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Precise approach to determining the *He neutron incoherent scattering length b;
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We report the first results from a new approach for measuring the *He neutron incoherent scattering length
b;. b; is directly proportional to the difference Ab = b, — b_ in the two low-energy s-wave neutron-nucleus
scattering amplitudes b, and b_, corresponding to the singlet J = 0 and triplet J = 1 states of the neutron-
3He interaction, respectively. An accurate measurement of b; can help distinguish among different models of
three-nucleon interactions by comparison to ab initio nuclear theory calculations. The neutron birefringence
caused by Ab results in neutron spin rotation around the nuclear polarization. We measured Ab using polarized
neutron spin rotation and the transmission of neutrons through a *He gas target polarized i situ by spin-exchange
optical pumping. This brief test measurement performed on the J-NSE Phoenix neutron spin echo spectrometer,
yielded Ab = [-5.27 £ 0.05 (stat.) —0.05 (syst.)] fm. We argue that this method can be improved in precision to
resolve the discrepancies between two prior measurements of b; which are dependent on the polarized absorption
cross section o,. With absolute 3He polarization measurement via nuclear magnetic resonance (NMR) (in a
properly shaped cell) concurrent with accurate neutron transmission measurements, o, can be measured to obtain

independent values of b, and b_.

DOI: 10.1103/PhysRevC.108.L.031001

Precision measurements of the scattering amplitudes in
n+3He provide important tests for ab initio theoretical
calculations of the properties of few-nucleon systems. Three-
body (3N) interactions among nucleons are now estimated
to provide about 5% of the total binding energy of stable
nuclei [1]. The development of a global model of bound
nuclei that can both explain the binding energies of stable nu-
clei and also make reliable predictions out to the extremes of
nuclear stability is a major long-term goal for nuclear physics,
with important scientific applications for astrophysics and for
our understanding of the process of formation of the heavy
elements [2]. Although theoretical models for the possible
forms of nuclear three-body forces exist and give a rough
estimate for the relative sizes and spin/isospin dependence
of three- and higher-body effects compared to two-nucleon
forces, more precise experimental data on systems with few
nucleons is needed to determine the relative strengths of
these forces. The binding energies of 3H, 3He, and *He are
essential data for this purpose in the A = 4 system and are
measured with high precision. Theoretical calculations of
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the binding energy of “He using the Green’s function Monte
Carlo technique [3] including some using phenomenological
three-nucleon interactions [4-7] differ from experiment by
1%. Theoretical analysis also shows that the information on
the nuclear three-body force from the binding energy of “He
is not independent of that from three-body bound systems
and is mainly sensitive to the spin-independent component
of the nuclear three-body force [8—11]. To better constrain
the spin-dependent parts of the nuclear three-body force, data
are required on the spin-dependent scattering of three- and
four-body systems with precision at the subpercent level.

The two best measurements of b; using neutron spin echo
[12] and neutron interferometry [13] are inconsistent based
on quoted errors, as are the three measurements of the n —
*He coherent scattering length b, using neutron interferom-
etry [14-16]. Different theoretical calculations of b; and by
then available for comparison employing NN + 3N interac-
tions, such as the standard potential models AV18 + UIX,
AV18 + UIX +V3 [17,18], and AV18 + LL2 [19], were also
not in agreement. Improved precision on both b; and b, can
also help distinguish among different models of few-nucleon
interactions. Description of the “He continuum just above
the n 4 *He threshold is challenging for existing theory, and
changes to existing 3N force models are proposed as a possi-
ble solution to existing discrepancies. Fortunately several new
theoretical techniques have been developed to tackle nuclear
four- and five-body systems [20-25] including chiral effective
theory [9,26]. Different ab initio calculational methods for
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nucleon scattering in A = 3 systems deliver internally consis-
tent results [27,28], and the resonating group method (RGM)
has been applied in the past to A = 4 systems [29,30] thus the
prospects for improved theoretical calculations in the n + He
system are good.

The total free n-nucleus scattering length is given by
a=d +ia", where @’ and a” are real. The imaginary term
arises from absorption, which is very large for n — *He. For
the forward scattering amplitudes of this work, the bound
scattering lengths b = a(A + 1)/A are observed, where A is
the nucleus to neutron mass ratio. The two s-wave neutron-
nucleus scattering amplitudes b, and b_, correspond to the
total nucleus plus neutron angular momentum J = I + s and
J =1 — s scattering channels from a nucleus of spin / and
neutron of spin s = 1/2. These can be expressed as

2b;

The coherent scattering length is thus

U+ Dby +1b_
be = QI+1) @)

and the incoherent scattering length is

b = I\/I+1(b+—b,)' 3)
@2r+1)
The two values J = 0, 1 of the total spin for / = 1/2 imply
by =b; and b_ = by for the triplet and singlet scattering
lengths, respectively.

