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Analyzing Power A ,(0) of 7i-*He Elastic Scattering between 1.60 and 5.54 MeV
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Comprehensive and high-accuracy 7i->He elastic scattering analyzing power A, () angular distributions
were obtained at five incident neutron energies between 1.60 and 5.54 MeV. The data are compared to
rigorous four-nucleon calculations using high-precision nucleon-nucleon potential models; three-nucleon
force effects are found to be very small. The agreement between data and calculations is fair at the lower
energies and becomes less satisfactory with increasing neutron energy. Comparison to p->He scattering
over the same energy range exhibits unexpectedly large isospin effects.
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During the past 20 years the three-nucleon (3N) system
was generally considered the primary laboratory to judge
the quality of nucleon-nucleon (NN) potential models in
nontrivial systems, and to develop and test 3N force (3NF)
models [1,2]. Although considerable progress has been
achieved, doubts remain whether the 3N system alone
has sufficient sensitivity for determining the role of 3NF
effects in the presence of the dominant NN interaction.

The low-energy 4N scattering systems, which involve
much more tightly bound systems than the deuteron, are
expected to be a more appropriate laboratory for refining
our understanding of NN forces and 3NF effects [3].
Unfortunately, so far the study of 4N scattering systems
has not fulfilled its potential. Somewhat surprisingly, the
quality and, in some cases, the lack of experimental data in
the energy range accessible to rigorous 4N calculations
have made it impossible to draw far-reaching conclusions.
One exception is the high-accuracy p-*He scattering A, (6)
data of Fisher et al. [4] in the 1.0-4.05 MeV energy range
and of Alley and Knutson [5] at 5.54 MeV, which con-
firmed earlier findings [6] that the 4N system exhibits an
A,(0) puzzle [7]. It is enhanced compared to the 3N
system, although it can be emended to a larger extent
than in the 3N systems by incorporating the 3NF at next-
to-next-to-leading order in the chiral effective field theory
of Navratil [8]. This finding is in contrast to the phenome-
nological 3NFs TM99 [9] and URIX [10], which are quite
insensitive to this observable in both systems.

Here we report on high-precision measurements of the
i-*He A,(f) in the energy range between 1.60 and
5.54 MeV. This work is motivated by the lack of reliable
data for the mixed-isospin 7 = 0, 1 4N systems. Accurate
A, (6) data for this reaction were not previously available at
the energies of interest. In addition, the database for the
T=0,1A,0) in p-*H scattering appears inconsistent,
precluding a full assessment of the effects of isospin de-
pendence related to A,(6) in the 4N scattering systems;
these effects are notably not observable in 3N scattering.
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A schematic of our experimental setup at the Triangle
Universities Nuclear Laboratory (TUNL) is shown in
Fig. 1. An atomic beam polarized ion source [11] was
used to produce either polarized proton or polarized deu-
teron beams with polarization axis perpendicular to the
scattering plane. These beams were accelerated by TUNL’s
FN tandem Van de Graaff accelerator. The polarization-
transfer reaction H(p, ii)3He was employed to produce
polarized neutron beams at 0° with mean energies of
1.60, 2.26, and 3.14 MeV, and having energy spreads of
0.17, 0.13, and 0.11 MeV, respectively. Here, a tritiated
titanium target containing 2 Ci of *H was used, and the
resulting neutron polarization was typically 50%. In order
to produce 4.05 and 5.54 MeV neutrons, the polarization-
transfer reaction was instead 2H(d, 71)>He, which provided
both higher neutron yield and a higher neutron polarization
of typically 60%. In this case a deuterium gas cell was used
with the pressure (1 or 2 atm) adjusted to limit the neutron
energy spread to 0.33 MeV. The five neutron energies were
chosen to coincide with proton energies of the p-*He A, (0)
data of Refs. [4,5]. After passing through a collimator
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FIG. 1. Layout of experimental apparatus between neutron

production and detection.
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made of polyethylene, neutrons were scattered off >He into
an array of neutron detectors mounted on a half-ring sym-
metrically with respect to the incident neutron beam direc-
tion. The neutron detectors consisted of rectangular liquid
scintillators with neutron-gamma pulse-shape discrimina-
tion properties, and were shielded by the collimator from
direct illumination by the neutron source. The *He gas of
52.5 atm with a xenon admixture of 2.5 atm was contained
in a high-pressure gas scintillator housing. Details about
this active target are given in Ref. [12]. The center-to-
center distance between the *He gas scintillator and the
neutron detectors was typically 45 cm, while the center-to-
center distance between the neutron source and the *He gas
scintillator was 85 cm for the forward-angle geometry
shown in Fig. 1, and 135 cm for the backward-angle
geometry. In the latter case the half-ring was rotated in
the horizontal plane by 180° after being moved down-
stream by 50 cm. Neutrons passing without interaction
through the *He gas scintillator were scattered off “He
contained in a second high-pressure gas scintillator further
downstream. This active target was composed of 63 atm of
“He and 5 atm of xenon gas, and, together with a pair of
neutron detectors placed symmetrically with respect to the
incident neutron beam direction, acted as a neutron polar-
imeter. The two neutron detectors were identical to those
employed for 7i-*He scattering, and were positioned at
angles of maximum figure of merit for 7i-*He scattering.
Details about the neutron detectors and the polarimeter are
given in Ref. [13]. In order to minimize instrumental asym-
metries inherent to the 7i-*He and 7i-*He scattering assem-
blies, the neutron polarization direction was switched
between § and —3 at a frequency alternating between 10
and 5 Hz by flipping the associated proton or deuteron
polarization at the atomic beam polarized ion source.

