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Spin correlation coefficient for proton-*He elastic scattering at 100 MeV
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We present the measured spin correlation coefficient C,, for p-He elastic scattering at 100 MeV at the
angles 0., = 46.9°-149.2° in the center-of-mass system. The C,, data and the existing cross section data are
compared with rigorous four-nucleon scattering calculations based on realistic nucleon-nucleon potentials. Large
differences are seen in the regime around the cross section minimum for both observables. The A-isobar effects
estimated by the NN + N A coupled-channels approach are small for the cross section. Meanwhile, in Cy,,, the
A-isobar effects improve the agreement with the data. The analysis of the p- *He elastic scattering amplitudes
implies the necessity of three-nucleon forces (3NFs) that enhance the vector components in the amplitudes.
The obtained results indicate that the spin correlation coefficient C,, expands the knowledge of the nuclear
interactions with the A isobar or those including 3NFs that are masked in nucleon-deuteron elastic scattering.
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I. INTRODUCTION

One of the open questions in nuclear physics nowadays
is a complete knowledge of the interactions among nucle-
ons. Modern realistic nucleon-nucleon (NN) potentials like
AV 18 [1], CD Bonn [2], Nijmegen I and II [3], or those based
on chiral effective field theory (xEFT) [4], which reproduce
the NN observables up to 350 MeV with very high precision,
do not describe well various nuclear phenomena [5,6]. Three-
nucleon forces (3NFs), which appear when more than two
nucleons interact, have been suggested as possible candidates
to improve the situation. Few-nucleon scattering systems,
where numerically exact solutions for any two-nucleon (2N)
and 3N forces are feasible, play especially important roles
in the investigations of the nuclear interactions. In 3N scat-
tering, extensive experimental and theoretical studies of the
nucleon-deuteron (N-d) scattering have been performed in
a wide range of incoming nucleon energies up to E =~ 300
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MeV /nucleon. Sizable discrepancies between the data and
rigorous numerical calculations with realistic NN potentials in
the cross section minimum region were successfully explained
by inclusion of the two-pion exchange 3NF models [7-9], or
substantially reduced by calculations in an extended Hilbert
space which allow the explicit excitation of a nucleon to a
A isobar, yielding an effective 3NF [10,11]. In the approach
from the x EFT, it has been reported that the deuteron-proton
(d-p) elastic cross section at 70 MeV /nucleon [12] constrains
low-energy constants of 3NFs [13]. Together with this, the
necessity of the fourth- and fifth-order of the y EFT 3NFs is
indicated for the description of the spin observables in the N-d
scattering at intermediate energies [14].

Study of nuclear interactions has recently been extended
to the four-nucleon (4N) scattering at intermediate energy
in the p- *He system [15]. High precision data for the cross
section do /dS2, proton and *He analyzing powers, and spin
correlation coefficient C,, at the incident proton energy near
65 MeV are compared with rigorous numerical calculations
of 4N-scattering based on various NN potentials without the
Coulomb force. Clear discrepancies have been found for some
of the measured observables, especially in the angular regime

©2022 American Physical Society
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FIG. 1. Schematic layout of the experimental setup for the mea-
surement of the spin correlation coefficient.

around the do /d 2 minimum. The A-isobar effects, estimated
by the NN + NA coupled-channels approach, do not rem-
edy the differences, in contrast to the N-d elastic scattering
in the same energy regime [10,11]. A small total A-isobar
effect in the do /d<2 is because of cancellation between the
effects of 2N dispersion and those of the effective 3N and
4N forces. Meanwhile, a total A-isobar effect is predicted to
be large in the spin correlation coefficient C,,,, for which the
cancellation has not occurred. However, the measured data at
limited angles are insufficient for firm conclusions regarding
the A-isobar effects in C; .

