flipping the 3He spin direction every
30 minutes and taking the asymmetry as shown in Eq. (2). The
3He spin direction can be flipped by applying an oscillating
magnetic field at the Larmor precession frequency to the 3He
gas, a technique known as adiabatic fast passage (AFP) NMR.
The loss of the 3He polarization was 4 × 10−5 per flip, which
was also negligibly small. For a detailed description of the
development of the 3He spin filter at J-PARC and the spin flip
method, see Refs. [19] and [20], respectively.

The spin of the neutron beam, longitudinally polarized by
the 3He spin filter, was maintained by applying a longitu-
dinal magnetic field by a guide magnet. In the vicinity of
the superconducting magnet, the transverse component of the
magnetic field on the beam path gradually increases due to
the stray magnetic field of the superconducting magnet. Since
the projection of the neutron spin onto the local magnetic

FIG. 2. Configuration around the La target. The thermometer
was installed in the cold head.

field direction is an adiabatic invariant, and the reversal of the
polarized helium spins also reverses the direction of the polar-
ized neutrons with respect to the local field, the neutron spin
adiabatically tilts from the longitudinal direction towards the
nuclear polarization direction, following the magnetic field
on the beam path. It becomes parallel or antiparallel to the
nuclear polarization direction in the vicinity of the target.

Downstream of the La target, another collimator was
installed to reduce the beam divergence to less than 3 ×
10−3 rad to prevent contamination from other correlation
terms described in Appendix A and backgrounds caused by
scattering neutrons. Neutrons transmitted through the La tar-
get were counted event by event using a 256-pixel lithium
glass scintillator detector located at 24.71 m from the modera-
tor surface [21]. The neutron energy En was determined using
the neutron time of flight (TOF) measured from the primary
proton beam injection to the neutron source and the flight path
length. The repetition rate of the proton beam injection was
25 Hz and the proton beam power was 750 kW during the
experiment.

Figure 2 illustrates the configuration around the La target.
The La target was held in place between upper and lower cop-
per holders, fastened using copper screws. The upper holder
was connected to the cold head of the dilution refrigerator,
enabling cooling of the La target through thermal conduction.
The temperature T was monitored with a ruthenium oxide
thermometer installed in the cold head. We performed the
experiment in two conditions: (a) low temperature condition
(T = 67 mK) and (b) high temperature condition (T = 1 K).
The measurement times were 22 hours and 6 hours, respec-
tively. In the condition (a), the small temperature increase
from neutron beam irradiation of the La target of approxi-
mately 1 mK implies that the temperature difference between
the cold head and the La target is negligible. Temperature
fluctuations of the La target from neutron beam interrup-
tions due to proton accelerator malfunctions were also around
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TABLE I. The resonance parameters of La+n for low energy neutrons. The resonance parameters E , J , l , �γ , g, and �n are resonance
energy, resonance spin, orbital angular momentum, γ width, g factor, and neutron width, respectively. The parameters of 138La and 139La are
taken from Refs. [23] and [22], respectively.

Isotope E0 (eV) J l �γ (meV) g�n (meV)

139La −38.8 ± 0.4 4 0 60.3 ± 0.5 346 ± 10
139La 0.750 ± 0.001 4 1 41.6 ± 0.9 (3.67 ± 0.05) × 10−5

138La 2.99 ± 0.01 11/2 0 95 ± 6 0.65 ± 0.03
139La 72.30 ± 0.01 3 0 64.1 ± 3.0 13.1 ± 0.7

1 mK. The fluctuation in the nuclear polarization due to the
temperature fluctuation is negligibly small compared to the
measurement accuracy of the nuclear polarization discussed
in Sec. II D.

B. Measurement of the asymmetry

The cross section for polarized neutrons and polarized
nuclei oriented parallel and antiparallel to each other in-
cludes both a spin-independent cross section term σ0 and
spin-dependent cross section term σS as

σ± = σ0 ± σS, (1)

where + and − denote the parallel and antiparallel spin orien-
tations, respectively. We measured the asymmetry of neutron
counts for parallel and antiparallel spins transmitted through
the polarized lanthanum target, defined as,

εS = N− − N+
N− + N+

, (2)

where N− and N+ are the neutron counts for parallel and
antiparallel spins. The neutron counts N± are functions of the
neutron polarization Pn and nuclear vector polarization PI ,

N± = 1 ± Pn

2
Nε exp [−(σ0 ± PIσS)ρd], (3)

where N , ε, ρ, and d are the numbers of incident neutrons,
detection efficiency of a neutron detector, number density of
the nuclear target, and the thickness of the nuclear target, re-
spectively. The spin-dependent asymmetry εS is then defined
as

εS = Pn tanh (PIσSρd ). (4)

Note that the numbers of incident neutrons were normalized
by the number of proton beam pulses before calculating the
asymmetry.