The data-acquisition hardware and software used to
collect and analyze the present data are very similar to
those of Ref. [13]. In brief, separate triggers for the 7i-*He
and 7i-*He setups were formed from a coincidence between
the active scatterer (*He or *He gas scintillator) and, col-
lectively, their associated neutron detectors. Data were
obtained in the form of n-tuples containing, most notably,
the spin polarization direction, gas scintillator pulse height,
neutron detector pulse height, neutron detector pulse-shape
information, and gas scintillator-to-neutron-detector time
of flight. Data reduction consisted of applying successive
single-parameter cuts. A typical neutron time-of-flight
spectrum between the *He gas scintillator and a neutron
detector is shown in Fig. 2(a), with the effect of pulse-
shape discrimination being illustrated (the dashed curve
corresponding to the spectrum preceding its application,
the solid following). Time increases from left to right. The
peak around channel 1300 is due to neutron scattering off
*He, while those around channel 1000 are due to gamma-
ray scattering. Cuts corresponding to the desired neutrons
and the accidental background are highlighted in red
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FIG. 2 (color online).
(b) *He recoil.

Spectra of (a) neutron time of flight and

(dark gray) and green (light gray), respectively. The corre-
sponding (by color or brightness) *He recoil energy spectra
are shown in Fig. 2(b). After fitting the *He recoil peak
with a skewed Gaussian, setting a cut with bounds at 5% of
the pulse-height maximum, and subtracting accidentals,
the fully reduced n-tuple yield N, for neutron scattering
with polarization direction s (] or |) off *He into neutron
detector d [left (L) or right (R)] at a given polar angle was
obtained. A similar procedure was followed for 7i-*He
scattering. The raw analyzing power Ay was then calcu-
lated for each scattering angle pair from the measured
asymmetry via Eq. (1):

c— A _ VNiiNg; — NriNyy
" JINLNR; + /NriNL

ey

where p,, is the neutron polarization. Equation (1) takes
advantage of the spin-flip technique to eliminate the need
to determine the neutron flux and the efficiencies of the
scatterer (*He or “He gas scintillator) and neutron detec-
tors. To determine p,, Eq. (1) was first applied to the
neutron polarimeter, using an effective 7-*He A,(0) that
we determined (following Ref. [13]) for our particular
geometry via a Monte Carlo technique using the n-*He
phase shifts of Stammbach and Walter [14]. A very similar
Monte Carlo code was employed to correct the raw 7i->He
A~y(0) data for finite-geometry and multiple-scattering ef-
fects using the n->He differential cross section R-matrix
results of Hale [15], and for fiducial A, () a combination of
our raw data and Hale’s R-matrix predictions. In the cross
section minimum near 6., = 90°-120°, where correc-
tions are largest, finite-geometry and multiple-scattering
corrections were around 4% and 1%, respectively.
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Our results for A},(G) and the associated statistical uncer-
tainties are shown, along with theoretical calculations,
in Fig. 3. There are between 27 and 32 data points per
angular distribution, spanning the center-of-mass angular
range between 27° and 159°. A total of 1.6 X 10° h of
accelerator time was spent to accumulate these data.
Systematic uncertainties include those associated with
the Monte Carlo corrections and the 7i-*He A, (6) used to
determine the neutron polarization. Both were estimated to
contribute an uncertainty of 1%, absolute in the case of the
former, and relative in the latter.

Regarding previous 7i-*He A, (6) data, the only set of
importance in our energy range is that of Klages et al. [16]
at 3.7 MeV, the maximum of whose angular distribution (of
10 data points) is about 10% lower than expected from the
interpolation of our data at 3.14 and 4.05 MeV. We believe
this may be due to the underestimation of multiple-
scattering corrections in Ref. [16], where a liquid 3He
scintillator was used as scatterer, for which such correc-
tions are about a factor of 10 larger than those for our *He
gas scintillator.

Our theoretical description of n->He scattering is based
on the Alt, Grassberger, and Sandhas (AGS) equations [17]
for the four-nucleon transition operators Ug,. We use the
symmetrized AGS equations [3], i.e.,

Uy = —P3(GotGy)~! — P3,U,GtGyUy,

+ U,GtGy' Uy, (2a)
Uy = (1 = P3y)(GytGp) ™!
+ (1 = P3,)U,GotGy'Uy,, (2b)

where G is the four free nucleon Green function, P54 is
the permutation operator of nucleons 3 and 4, ¢ is the
two-nucleon transition matrix, and U; (U,) is the AGS
transition operator for the 3+ 1 (2 + 2) subsystem.
Equations (2a) and (2b) are solved in the momentum-space
partial-wave framework [3] where the pp Coulomb inter-
action is included using the method of screening and
renormalization [18]. The n->He scattering amplitudes
are given by the on-shell matrix elements of U, calcu-
lated between the Faddeev amplitudes of the corresponding
initial and final states [18].