Ab can be measured by observing the precession of the
neutron spin as neutrons pass through a polarized nuclear
target [31]. Although this phenomenon was initially described
[31,32] in terms of a fictitious “pseudomagnetic field” inside
the medium, Ab originates from neutron-nucleus scattering.
The optical theorem [33] 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:

4
nh=1- 2 N(beon + D).

2
An=(n, —n_)~ —k—ZN(b+ —b), &)

where N is the number of nuclei per unit volume, k = 27 /A
is the neutron wave number, and the approximation in the
second expression is valid in our case as the neutron index of
refraction is 1. An makes the medium optically birefringent
for neutrons so that the two helicity components of the neutron
spin accumulate different phases, kn.d, in the forward direc-
tion 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.

The neutron precession angle ¢* from the incoherent scat-
tering length b; o< Ab of the 3He [12,13] is

2AP3Nd
V3

1
¢" = —SAPNdAb = — b;, 5)

where P; is the *He polarization, N is the *He density, and d
is the neutron path length through the *He. For nuclei such as
*He which possess a very large spin-dependent component to
the neutron cross section, one can determine the constant of
proportionality AP;Nd and write the measured quantity Ab as
follows:

20" o, 29"
APsNd ~ A, cosh—1R’

Here, R is the ratio of unpolarized neutron transmission of
polarized *He, T (P;), to the transmission of unpolarized *He,
T(0), o, is the polarized *He spin dependent neutron absorp-
tion cross section, and A;, = 1.798 A is the thermal neutron
wavelength used for neutron absorption cross sections. The to-
tal n — *He absorption cross section o, = (47 /k)b” obtained
from the imaginary part of b by the optical theorem [33]
in terms of the polarization-independent and polarization-
dependent terms is

Ab =

(6)

Oq = Oun + PSGpv (7)

where the sign convention = is for P; parallel (—) or antipar-
allel (+) to the neutron spin. Here, o, = (5333 & 7) b is the
total unpolarized neutron absorption cross section, and o, can
be expressed as o, = (1 — 01/0,,)0,,. Both o, and o,, are
measured to be proportional to the neutron wavelength A to
high precision [34-36]. For an unpolarized neutron beam of
n neutrons with half-spin-up (n*) and half-spin-down (n7)
neutrons the corresponding transmission of Eq. (7) is

ANd ) @)
M. )

Thus, the transmission of unpolarized neutrons through polar-
ized *He is

Oun UP
T(P3) = exXp —E)\.Nd cosh )\'—h)LP3Nd . (9)
th. 2

4 n* 1
T = 7 = Eexp —(Oun

Since the unpolarized transmission is simply

) (10)

with two neutron transmission measurements giving R =
T (P3)/T(0) one directly experimentally obtains the product
a” AP3Nd from cosh™'R, leading to Eq. (6).

" One still needs to determine o0,. If the triplet absorption
rate o] were zero, i.e., only absorption in the singlet state
0y, then o, = o,,, where o, is known to >~ 0.1%. However
the upper bound on o, from previous experiments is several
percent [35,37] and limits the precision of this technique.
There is no reason to expect that o is zero, as theoretical
calculations show [17,18]. Reference [12] used an average of
the experimental determinations [35,37] to arrive at a value
that can be reinterpreted as o7 = 57 b, conversely Ref. [13]
used a combination of theoretical predictions and the mea-
sured thermal absorption cross section to estimate o = 24 b
[13]. For lack of better knowledge of o|, we use the latter
value in our analysis but also present the result independent of
oy as in [13] for comparisons.

*He can also enable a measurement of o,. An inde-
pendent 0.1% measurement of P; combined with accurate

T(0) = exp <—
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measurements of R(1) through an in situ polarized *He sample
using the time-of-flight (TOF) method as in Ref. [38] could
provide a >~ 0.1% accuracy for o,,, allowing determination of
o] to &5 b accuracy. Atomic physics methods have deter-
mined P; to high precision [39—42] so this approach should
be feasible.