In this paper, we use the resonance parameters of the La +
n reactions listed in Table I measured by Endo et al. [22] using
both neutron transmission and (n, γ ) reactions with an intense
pulsed neutron beam at J-PARC.

Figure 3 shows the TOF spectra of the transmitted neutrons
and the asymmetry εS in conditions (a) and (b). We observed
a significant asymmetry in condition (a), corresponding to a
high nuclear polarization, while the asymmetry disappeared
in condition (b) due to the lower nuclear polarization. The
peak and dip structures in the asymmetry were observed at
the 2.99 eV and 0.75 eV resonances. The observed asymmetry
below 0.3 ms that varies slowly with neutron energy can be

attributed to the spin-dependent cross section on the high
energy tail of the negative s-wave resonance.

C. Neutron polarization

The neutron polarization was obtained from the 3He po-
larization of the 3He spin filter. The 3He polarization was

FIG. 3. Neutron TOF spectra of the transmitted neutrons (top
panel) and the spin-dependent asymmetries (bottom panel). Black
and white points in the bottom panel denote the asymmetries in the
conditions (a) and (b), respectively, in the bottom panel.
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FIG. 4. Ratio of the counts of transmitted neutrons for the polar-
ized to the unpolarized 3He spin filters. The curved line shows the
best fit.

determined with the ratio of the transmitted neutrons for
polarized and unpolarized 3He spin filter. The ratio of the
transmitted neutrons is described as

Npol

Nunpol
= cosh[PHe(t )ρHedHeσHe], (5)

where PHe, σHe, and ρHedHe are the 3He polarization, neutron
absorption cross section of 3He, and areal density of 3He
gas, respectively. Npol is defined as N+ + N− to cancel the
spin-dependent asymmetry derived from the polarization of
the La target. The areal density ρHedHe was obtained from the
measurement of the ratio of transmitted neutrons for unpo-
larized 3He spin filter and empty glass cell as 21.4 atm cm.
The 3He polarization was obtained for each flip by fitting
the TOF dependence of Npol/Nunpol using Eq. (5) with a fit
parameter of PHe as shown in Fig. 4. Figure 5 shows the time
dependence of the 3He polarization. The relaxation time of

FIG. 5. 3He polarization versus elapsed time from the beginning
of the measurement. The curved line shows the result of fitting to an
exponential function. The measurement was not conducted from 16 h
to 22 h due to a liquid He transfer for the superconducting magnet.

FIG. 6. Neutron polarization obtained from the averaged 3He
polarization.

the 3He polarization τ , which was obtained by fitting with
PHe(t ) = PHe(0) exp(−t/τ ), was 161 h. The averaged 3He
polarization P̄He during the measurement was (68 ± 1)%.

The neutron polarization Pn transmitted through the 3He
spin filter is determined as

Pn(t ) = − tanh[PHe(t )ρHedHeσHe]. (6)

Figure 6 shows an averaged neutron polarization P̄n as a func-
tion of the neutron energy calculated from the averaged 3He
polarization. The averaged neutron polarization at 0.75 eV
was (36.1 ± 0.5)%.

D. Nuclear polarization determined by spin-dependent
asymmetry

The 139La nuclear polarization was determined using the
spin-dependent asymmetry at the 2.99 eV s-wave resonance
of 138La. The spin-dependent asymmetry at the 2.99 eV res-
onance, after subtracting the slowly varying negative s-wave
component of the asymmetry, is determined to be

εS = (5.1 ± 0.7) × 10−4. (7)

The spin-dependent cross section of the 2.99 eV resonance
σ theo

S,s can be theoretically described using the resonance pa-
rameters listed in Table I as

σ theo
S,s = 5π

11k2

�n
s �s

(E − Es)2 + (�s/2)2
, (8)

where Es, �n
s , and �s are the resonance energy, neutron width,

and total width of the 2.99 eV s-wave resonance, respectively.
The nuclear polarization of 138La can be determined using
Eqs. (4), (7), and (8), taking into account its natural abundance
and the neutron polarization at 2.99 eV, yielding a value
of 4.9 ± 0.7%. The target temperature TLa was calculated
based on a Boltzmann distribution and using the magnetic
moment and nuclear spin listed in Table II, resulting in TLa =
75.7+10.2

−8.9 mK, which is consistent with the temperature mea-
sured at the cold head of 67 mK. Under the assumption that
the spin temperature of 139La is the same as that of 138La, the
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TABLE II. Parameters of lanthanum isotopes. Nuclear spin and
parity IP, natural abundance, and nuclear magnetic moment μ0 are
listed. The nuclear magnetic moments are expressed in terms of
nuclear magnetons.