The results of Ref. [15] present a new challenge to be
solved, showing that p- *He elastic scattering at intermediate
energies is an excellent tool to explore the nuclear interac-
tions that could not be accessible in N-d scattering. In this
paper, we present the measured spin correlation coefficient
C,, at 100 MeV at the angles 0., = 46.9°-149.2° in the
center-of-mass system (c.m.). The data are compared with
rigorous numerical calculations for 4N-scattering based on
realistic NN potentials as well as with the A-isobar excitation.
Together with this, by using the newly obtained C, , data and
the existing cross section data [16], we discuss how these two
observables are related to the elastic scattering amplitudes in
view of investigating the difference between the p->He and
d-p scattering systems.

Our paper is organized as follows. In Sec. II, we describe
the experimental procedure and the data analysis. Discussion
follows in Sec. III. Finally, we summarize and conclude in
Sec. IV.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The measurement of the spin correlation coefficient C,,,
was performed using a 100 MeV polarized proton beam in
conjunction with the polarized *He target [17] in the East
Experimental Hall at the Research Center for Nuclear Physics
(RCNP), Osaka University. A schematic layout of the ex-
perimental setup around the target is shown in Fig. 1. A
polarized proton beam provided by an atomic beam polarized

ion source [18] was accelerated up to 21.9 MeV by the AVF
cyclotron, and then up to 100 MeV by the Ring cyclotron. The
beam was transported to the polarized *He target at the ENN
beam line and it was stopped in a Faraday cup. Typical beam
intensity was 30 nA. The beam polarization was measured
continuously with a beamline polarimeter prior to accelera-
tion by the Ring cyclotron using p- '2C elastic scattering at
21.9 MeV [19]. In the present measurement typical value of
the beam polarization was 0.45.

The same polarized *He target system as in Ref. [15] was
applied to the measurement of C,, at 100 MeV. The vac-
uum was separated by Havar foils with thickness of 10 um,
allowing operation of the target and the detector system in
atmosphere. To detect scattered protons from the *He target,
sets of counter telescopes were positioned 730 mm away from
the center of the target cell on each side symmetrical to the
beam axis. The measured angles were 6, = 35.0°-135.0°
in the laboratory system which corresponds to 6., = 46.9°—
149.2° in the center-of-mass system. Each counter telescope
consisted of a Nal(Tl) scintillator and a plastic scintillator.
The dimension of the Nal(Tl) scintillator was 50 mm (thick-
ness) x31 mm (width) x 31 mm (height). For the plastic
scintillators, different thickness, namely 0.5, 1.0, and 2.0 mm,
was applied depending on the measured angles. A double-slit
collimator, which was made of 25-mm-thick brass both for the
front and rear parts, was used to define the target volume and
the solid angle for each counter telescope.

A spin-exchange optical pumping (SEOP) >He tar-
get [20,21] was used to perform the spin-correlation coeffi-
cient measurement. A double-chambered cell, in which target
and pumping chambers were connected by a thin transfer tube,
made of GE180 glass was used for the measurement. The tar-
get cell was filled with 3 atm of *He gas at room temperature,
a small amount of N, gas (0.1 atm), and a mixture of Rb and
K alkali metals. The pumping chamber was heated to about
500 K to provide sufficient high alkali-metal vapor density.
Circularly polarized laser light at 794.7 nm with power of
60 W was used to polarize Rb atoms in the pumping chamber.
The polarization of alkali metals was transferred to *He nuclei
through spin exchange interactions in the pumping chamber
and then the polarized *He gas diffused into the target cham-
ber. A pair of Helmholtz coils with 100 cm diameter provided
a 12 G magnetic field to define the direction of the *He nuclear
polarization which was aligned to the vertical axis. The target
chamber of the target cell was 4 cm in diameter and 15 cm
long along the beam path. The entrance and exit windows
had a thin thickness of 0.4 mm, and the side surfaces, where
scattered protons passed, had a thickness of about 1 mm.
During the measurement the *He polarization was monitored
by the adiabatic fast passage NMR method. The direction of
the polarization was reversed every hour. The *He polariza-
tion was measured using the electron paramagnetic resonance
(EPR) technique [22]. The absolute values of the target polar-
ization were determined by the thermal neutron transmission
using RIKEN Accelerator-driven compact Neutron Source
(RANS) [23], and were consistent with the results of the
EPR measurements. The NMR signal was calibrated based
on the results of the neutron transmission measurement. The
typical target polarization was 0.34 during the measurement.
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FIG. 2. Light output spectra of scattered protons obtained by the Nal(TI) scintillators at 8;,,, = 55° and 95°. The hatched regions indicate

events obtained with the reference cell.