To determine P; on a neutron beamline, we propose to
use the “self-magnetometry” of a polarized *He sample in
a defined shape, e.g., a long tube parallel or perpendicular
to the applied B field. The ’He magnetization M3 = u3P;N
generates a magnetic field of

2 M;
By = poM3\ 1 — = ) = po—- (11)
3 3
when the tube’s axis is parallel to By and
By = poMs( L = 2 = g =M (12)
3= oMz 5 3)= Mo 6

when the tube’s axis is perpendicular to By [39,43]. Here,
the first term is the magnetization minus the demagnetization
factor and the —2/3 term, the field from a spherical volume,
arises from the scalar contact term, meaning the *He spins
are nonoverlapping and cannot “see” one another so the self-
field must be subtracted [44,45]. The magnetic moment of
SHe u3/h = —16217050 Hz/T is known to the ppb level [46],
and the geometric correction factor for finite length is very
well known and is about 2% for a length to diameter ratio ~5
for the field parallel case [47,48]. At one bar pressure at 25 °C
there are 2.43 x 10%° atoms m> and the gyromagnetic ratio
y/2m =y’ of *He is y; = 3.24 x 107 Hz/T, so the product
f3 = pomsPsNy; = 10.6 Hz for P; = 1 and N = 1 bar. Thus
for field-parallel upon an adiabatic fast passage (AFP) reversal
of P; an NMR frequency shift of

Afs =2B3y; = 2#0%3/3/ = §M0M3P3NV3/ ~5Hz (13)
will be observed for P; = 0.70 at 1 bar pressure. ANd of
Eq. (9) can be calibrated by unpolarized 7 (0, A) measure-
ments using the well-known o, and since one can expect
<5 Hz NMR line widths, 0.1% accuracy in P; and o, should
be attainable for normal pressures by signal averaging. No
new on-beamline techniques are needed, just a specialized
3He cell. In situ polarization of the *He with AFP and a TOF
neutron beamline are preferred.

Since a recent measurement of b, in n 4+ “He using perfect
crystal neutron interferometry [49] reached 103 precision
using a technique that can be directly applied to *He, our ideas
to improve b; are the key additional input needed to confront
theory. Therefore we intend to perform a higher precision
measurement of Ab/o, and a measurement of o, to obtain an
absolute value for b;, which could then also approach a 103
precision.

We tested a precise method to determine the real part
of Ab/o, on the J-NSE Phoenix instrument [50] during an
experiment to measure b; for n — 129Xe and n — ¥'Xe [51].
Our approach builds on the pioneering work of Zimmer e al.
[12] by taking advantage of technical improvements in neu-
tron spin echo spectroscopy and by exploiting the improved
time stability and performance of polarized *He gas targets
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FIG. 1. Schematic of the J-NSE neutron spin echo spectrometer
showing field configuration and the SEOP-polarized *He cell.

created using in situ spin-exchange optical pumping (SEOP)
[52,53]. Measurements of neutron birefringence in polarized
nuclei were originally performed using the Ramsey method
of separated oscillatory fields [54,55]. This “pseudomagnetic
precession” method [31] uses two oscillating fields before and
after a solid-state nuclear-polarized sample to measure the
additional phase in the precession caused by it. We employ a
variation that also uses orthogonally precessing polarized neu-
trons moving through a nuclear polarized *He gas sample but
in a neutron spin-echo (NSE) spectrometer [56] to quantify the
resulting phase shifts in the neutron precession. NSE is similar
to NMR spin echo [57] but the neutron spin is precession-
encoded in space for the traveling beam as opposed to in time
with static nuclei for NMR spin echo.

In a NSE spectrometer, polarized neutrons are first flipped
by 7 /2 to induce precession in the orthogonal plane, they then
pass through a high-field flight path with an over 1 T m field
integral encoding a large number of spin precessions; this step
is followed by a 7 flip reversal of the neutron polarization
and then by a second high-field flight path identical to the
first to decode the spins. The sample is typically near the
middle either before or after the  flipper and the additional
precession it creates can be quantified by matching it to the
precession in additional phase (compensation) coils placed
around the neutron flight path. The NSE method is like the
Ramsey technique but the addition of the central & flipper
allows the sample-induced phase shift to be quantified by DC
phase coils rather than phase-matching of an oscillating RF
field. NSE has the benefit that, because the phase coils have
field integrals accurate to n'T m compared to total instrument
field integrals of 1 T m or more, it can encode the spins
very precisely and measure very small changes in the neutron
precession [50].