Isotope IP Abundance μ0

139La 7/2+ 99.91% 2.78
138La 5+ 0.09% 3.71

corresponding 139La nuclear polarization was determined to
be 3.9 ± 0.5%.

E. Spin-dependent cross sections at the resonances

The experimental value of the spin-dependent cross sec-
tion σ

exp
S was obtained from the asymmetry εS using Eq. (4).

The resonance component σ
exp
S,r was isolated by fitting the

slowly varying asymmetry attributed to the negative s-wave
component with a third-order polynomial function. The res-
onance regions listed in the Table I are excluded from this
fit. Figure 7 shows the neutron TOF dependence of PIσ

exp
S

and PIσ
exp
S,r . Note that Fig. 7 was calculated using the areal

density of 139La. A p value, defined as p = (1 − C.L.)/2,
where C.L. is the confidence level of the nonzero asymmetry,
is also depicted to show the significance of PIσ

exp
S,r in Fig. 7.

The p value indicates the probability of observing a nonzero
value of PIσ

exp
S,r with the hypothesis of no asymmetry. A con-

fidence level of over 99.7% corresponds to a p value less than
1.35 × 10−3. The spin-dependent cross section was observed
at the p-wave resonance with over 99.7% C.L. as shown in
Fig. 7.

The spin-dependent cross section in the p-wave resonance
region of Ep − 3�p < En < Ep + 3�p after the subtraction of
the negative s-wave component, defined as σ

exp
S,p , is obtained

using the nuclear polarization in Sec. II D as

σ
exp
S,p = −0.26 ± 0.08 b, (9)

where Ep and �p are the resonance energy and total width of
the p-wave resonance, shown in Table I. The total width is de-
fined as �p = �

γ
p + �n

p. The asymmetry of the spin-dependent
cross section relative to the spin-independent cross section of
the p-wave component was also obtained as

AS = σ
p
+ − σ

p
−

σ
p
+ + σ

p
−

= σ
exp
S,p

σ theo
0,p

= −0.36 ± 0.11. (10)

The spin-independent cross section σ theo
0,p was theoretically

calculated with a Breit-Wigner formula, defined as

σ theo
0,p = 9π

16k2

�n
p�p

(E − Ep)2 + (�p/2)2
. (11)

When using the nuclear polarization calculated from the tem-
perature measured at the cold head, the differences of σ

exp
S,p

and AS from the values in Eqs. (9) and (10) were +0.03 b and
+0.04, respectively. These differences were smaller than the
statistical error.

FIG. 7. (a) Neutron TOF dependence of PIσ
exp
S . The curved line

is the best fit of the slowly varying component derived from the nega-
tive s-wave resonance. (b) Resonance component of spin-dependent
cross section. (c) p value for PIσ

exp
S,r . The dotted line shows 99.7%

confidence level.

III. ANALYSIS

Under the experimental conditions, the expression for the
spin-dependent asymmetry can be approximated as

εS � PI Pnρd
4π

k
ImB′, (12)

as described in Appendix A, where B′ is the coefficient in
Eq. (10) in Ref. [24] representing the spin-spin interaction in
the forward angle scattering amplitude. The following subsec-
tions will discuss the implications of the experimental results
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FIG. 8. Visualization of the φ values on the xy plane. The curved
lines, shaded areas, and dashed lines show Eq. (18) and its 1σ region
of the statistical error.

for the partial neutron width of the p-wave resonance and the
spins of the s-wave resonances.

A. Determination of partial neutron width using
spin-dependent cross section

The partial neutron width can also be extracted from the an-
gular correlations of γ rays emitted from p-wave resonances,
which arise from interference between s- and p-wave am-
plitudes [10–14]. The advantage of using the spin-dependent
cross section is that the neutron partial width can be directly
determined without assuming the interference between partial
amplitudes and the final state spin after the γ decay.