A more detailed description of the target system is found in
Refs. [17,24,25].

Figure 2 shows the light output spectra for the scattered
protons obtained by Nal(Tl) scintillators at the laboratory
angles of 6y, = 55° and 95° (6., = 71.9° and 115.5°). The
narrow peaks correspond to protons elastically scattered from
3He. The events seen below the p->He elastic peaks are
from the inelastic p-*He scattering. A reference cell which
is mostly identical to the target chamber of the *He cell and
filled with 0.1 atm of N, gas was employed for estimating
the background events. The background events from the alkali
metals are assumed to be negligibly small due to the small
number of their vapor densities. As shown in the figure, the
backgrounds have an almost linear structure around the peak
of elastic p- *He scattering. The reference cell had slightly dif-
ferent glass thicknesses and the amount of N, gas from those
of the *He cell. Thus the net yields of elastic p- *He scattering
were extracted by subtracting the background yields, whose
function was assumed to be a linear one. The inelastic scatter-
ing events, which are well separated from the elastic scattering
ones, contribute sufficiently small to the background subtrac-
tion.

The spin-dependent p-°He scattering cross sec-
tion (do /dS2) for both the beam and *He target polarized, is
given as follows:

do do T T

(d_§2> = <d_§2>0(1 + pyAy + pyAoy + pypy Gy). (1)
Here (do /d2)o denotes the unpolarized cross sections, while
py and pg are the polarizations of the proton beam and the *He
target, respectively. In the measurement, both the beam and
the target polarizations were aligned to the vertical direction.
The measured yields of the possible combinations of the beam
and the target by the detectors placed in the left (L) and right
(R) sides are expressed as

do
Yh = (d—Q)O(l +pyAy + PUAT + pypy Gyy),
L do T AT T
vl = o) 0(1 + pyAy — pLA] — pyplCyy),

do
Y = (d—Q)O(l = Ay + PLAT = pypy Gy),

Y[ = (=5 ) (L= pAy = PLA] + Py Cyy),
ae ),
do

Y¢R¢ =\-= (1 — DAy — p;"A; + pyp}T,Cy,y),
ae ),
do

YR = (22 (1= pA, +p'AT - pplCy),
ae ),
do

Yfh = <d_>0(1 +PAy = PyAY = Py Cy),

do
Yfi = <d_9>0(1 + DA, + P;A; + pyp}T:Cy,y)v ()

where Y is the measured yield normalized to the number of
the incident beams, the target thickness and the solid angle
of the detector. The first and second arrows (up or down) in
the subscripts indicate the spin direction of the beam and the
target, respectively. Then, the spin correlation coefficient C, ,
is given by the relation

o _ L x-1 )
»y — py pz}* X + 19
where
L L R R
(Y Yy Y YR
X= YE + YL\ YR 4+ YR~ )
(TREC AR AR

To obtain C,,, values, the beam charge collected by the Fara-
day cup was used as the number of incident beams. For the
beam (target) polarization p, ( p)T,), the average value between
the spin-up and spin-down modes was applied. The differ-
ences between the two spin modes were less than 3%, and
were taken as systematic uncertainties.

Figure 3 shows the experimental results for the spin corre-
lation coefficient C,,, with solid circles. The statistical error
of the C,, varies between 0.01 and 0.06 depending on the
measured angles. The systematic error that came from the
uncertainty of the target and beam polarization is estimated to
be 0.01 or less. The systematic error due to false asymmetry
estimated by the measurement where both the beam and target
were unpolarized does not exceed the statistical uncertainty
except for the most forward angle.
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FIG. 3. Angular distributions of the spin correlation coefficient
C,,, for p- 3He elastic scattering at 100 MeV. Experimental data (solid
circles) are compared with the calculations from the solutions of
exact AGS equations. Only statistical errors are indicated. Calcula-
tions based on the NN potentials are shown with black solid (CD
Bonn) and blue dotted (INOYO04) lines. The red dot-dashed line is
the calculation based on the CD Bonn+A potential.