The application of this method using different high-
precision NN potential models (and, in one case, including
a 3NF) resulted in the predictions presented in Fig. 3. The
disagreement between data and calculations in the region
of the A;(#) maximum and the emerging A, (#) minimum
increases with incident neutron energy. AV18 [19] under-
estimates the data most, INOY04 [20] the least (even
exceeding the data in magnitude at forward angles and
low energies), while the CD Bonn [21] and CD Bonn +
A [22] potentials give very similar predictions and tend to
be intermediate in agreement (though worse than AV18 at
backward angles at low energies). These degrees of accord
suggest those for the *He binding energy (the measured
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FIG. 3 (color). Measured and calculated values of the /i-’He
analyzing power A,(6) at neutron energies of (a) 1.60, (b) 2.26,
(c) 3.14, (d) 4.05, and (e) 5.54 MeV. Theoretical predictions
using the AV18 [19], INOY04 [20], CD Bonn [21], and CD
Bonn + A [22] potentials are shown in dashed blue, dash-dotted
green, solid orange, and dotted red curves, respectively; experi-
mental data are represented by black circles.

value of which, for ease of reference, is 7.72 MeV), which
is predicted variously as 6.92 (by AV18), 7.26 (CD Bonn),
7.54 (CD Bonn + A), and 7.73 MeV (INOY04). We thus
find a partial correlation between the *He binding energy
and Ay, broken by the CD Bonn + A model that yields an
effective 3NF.
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FIG. 4. A, relative difference between measurement and cal-
culations using (a) CD Bonn or (b) INOY04 NN potentials. The
total energy with respect to the four-free-nucleon threshold,
given by the center-of-mass energy minus the three-nucleon
bound state binding energy E3Y, provides an accurate compari-
son between different systems. As organized by publication, data
for p-3He are represented by triangles filled [4] and unfilled [5],
those for p->H by solid squares [23] and crosses [24], and 7i-*He
by open circles (the present measurements). We note the ex-
cellent agreement between [4,5] near —4.7 MeV resulting in an
overlap.

In the absence of a more rigorous method of comparison,
such as that afforded by a pending phase-shift analysis, the
relative difference (RD) between the calculated and
observed maxima of A, (6) at a given neutron energy is
provided as a measure of discrepancy. RDs for 4N systems
with available A, (6) data are shown over the energy range
of the present work in Fig. 4. While the RD for the pure-
isospin 7 = 1 system is very large (~ 0.3), the RD for the
mixed-isospin T = 0, 1 system 7i->He is, surprisingly, sig-
nificantly smaller and shows a completely different energy
dependence, with the RD decreasing with energy for p->He
but increasing for 7i->He. The other mixed-isospin 7 = 0, 1
system, p->H (represented by Kankowsky et al. [23] and
Donoghue et al. [24]), also yields small RD values (sig-
nificantly less than 0.2, or even 0.1 for the latter set), but
these data are too inconsistent to draw any conclusions on
the RD energy dependence. For the mixed-isospin systems,
we note that the 7 = 0 component dominates A, at very
low energies, namely, in the regime around the lowest *He
P-wave resonances, especially 3P,,. (This accounts for the
large value of the 7i-*He A,(f) maximum at very low
energies, ~0.7 at E, = 2.26 MeV, as compared to the
p-He Ay peak of ~0.2 at E,, = 2.25 MeV.) One therefore
may conjecture that the 7 = 0 component is nearly correct,
but with increasing energy the T = 1 contribution to 7i-*He
A, becomes enhanced, which increases the discrepancy
with the data in emulation of p-*He. Also, despite a recent
finding [25] that the inclusion of the next-to-next-to-
leading order 3NF reduces the p->He A, discrepancy by

a factor of 2, it is unclear to what extent this force could
improve the description of 7i-’He Ay, which is known to
show a different sensitivity to the interaction models—for
example, the modification of the NN P-wave potential
proposed by Doleschall [20] also reduces the p->He A,
discrepancy by a factor of 2, as compared to the predictions
of INOY04, but has almost no effect on 7i-*He A,.

In conclusion, the 7i->He A,(6) data and the associated
calculations evince the isospin dependence of the relative
difference between rigorous calculations and experimental
data for A, (6) in the region of the A, maximum. A, () data
for 7i->H scattering are needed to determine whether the
relative difference for this pure-isospin 7 = 1 system is
also very different from that of the mixed-isospin 4N
systems. Finally, we note that, judging from our CD
Bonn + A calculations, the effective A-mediated 3NF con-
tributes very little to 7i-*He A,(6).
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