The spin-dependent cross section at the p-wave resonance
can be calculated using the explicit theoretical expression of
B′ as [24]

σ theo
S,p = 4π

k
ImB′ = π

16k2

�n
p�p

(E − Ep)2 + (�p/2)2

×
(

−39

4
x2

s + 9

2

√
7

5
xsys + 63

20
y2

s

)
, (13)

where xs and ys are ratios of the neutron partial width of the
channel spin, defined as

xs = 1

2
√

3
(−

√
7x −

√
5y), (14)

ys = 1

2
√

3
(
√

5x −
√

7y). (15)

The neutron partial widths of the neutron total angular
momentum j = 1/2 and 3/2 components, denoted as �n

p, j=1/2

and �n
p, j=3/2, are expressed by x and y defined as

x2 = �n
p, j=1/2

�n
p

, y2 = �n
p, j=3/2

�n
p

, (16)

where x and y satisfy x2 + y2 = 1. The corresponding mixing
angle φ can be defined as

x = cos φ, y = sin φ, (17)

as discussed in Ref. [24]. The broadening of the resonance
shape from the emission time distribution of the neutron beam
from the moderator at 0.75 eV was negligibly small compared
with the total width of the p-wave resonance and the statistical
error. Therefore the spin-dependent cross section obtained in
Eq. (9) can be directly compared with the theoretical cal-
culation. By calculating the Breit-Wigner function over the
region Ep − 3�p < En < Ep + 3�p in Eq. (13), we obtained
the following equation:

−0.26 ± 0.08 = 0.079

(
−7x2 − 2

√
35xy + 2

5
y2

)
. (18)

Using Eqs. (17) and (18), we find the solutions for φ as

φ = (74 ± 4)◦, (164 ± 4)◦, (254 ± 4)◦, (344 ± 4)◦. (19)

The corresponding x and y values are also obtained as

(x, y) = (0.28 ± 0.06, 0.96 ± 0.02),

× (−0.96 ± 0.02, 0.28 ± 0.06),

× (−0.28 ± 0.06, −0.96 ± 0.02),

× (0.96 ± 0.02, −0.28 ± 0.06). (20)

A visualization of the constraints on φ is shown in Fig. 8.
Equation (18) describes the curved lines in the xy plane.
The intersections of the curved lines and unit circle show
the solutions of φ. The above analysis was also performed
using the resonance parameters reported by other groups in
Appendix B. The differences in the analysis results that arose
from differences in the resonance parameters were within the
statistical error. We confirmed that these differences stemming
from the resonance parameters do not affect the conclusions
of this paper.

B. Spin of s-wave resonances

For the s-wave resonances, the spin J can be directly deter-
mined from the asymmetry. The positive (negative) sign of the
asymmetry indicates that neutrons with parallel (antiparallel)
spin are more likely to be absorbed. The sign of the asym-
metry in Figs. 7(a) and 7(b) implies: J = 4 for the negative
s-wave resonance of 139La, whose spin is 7/2; J = 11/2 for
the 2.99 eV s-wave resonance of 138La, whose spin is 5; and
J = 3 for the 72.3 eV s-wave resonance of 139La. The spins
of the s-wave resonances determined in this experiment are
consistent with the reference values in Table I.

IV. CONCLUSION

We observed the spin-dependent cross section at the
0.75 eV p-wave resonance of 139La +n using a polarized
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TABLE III. Resonance parameters of 139La p-wave resonance
reported in each reference.

Reference E0 (eV) �γ (meV) g�n (meV)

Endo et al.
(2023) [22]

0.750 ± 0.001 41.6 ± 0.9 (3.67 ± 0.05) × 10−5

Terlizzi et al.
(2007) [27]

0.758 ± 0.001 40.1 ± 1.9 (5.6 ± 0.5) × 10−5

Alfimenkov
et al. (1983)
[28]

0.75 ± 0.01 45 ± 5 (3.6 ± 0.3) × 10−5

Shwe et al.
(1967) [29]

0.734 ± 0.005 40 ± 5 (3.67 ± 0.22) × 10−5

Harvey et al.
(1959) [30]

0.752 ± 0.011 55 ± 10 (4 ± 1) × 10−5

lanthanum target and a polarized pulsed neutron beam. The
partial neutron width of the p-wave resonance was deter-
mined. In a separate paper, these results will be compared
with other experimental results of (n, γ ) reactions [10–15] in
terms of the s-p mixing model and will be used for improv-
ing a quantitative understanding of the symmetry violation
enhancement mechanism.
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FIG. 9. Visualization of the φ values obtained using Terilzzi
et al.’s resonance parameters on the xy plane. The curved lines and
shaded area shows Eq. 18 and its 1σ region of the statistic error.