III. DISCUSSION

A. Comparison of data with theoretical calculations

The measured spin correlation coefficient C,, is shown
in Fig. 3 as a function of the c.m. scattering angle 6.,
and compared with the theoretical calculations. The observ-
ables for the p->He elastic scattering were calculated from
the solutions of exact Alt-Grassberger-Sandhas (AGS) equa-
tions as given in Refs. [26,27] using the NN potentials CD
Bonn [2] and INOYO04 [28]. The calculations based on the
CD Bonn+A model [11], which allows an excitation of a
nucleon to a A isobar and thereby yields effective 3NFs
and 4NFs, are also presented. The AGS equations for 4N
transition operators are solved in the momentum-space partial
wave representation [26] including NN waves with total an-
gular momentum below 4. Since the rigorous treatment of the
Coulomb force requires the inclusion of much higher partial
waves, the Coulomb force is omitted in the present study.
Given relatively high energy, it is expected to be significant
at small angles up to 6., ~ 40° only. The C,, data at the
angles 6. ,, = 80°-130° deviate from the calculations with the
NN potentials. The CD Bonn+A calculation provides sizable
A-isobar effects at 0 r,, = 100°-140°. The predicted A-isobar
effects improve the agreement with the data, but differences
still remain in the angular regime around 6. ;, = 100°.

In Fig. 4, the cross section do/d2 data reported in
Ref. [16] are shown in comparison with the calculations. The
calculations with the NN potentials underestimate the data
at the angles 6., = 60°. The INOY04, which is fitted to
reproduce *He binding energy, provides a better description
of the data, but it still underestimates the experimental data.
A-isobar effects are small, and are estimated by the difference
between the CD Bonn+A and CD Bonn calculations. These
features are similar to those observed at 65 MeV, leading to
the conclusion of the necessity to incorporate additional 3NFs
for the description of do /d 2 [15].

E 10° — CD Bonn
=) F --- CD Bonn+A
E T INOY04
é exp. data
b‘c}m?
IS F
1=
10'1§
10727”‘\H‘\HwH‘\H‘\H‘\H‘\H‘m”
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FIG. 4. Angular distributions of the cross section do /d2 for
p-*He elastic scattering at 100 MeV. Data are from Ref. [16]. For
descriptions of the calculations, see Fig. 3.

To study the A-isobar effects in more detail, the effects
of the 2N dispersion, [A(disp.)], and those of 3N- and
4N-forces, [A(BN + 4N)], are singled out separately as in
Refs. [15,26]. The results for the cross section are shown
in Fig. 5(a) as a ratio to the calculation based on the CD
Bonn potential. Around the cross section minimum, larger
contributions of the 3N and 4N forces are partially canceled
by the 2N dispersive effect, yielding small net effects of the
A isobar. The results obtained for the do /d<2 are similar to
those at 65 MeV, as shown in Fig. 6(a) of Ref. [15]. For the
spin correlation coefficient C, ,, the effects of the A isobar are
presented in Fig. 5(b), and are evaluated as

_ ~CDBonn+A CDBonn
AC,, = CCDBom+A _ CDBomn, 5)

where the first (second) term in the right-hand side is the result
calculated with the CD Bonn + A (CD Bonn) potential. Large
A-isobar effects are predicted at 6., = 100°-140°. Their
angular dependence is similar to that at 65 MeV, while their
magnitude is ~1.5 times larger (see Fig. 6(b) in Ref. [15]).
At 65 MeV, the A-isobar effects are mostly from the 2N
dispersion, and the contributions of the effective 3N and 4N
forces are small. Meanwhile, at 100 MeV, the predicted effects
of 3N and 4N forces are more enhanced and their size is
comparable to that of the 2N dispersive effects. This feature
leads to the larger A-isobar effects at 100 MeV.