A schematic of the NSE spectrometer is shown in Fig. 1.
The nuclear spins of the *He sample were polarized in situ
using SEOP in the sample area of the NSE spectrometer
after the 7 flipper. The Bsgop field is oriented perpendicular
(vertical) to the neutron flight path and main fields B; or B,
of the NSE spectrometer, which are longitudinal (horizontal).
The phase coils producing Bphase are on either side of the
flipper, the location of which defines the two NSE precession
regions L; and L.

In situ polarization turned out to be advantageous by de-
coupling time-dependent instrumental drifts from changes
in P;. Using NMR free-induction decay detection, we were
able to determine that fractional changes to P; were below
0.3%. The in situ polarization equipment used also enables
on-beam AFP flipping of P; during continuous pumping and
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FIG. 2. Spin echo signals from polarized *He versus the phase
coil current for one pixel of the neutron detector. The two profiles
correspond to P; parallel and antiparallel to Bsgop.

is described in Ref. [53]. The time-dependent phase drifts in
the NSE spectrometer are thus fit as a time-dependent back-
ground, and the AFP flipping eliminates systematics due to
possible non-perfect neutron spin-flips or nonadiabatic trans-
port of the neutron polarization.

A 5 cm diameter cylindrical *He SEOP cell made of
GE180 glass with about 0.4 bar of 3He was used [53]. This
cell has rounded ends with a path length of 4.8 cm through its
center. In contrast to the neutron polarizer device described
in [53,58], here, the vertical magnetic field for SEOP was
provided by a set of 70 cm diameter Helmholtz coils for
added flexibility and to satisfy space constraints on the J-NSE
Phoenix instrument. High-fidelity data were obtained for a
6 cm? area, corresponding to 36 detector pixels, through the
neutron-illuminated central portion of the cell where the path
length is approximately uniform.

A typical NSE scan is made by measuring the amplitude
of the neutron polarization vector as the phase-coil is scanned
in small steps around the point where the two NSE precession
regions are balanced. This action produces a spin echo en-
velope that shifts in proportion to precession angle ¢* of the
sample. The J-NSE Phoenix spectrometer employs a position-
sensitive detector allowing independent determination of Ab
for approximately each 0.5 cm x 0.5 cm region of the *He
cell, which can then be averaged. This limits corrections that
would arise from varying neutron path lengths though the
3He cell. A pair of NSE scans for the two states of the *He
polarization from one such pixel is shown in Fig. 2.

The NSE signal, I(Aiphase), is the detected transmitted in-
tensity after the neutron polarization analyzer as a function
of the difference in the phase coil currents Aippase. In the
expression

I(Aiphase) = IO|:1 - P/d)\.f()\.)COS((ﬁ] — ¢2):|, (14)

¢ and ¢, are the total accumulated precession angles from
region L, and L,, respectively, f(A) is the neutron wavelength
distribution, p is the loss of contrast of the interference pattern
from neutron polarization efficiencies, and Iy is the transmit-
ted intensity far from the NSE balance point. In addition to
the accumulated phase from the field integral of the respec-
tive NSE coil B; or B; and phase coil, ¢, also includes the
phase from the field integral of Bsgop and ¢* from the sample.
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FIG. 3. Phase evolution due to alternating *He polarizations from
one pixel of the NSE detector. The slow drift in ¢ is attributed to the
stability of the Bsgop as its location after the  flipper creates an
asymmetry in the field integral of L, and L,.

The phase coils can be independently tuned to find the center
of the NSE where ¢ = ¢».

The current in one phase coil is held constant and the NSE
data acquisition system records the position sensitive neutron
intensity as the other phase coil is scanned. The neutron
wavelength distribution transmitted by the velocity selector is
well fit by a triangular function so this form is used to obtain
[ dxrf(x). The resulting NSE signals were fit for each pixel
according to Eq. (14) to obtain ¢*, an example of a pair of
NSE signals and data fits used for analysis are shown in Fig. 2.

The *He b; data reported here were obtained to verify the
method for the Xe measurement [51], thus the >He could only
be measured for 12 h. Data were taken in the pattern: two
NSE scans with P; positive; two scans with P; flipped to the
negative state; two in the positive state; and six hours of scans
with P; = 0. Although not needed for the determination of
b;, P =70.6 £ 1.6% was determined using R and a value
of [He] = 0.3556 & 0.001 bar from a separate transmission
measurement using neutron TOF on the FIGARO instrument
[59]. A graph of the phase versus time for one pixel is shown
in Fig. 3. These data were then fit to a step function with a
linear time-dependent background to determine the measured
shift A¢ = 2¢* for +P; to —P; for each of the 36 pixels used.