APPENDIX A: NEUTRON SPIN DYNAMICS IN THE
POLARIZED TARGET AND ITS APPROXIMATION

We employ the optical description of the neutron spin
dynamics in a polarized target medium as described in
Ref. [25,26] to describe the measured asymmetry εS as

εS = Pn
Tr(S†σxS)

Tr(S†S)
= Pn

2ReA∗B + 2ImC∗D

|A|2 + |B|2 + |C|2 + |D|2 . (A1)

The coefficients A, B, C, and D are related to the forward
angle scattering amplitude given in Ref. [24] as

A = eiα cos β, B = ieiα sin β

β
βx,

C = ieiα sin β

β
βz, D = ieiα sin β

β
βy, (A2)

where

α

Z
= A′ + P1H ′(k · I) + P2E ′

(
(k · I)2 − 1

3

)
,

βx

Z
= P1B′ + μnmn

2π h̄2ρ
Bext + P2F ′(k · I) + P3

B′
3

3
[(k · I)2 − 1],

βy

Z
= P1D′ + P2G′(k · I),

βz

Z
= C′ + P1K ′(k · I) − P2

F ′

3
+ P3

2B′
3

3
(k · I),

β2 = β2
x + β2

y + β2
z , Z = 2πρd

k
. (A3)

Here, Bext, μn, and mn denote the external magnetic field,
neutron magnetic moment, and mass, respectively. k and I are
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TABLE IV. Analysis results using the resonance parameters in each reference.

Reference for resonance parameters σ
exp
S,p (barn) AS φ (degree)

Endo et al. −0.26 ± 0.07 −0.36 ± 0.10 74 ± 4, 164 ± 4, 254 ± 4, 344 ± 4
Terlizzi et al. −0.26 ± 0.07 −0.24 ± 0.06 79 ± 2, 159 ± 2, 259 ± 2, 339 ± 2
Alfimenkov et al. −0.23 ± 0.06 −0.36 ± 0.10 74 ± 4, 164 ± 4, 254 ± 4, 344 ± 4
Shwe et al. −0.26 ± 0.07 −0.35 ± 0.09 75 ± 4, 163 ± 4, 255 ± 4, 343 ± 4
Harvey et al. −0.19 ± 0.06 −0.33 ± 0.10 76 ± 4, 163 ± 4, 256 ± 4, 343 ± 4

unit vectors parallel to the neutron momentum and the nuclear
spin. P1, P2, and P3 represent the target nuclear polarization
of first-rank (vector), second-rank, and third-rank spherical
tensors, respectively, and were P1 = PI = 3.9 ± 0.5%, P2 =
0.10+0.03

−0.02%, P3 = (2.1 ± 1.0) × 10−3% in our experimental
conditions. Nonzero values of the (k · I) from the finite beam
divergence are below 2 × 10−3 radians.

A′–G′ are the coefficients of correlation terms in the for-
ward scattering amplitude for polarized 139La nuclei and
polarized neutrons defined as [24]

f = A′ + P1H ′(k · I) + P2E ′
(

(k · I)2 − 1

3

)

+ (σ · I)

(
P1B′ + P2F ′(k · I) + P3

B′
3

3
[(k · I)2 − 1]

)

+ (σ · k)

(
C′ + P1K ′(k · I) − P2

F ′

3
+ P3

2B′
3

3
(k · I)

)

+ σ · (k × I)[P1D′ + P2G′(k · I)]. (A4)

The magnitude of coefficients H ′, E ′, F ′, B′
3, K ′, and G′

are of the same order or less than A′ and B′ on the basis of
the explicit expressions in Eqs. (28)–(37) of Ref. [24]. The
magnitudes of P-odd, T -even term C′ and P-odd, T -odd term
D′ are smaller than A′ and B′ by more than two orders of
magnitude. Consequently, the value of β can be approximated
as β � βx and we obtain

εS � Pn tanh(2 Im βx ). (A5)

The numerical value of Imβx is about 10−3, which leads to

εS � PI Pnρd
4π

k
ImB′. (A6)

APPENDIX B: ANALYSIS USING RESONANCE
PARAMETERS REPORTED IN OTHER REFERENCES

For the 0.75 eV p-wave resonance, the measurements using
neutron transmission or (n, γ ) reaction have been reported by
several groups listed in Table III [27–30]. The details of each
measurement of the resonance parameters are summarized in
Ref. [22].

Tables IV shows σ
exp
S,p , AS, and φ values obtained using

resonance parameters reported by each group. The central
values for AS show agreement within an accuracy of 10%
or less with the exception of that based on resonance pa-
rameters reported by Terilzzi et al.. The central value of
AS using this resonance parameters exhibit a difference of
around 30%, which is attributed to g�n of Terilzzi et al.
being reported approximately 30% larger than in other ref-
erences. Consequently, the φ values obtained using resonance
parameters reported by Terilzzi et al. show a difference com-
pared to the analysis using other resonance parameters, as
illustrated in Fig. 9. However, these differences remain con-
sistent within the statistical errors obtained in the present
experiment.
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