B. Analysis of proton->He elastic scattering amplitudes

At the present stage, rigorous 4N calculations at intermedi-
ate energies are only available for a limited number of nuclear
interaction models due to vast requirement of computation
resources. Thus we are unable to discuss the present data by
directly comparing them with calculations taking into account
various models of NN and 3N interactions. Here, instead,
we analyze the p-*He elastic scattering amplitudes obtained
from the available 4N calculations that are directly related to

054002-4



SPIN CORRELATION COEFFICIENT FOR PROTON-*He ...

PHYSICAL REVIEW C 106, 054002 (2022)

c
c -
[*]
2 [ — CDBonntA (a)
O - CD Bonn+A (3N+4N)
a 25 .
= Foome CD Bonn+A (disp.)
E L ¢ exp. data
3 L
a &r H +
St }
o) L
I 15+ {,* ___________________
0.5l\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
0 20 40 60 80 100 120 140 160 180

0. [deg]

0O 20 40 60 80 100 120 140 160 180

0. [deg]

FIG. 5. Effects of the 2N dispersion (dot-dashed lines), those
of 3N and 4N forces (dotted lines), and the total A-isobar effects
(solid lines) in the p-*He elastic scattering at 100 MeV are shown
as functions of the c.m. scattering angle for the cross section in the
panel (a) and the spin correlation coefficient C,,, in the panel (b).
For the cross section, the result of each contribution is shown as a
ratio to the prediction based on the CD Bonn potential. For the spin
correlation coefficient C, , the differences from the prediction of the
CD Bonn potential, Eq. (5), are presented.

scattering observables. In the spin-space of the p- *He system,
namely spin 1/2 x spin 1/2, there exist six independent com-
plex amplitudes (see, e.g., Ref. [29]). We investigate which
parts of the amplitudes are responsible to the discrepancies in
the cross section do /d$2 and spin correlation coefficient C,,
that are discussed in the previous subsection.

1. Elastic amplitudes and observables

Without loss of generality, the p->He elastic scattering
amplitude can be written in a model interaction form with the

spin operator of proton, s, and that of 3He, s,, as [30,31]

M(Ocm.) = Fo(Ocm.) + (Sp - $1)F5 (Bem.)
+ (8p - n)F,(Ocm.) + (S - n)Fy(Oc.m.)
+ ($7(&) = S7.(m))Fe(Ocm.)
+ S (m)Fy(Bem.), (6)

where the vector n is the unit vector normal to both the initial
and final momenta in the center-of-mass system, k; and ki,
respectively. Hereafter, we abbreviate the description of the
angular dependence for the amplitude. The vector £ is the unit
vector parallel to ki + k¢, and m = n x £. An operator Sr (a)
is the tensor operator with respect to a unit vector a given as

Sr(a) =12(s, - a)(sy - @) — 4(s, - 5p). (7)

The term S7(£) + S7(m) that possibly arises is included in
the Sy (n) term by using the symmetry relation Sr(n) +
Sr(0) + ST(m) = 0. The functions Fy, F;, ... are the spatial
parts of the scattering amplitude, and are classified according
to the tensorial property of accompanying operators in the
spin space: scalar (rank-0) amplitudes, Fy and F;, describing
spin-independent and spin-spin interactions, respectively;
vector (rank-1) ones, F}, and Fj, describing the proton spin-
orbit (SO) and the 3He SO interactions, respectively; tensor
(rank-2) ones, F;, and Fy,,.
The do /dS2 is expressed by the scattering amplitudes as

do
E =N
=|R)*+ i|Fa|2 + l<|F,,|2 + |F %)
16 4
+ 18|Fpm|* + 6|F,|%, ®)

while the spin correlation coefficient Cy ,, is given as

Cpy = CH, ©)

i=1,4

where C‘[’i i=1,...,4)are

c) = lRe —1|F |2+1(F*F)
Yy _N 8 o 2 0o

C(Z):iRe Fo—i—lF *F
v,y N 4 o n
= _Lg (F*F)
¥y T oN ey b

1
C)(:t)) = _Re{18|nm|2

—2|F, %), (10)