R is determined by taking the weighted average of the mean
intensity value of the NSE signal during the NSE scans for the
+P; and —P; states to determine 7 (P), and the mean intensity
of the unpolarized *He NSE scans to determine 7'(0). This
process was also performed for each pixel of the NSE scan
over our region of interest to account for any variations in d
resulting from the cell’s shape and alignment in the neutron
beam. Using the mean value compensates for the small differ-
ence in transmission of the positive versus negative P; due to
a small residual neutron polarization along Bsgop.

The measured A¢ value has a small correction from the
magnetic dipole field of the polarized gas which causes an
extra precession signal in the neutron phase that is also propor-
tional to P5. This effect was discussed in Ref. [12], however
that work did not account for the scalar-contact term that one
must include for real particles [44,45], which is different than
one would expect from the classical result where it is assumed
that one can have noninteracting and overlapping point-like
particles. For n — *He the contact interaction should be 0 for
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any reasonable first order approximations. Therefore along
their flight path neutrons do not sample the classical field of
the individual polarized *He nuclei inside the cell. The field
experienced will consist of the long range dipole fields caused
by a nonspherical geometry inside the polarized cell and, since
the neutron precession also integrates the field along their
entire flight path, the classical field of a polarized (magne-
tized) volume outside of the cell. For our geometry this would
lead to a correction <0.07% and is not yet relevant. Fields
experienced by nonzero spin particle beams passing through
polarized volumes is of interest for precision measurements
and is discussed in the Supplemental Material [60].

The triangular wavelength distribution from the neu-
tron velocity selector leads to a correction because of the
wavelength-dependent attenuation of the *He target. Using the
arguments of Ref. [12] this leads to a negligible correction
factor of 1.0003 due to the small Nd of the cell used. This
correction is not needed for an instrument that uses TOF
to determine the transmitted spectrum. Our global detector
count rates were 1% or less of the total detector deadtime of
400 ns (e.g., maximum count rate of 2.5 MHz) so deadtime
corrections are also negligible.

Using this analysis we obtain Ab = [—5.27 £ 0.05 (stat.)
—0.05 (syst.)] fm using the values of o, = 5333(7) barn and
an estimated o, = 0, — 01 = 5309 b. From Eq. (5) Ab =

4b;/~/3 gives the *He neutron incoherent scattering length.
Writing the result independent of o, we obtain

Ab _y4 fm
— = (—9.93 £ 0.09(stat.) — 0.09(syst.)) x 10 5

Op
(15)

This value compares to Ab = [(—10.1929 + —.0760) x
107*fm/blo, in Ref. [13] and Ab=[(—10.3628 %
—.0180) x 10~ fm/blo, in Ref. [12]. These preliminary
data show we can readily obtain our target of 10~ precision
for Ab/o, with a longer measurement. The difference of
this preliminary result from previous measurements could
be attributed to slow experimental drifts since we were only
able to reverse the P; once. The cell windows were slightly

curved, and a minor shift in the cell position could lead to a
one-sided error. Our estimate of the positioning precision of
the cell dominate our reported systematic error.

We implemented improvements to the technique of [12]
including in situ polarization of the *He gas and the abil-
ity to reverse the *He polarization using AFP. The in situ
polarization approach decouples the measured ¢* from time-
dependent drifts that could falsely correlate with P;, and
prevents possible inconsistencies induced by removal and
replacement of the *He cell. The position-sensitive determi-
nation of the cross section reduces possible path length errors,
which could be further reduced by using a flat-windowed
3He SEOP cell to eliminate variations over time, and the
AFP flipping cancels errors from small residual longitudinal
neutron polarization. Use of a TOF NSE instrument such as
the SNS-NSE [61] will eliminate the neutron velocity selector
correction. Since the 0.9% error on our reported value is
limited by neutron counting statistics, increasing the measure-
ment time to 1 week (a 14-fold increase) and using a cell with
an optimized Nd to minimize error from cosh™!(R) one could
reach a statistical accuracy of <0.1% (or 0.005 fm). Previous
work [62] shows that the transmission measurements needed
to measure the proportionality factor between ¢* and Ab/o,
can indeed be conducted with the required precision. With
the additional measurement of o, to a comparable precision,
a total 103 precision on b; for *He can be attained.
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