Figure 6(a) shows the calculated results of each C\') (i =
1,...,4) contribution to C,, based on the CD Bonn poten-
tlal C53y), which consists of the SO amplitudes, dominantly
contributes at the angles 60° < 0., < 140°. Meanwhile, the
contribution of C;z})’ which contains the scalar and tensor
terms, is dominant at backward angles 6., = 140°. The ef-
fects of the A isobar on C, and each C(’) i=1,...,4)
are shown in Fig. 6(b). At the angles 60° < QC m S 140O the

effects of the A isobar on C,, are 51gn1ﬁcant in C{%) and C{}).
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FIG. 6. (a) Angular distributions of C,, and components
C(i=1,...,4) for CD Bonn compared with the present experi-
mental data. The thick solid (black) line denotes C, ,. Dashed (green),
dotted (blue), dot-dashed (red), and dot-dot-dashed (magenta) lines
denote Cy(.ly), C}(,’z".), C}(?, and C}(,f‘y), respectively. (b) Effects of the
A-isobar on C,, and components C\) (i = 1, ..., 4) are defined in
Eq. (5). The notation of the lines is the same as in panel (a).

At the backward angles, the A isobar effects are mainly from
C)and C%.
»y ¥y

2. Fit to the data

We investigate how the observables do /d2 and C,, are
sensitive to each of the amplitudes Fy, F, ..., for an angular
region of 60° < 6. < 120°, where the calculations of C,,
with the CD Bonn potential deviate from the data and the
A-isobar effects are beneficial but not sufficient. For this, we
calculate the observables by artificially modifying the ampli-
tude calculated with CD Bonn, one by one, and evaluate the
modification by x2 values for the experimental data in the
above angular region. In this region, we have nine data points
for do /d 2 and five points for C, .

First, we calculate the do/d2 replacing an amplitude
Fy (0« =0,0,...)by A, Fy, where 1, is a real value since the
do /dS2 does not depend on the phase of the amplitudes. Also,
the factor 1, is taken to be independent of the scattering angle
for simplicity. It turns out that only the change of Fj, with A, =
2.4 gives a reasonable minimum value of x2/datum = 1.1, as
shown in Fig. 7(a), while the changes of the amplitudes other
than F), give x?/datum larger than 5.

-
L 2 = (a)
‘g F — CD Bonn
[ L ---- CD Bonn (fitted)
L . data
o|C 10 ¢ * e
'E"E F
1E
10'1§
10727”‘\H‘mH\H‘\H‘m”m”m”m”
0O 20 40 60 80 100 120 140 160 180
Ocm. [deg]
= 17 — CD Bonn
O I ---- CD Bonn (Set A)
08;----CDBonn(SetB) (b)
Tk @ exp. data %
06 [
0.4 -
0.2
O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 20 40 60 80 100 120 140 160 180
0. [deg]

FIG. 7. Calculations with the modified amplitudes of the CD
Bonn for (a) the differential cross section and (b) C, . Solid curves
are the results of CD Bonn. In panel (a), the dashed curve is the
result for A, = 2.4. In the panel (b), the dashed and dot-dashed
curves are the results for set A, (A;, ¢,) = (2.4, 36°), and for set B,
(A, @n) = (2.4,251°), respectively.

It should be noted that the amplitude F; is included in
Cy(i,), which gives a large contribution to C,, as well as to
the A-isobar effects as demonstrated in Figs. 6(a) and 6(b).
Considering the form of C$3) given in Eq. (10), we modify the

Y
amplitudes as
FYFy — ke " FYF, (1D

where A, is fixed to be 2.4 to reproduce the do /d 2 reasonably
and we omit the parameter A, since the absolute value of F), is
unchanged. The parameter ¢, denotes a change of the differ-
ence of the phase values of F;, and F,. The C,,, is calculated
by varying ¢y, and then x? values are obtained for the Cy,
data of 60° < 6., < 120°. We found two parameter sets pro-
viding equally good fits: set A, (A, ¢pp) = (2.4, 36°), and set
B, (A, ¢pp) = (2.4,251°), as shown in Fig. 7(b). However,
in both cases the disagreement with the data is significantly
enhanced at 6. ,, = 130°.
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3. A-isobar effects

Referring to the preceding discussion, one may speculate
that effects of the A isobar on do /dS2 and C,, are repre-
sented by the factors A, and ¢y, calculated with respect to the
amplitudes of the CD Bonn potential. Although these values
depend on the scattering angle in general, here we pick up a
typical angle 6., = 120°. At this scattering angle, the values
(An, ¢pp) for the A(BN + 4N), A(disp.), and CD Bonn+A are
(1.2,8.2°), (0.8,3.6°), and (1.0, 13.0°), respectively. From
these numbers, we see the following characteristics of the
A effects on do/d2 and C,,, which are consistent with
those demonstrated in Figs. 5(a) and 5(b): (i) The values
of A, indicate enhancement and reduction of the cross sec-
tion by A(BN 4 4N) and A(disp.), respectively, which leads
to small A-isobar effects in the do /d€2. (ii) The values of
@np for A(BN 4 4N) and A(disp.) indicate that both effects
contribute positively to reproduce the Cy,,, data. (iii) The value
of ¢y, for the total A effect being close to but smaller than
that of the set A, 36°, indicates that the A-isobar effect on Cy,,
gives the right direction compared to the experimental values,
but is not enough to reproduce them.

C. p-He and proton-deuteron scattering amplitudes

The above discussions show that an improvement of the
calculations with the CD Bonn potential for the do /d<2 and
C,, in the p- 3He elastic scattering at the middle angles can
be achieved by changing the vector amplitude in the absolute
value and phase. This change is expected to be caused by
introducing 3N interactions.

Here, for a reference, we demonstrate how 3N interactions
affect the proton-deuteron (pd) elastic scattering, for which
rigorous calculations with varieties of nuclear interaction
models are available. Scattering amplitudes and observables
for the elastic scattering of proton (spin 1/2) and deuteron
(spin 1) are studied in Ref. [32]. For pd elastic scattering,
there exist rank-3 amplitudes other than the scalar (rank-0),
vector (rank-1), and tensor (rank-2) amplitudes. However they
are expected to be negligibly small, and so are omitted in the
discussion. Thus, similarly to the p->He scattering shown in
Eq. (8), the do /d<2 for the pd elastic scattering consists of
contributions from the scalar, vector, and tensor amplitudes,
which will be denoted as N1, NI and N'?!, respectively.
Expressions of N, N1 and N?! for the p-*He scattering
can be read from Eq. (8), e.g. NI = |Fy|? + (3/16)|F, |>.

In Figs. 8(a) and 8(b), we show the contributions of each
component in do /d 2 for the p-*He scattering at 100 MeV
and the d-p scattering at 135 MeV /nucleon, respectively. For
p- 3He scattering, the calculations with CD Bonn and CD
Bonn + A are shown in comparison with the data of Ref. [16].
For d-p scattering, the calculation including an irreducible
3N potential contribution to CD Bonn + A, that reproduces
the experimental binding energy of *H, the model U2 [33],
is also presented in comparison with the experimental data of
Ref. [34].

In both scattering systems, do /d<2 at forward and back-
ward angles are dominated by the scalar components N°!. At
middle angles, 60° < 6., < 130°, the scalar components are
small. For p- *He scattering at middle angles, a large contribu-

(a)
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0. [deg]

(b)
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FIG. 8. (a) Differential cross section for p-*He scattering at E, =
100 MeV. Solid curves are results with CD Bonn, while dashed
curves are results with CD Bonn+A. Experimental data are taken
from Ref. [16]. (b) Differential cross section for d-p elastic scattering
at 135 MeV /nucleon. Solid curves are results with CD Bonn, dashed
curves are results with CD Bonn+A, and long-dashed curves are
results with CD Bonn+A-+U2. Experimental data are taken from
Ref. [34].
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tion comes from the vector components N1, This leads to an
expectation that do /d$2 and C,,, are sensitive to the magni-
tude and the phase of the vector amplitude F;,. Meanwhile, for
d-p scattering at middle angles, the vector N!!! and tensor N'?!
components equally contribute to the do /dS2, which gives
some complexity to distinguishing contributions from these
components.

As demonstrated in Fig. 8(b), for the d-p scattering, the
A-isobar effects provide sizable contributions and improve
the agreement with the experimental data. Effects of the ir-
reducible 3N potential are also significant, showing strong
evidence for the need to include the 3NFs. Notably, these
effects are mainly from the vector and tensor amplitudes
through the components N1 and N, respectively. This is
in contrast to the p-*He scattering, where the effects of the
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A isobar are small for the dominant component N, It is in-
teresting to see how the irreducible 3N potential, which gives
a sizable effect in the vector amplitude in the d-p scattering,
contributes to the p- *He scattering.

IV. SUMMARY AND CONCLUSION

We present the measured spin correlation coefficient Cy,,
for p- *He elastic scattering at 100 MeV in the angular regime
Oc.m. = 46.9°-149.2°. The statistical errors vary from 0.01 to
0.06 depending on the measured angles, and the systematic
uncertainties do not exceed the statistical ones.

The new results of the Cy,;, as well as the previous do /d2
data in Ref. [16] are compared with rigorous 4N-scattering
calculations based on the realistic NN potentials CD Bonn
and INOYO04. Large differences between the data and the
NN force calculations are seen for both observables, es-
pecially at the middle angles where the do/dQ2 takes a
minimum. The A-isobar effects are estimated by the NN +
N A coupled-channels approach. For do /d€2, small A-isobar
effects, caused by the partial cancellation between the effec-
tive 3N and 4N forces and the dispersive A-isobar effect, do
not explain the differences. The observed feature is similar to
that at 65 MeV [15]. In the spin correlation coefficient Cy,
larger A-isobar effects are predicted than those at 65 MeV,
which is due to the feature of A-isobar effects of the 3N and
4N forces being more enhanced at 100 MeV. The agreement
with the data is improved by these A-isobar effects though the
difference still remains around 6, ,, = 90°.

The analysis of p->He elastic scattering amplitudes was
performed based on the 4N calculations with the CD Bonn
potential, focusing on middle angles where large differences
exist between the data and the 2N force predictions. At middle
angles, the vector amplitude is the major component in the
cross section as well as C,,. The cross section reflects the
square of the absolute values of the amplitudes, while the Cy,
reflects their phases. Large A-isobar effects seen in the C,,, are
also sensitive to the relative phase of the vector amplitudes.
The vector analyzing powers are known to depend on the

phases themselves of the vector amplitudes [30]. Analysis of
the analyzing powers at several energies [35] is in progress.

The analysis of the scattering amplitudes was also per-
formed for d-p elastic scattering to investigate the 3NF effect.
The cross section in the minimum region is mainly given by
the combination of the vector and tensor amplitudes. These
amplitudes provide significant effects of the A isobar or the
irreducible 3N potential, leading to a good description of the
data. Meanwhile, in the case of the p->He scattering, the
vector amplitudes which provide small A-isobar effects are
significant in the cross section minimum region. This indicates
necessity of additional 3NFs enhancing the vector amplitudes.
The features also suggest the possibility of exploring the
isospin-3/2 3NFs in p-*He scattering, which are not acces-
sible in d-p scattering.

From these obtained results, we conclude that the spin
correlation coefficient Cy, for p- *He elastic scattering at
intermediate energies expands the knowledge of nuclear in-
teractions with the A isobar or those including 3NFs that
are masked in N-d elastic scattering. The investigation of the
3NFs up to the fifth order based on the x EFT approach, in
which rich structure of 3NFs is predicted, is in progress [14].
It should be interesting to see how such 3NFs affect the p- *He
elastic scattering and to explain the data of this scattering
system.
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