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Quasifree Scattering in the *He(p, 2p)°H and *He(p, pd)'H
Reactions at 64.9 MeV
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The *He(p, 26)°H and *He($, pd)'H reactions at 64.9 MeV were investigated in the quasifree scattering
region. The cross sections and the analyzing powers were measured at several coincidence angle pairs.
They were compared with the calculation in the plane-wave impulse approximation and a modified one
taking account of double scattering effect.

KEY WORDS: (5,2p), (p,pd) Reactions/ Quasifree Scattering/ Few-Nucleon System

1. INTRODUCTION

In recent years, the quasifree scattering (QFS) for few-nucleon systems have been studied.
The QFS cross sections are calculated in the plane-wave impulse approximation (PWIA) on the
spectator model usually used for the QFS process. Shapes of the energy spectra are well
reproduced by the PWIA calculation but absolute values of the PWIA cross sections are larger
than experimental values. The latter fact can be ascribed to multiple-scattering (MS) effects,
which are measured with a MS factor').

_For the 3He(j;, 2p)2H reaction, the ratio of the cross section measured to that calculated in
the PWIA has been well reproduced by the MS calculation taking account of the single and

double scatterings®®.

In the present study, the MS effect in the QFS region is investigated for
the *He(p, 2p)*H reaction in the kinematical condition other than that for the previous one and
for the *He($, pd) 'H reaction in which the deuteron is the scattering partner in the QFS process,

not the spectator as in the (5,2p) QFS reaction.

2.  EXPERIMENTAL PROCEDURE

A 64.5 MeV polarized proton beam was obtained from the AVF cyclotron of the Research
Center for Nuclear Physics (RCNP) of Osaka University. The ion source was tuned to provide
the maximum polarization of the beam. The polarization axis was adjusted perpendicular to the
reaction plane. The spin direction of the beam was périodically changed. The beam
polarization was monitored with a polarimeter set at the upper stream from a scattering chamber.

The polarimeter was composed of a polyethylene target and two Nal(Tl) scintillation detectors

* FiA 7 : Institute for Chemical Research, Kyoto University, Uji, Kyoto 611.
** fEK{E_ : Yamagata University, Yamagata 990.

T #iE % : Kyoto University of Education, Kyoto 612.

Tt BIMRIA : Himeji Institute of Technology, Himeji 671-22.

(19)



S. Kaxkisl, K. Fukunaca, A. OxmaNa and T. SExioxa

placed symmetrically at 47.5° with respect to the beam direction. The analyzing power for the
p+"2C elastic scattering at 64.5 MeV was 0.97510.009%. The beam polarization was stable
within a range from 0.85 to 0.86 during the experiment. The beam spot was about 2 mm in
diameter at the center of the scattering chamber and the beam current was about 150 nA. A 13
cm diameter gas chamber with 10 um Havar windows containing *He gas (isotopic purity
99.98%) was set at the center of the scattering chamber. The gas pressure, monitored with a
gage, was 3atm at room temperature. :

Charged particles from reaction on the target were detected with four AE—FE counter
telescopes. Two of them (A and B) placed 10° apart were set on one side of the beam and two
others (C and D) placed 10° apart on the other side of the beam. Each counter telescope
consisted of a totally depleted Si surface barrier AE detector and a 25.4 mm thick NaI(Tl)
scintillation E detector. The thicknesses of the AF detectors were 200 #m for the telescopes A
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Fig. 1. Coincidence energy spectra for the *He(p, 26)°H reaction at 64.9 MeV.
Solid lines represent the PWIA values multiplied by factors M.
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and G, and 150 um and 100 um. for the telescopes B and D, respectively.

Double slit systems made of 10 mm thick lead were used to define the target volume and solid
angles of the detectors. For each coincidence pair, one slit system (for the detector A or B)
defined the target volume, which was contained in the umbra of the other (for the detector C or
D), its front slit serving only as a buffer. For coincidence measurements, one of the detector
pairs (A-C, A-D, B-C and B-D) was choosén with taking into account the energy of detected
particles and the thickness of the AE counter. Coincidence angle pairs are shown in Tables I
and II.

Signals from the counter telescopes were analyzed through a fast-slow coincidence circuit.
Signals (AE, E, timing, coincidence pair and beam spin direction) were stored on a magnetic tape
through the RCNP RAW DATA PROCESSOR-PDPI11 system. Data were analyzed off-line
with the FACOM M-380Q) system at the Institute for Chemical Research of Kyoto University.
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Fig. 2. Coincidence energy spectra for the *He(f, pd) 'H reaction at 64.9 MeV.
Solid lines represent the PWIA values multiplied by factors M.
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Two-dimensional energy spectra were obtained after particle identification and subtraction of

random coincidence events.

3. RESULTS AND DISCUSSION

In two-dimensional coincidence spectra, yields were localized along kinematical loci of the
three-body processes. The yields were projected on the proton energy axis. Figs. 1 and 2 show
energy spectra of protons from the *He(f, 2p)*H and *He(f, pd)"H reactions, respectively, plotted
with solid circles. Error bars include only statistical uncertainty. Peaks are observed at the
energies, indicated by arrows, corresponding to zero of the unobserved particle energy in the
laboratory system. Thus the peaks can be attributed to the QFS process with the unobserved
particle as a spectator. '

The measured cross sections were compaired with the PWIA calculations based on the
spectator model. A three-body reaction a+A—1+243 is considered, where the particle a is
the projectile and the particle A the target nucleus assumed to consist of particles b and ¢
bounded, A=(bc). The PWIA differential cross section is given as

Table 1. Cross sections and analyzing powers for the
QFS process in the *He(p, 29)*H reaction at

64.9 MeV.
6 b doldEdd, a4
(deg) (mb/Mev sr%)

25.0 57.4 0.51£0.05 —0.013+0.079
30.0 53.0 0.77+0.09 —0.051£0.050
31.6 51.5 0.84£0.05 +0.047£0.032
339 49.4 0.90+0.09

35.0 484 0.991£0.06 —0.021+0.046
38.5 45.0 1.091+0.07 —0.02610.033
41.8 41.8 1.11+0.06 —0.002+0.038

Table II. Cross sections and analyzing powers for the
QFS process in the *He(#, pd) 'H reaction at

64.9 MeV.
8, 6 doldEd0,40 4,
(deg) (mb/Mev sr?)
29.7 62.2 1.38+0.12 +0.085%0.058
34.1 59.6 1.15%0.08 —0.063+0.049
35.0 58.4 —0.025+0.045
41.4 55.0 0.94%0.08 —0.010£0.053
45.0 514 —0.070%0.054
574 45.0 0.62%0.07 —0.277£0.061
60.0 444 0.66+0.06 —0.309+0.052
74.6 35.0 0.59+0.06 —0.38510.061
94.6 25.0 0.401+0.05 —0.395%0.060
106.6 20.0 0.34+0.05 —0.220%£0.076
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(do/di dodE) ) pwia=K X SX (d0/d2),7X | @(p3) 12, ‘ (1)
where K is the kinetic factor given by

K=[M3’p1po>Es/ (paEi) )/ [p2( Ea+ Es) — Es(pa+ ps)palpal,
with

Ey=(ps2+m;2) 2

and S is the spectroscopic factor, $=1/2 for *He target. (do/d(2))9 is the half-off energy shell
differential cross section for the 1+2 scattering in the (12) center of mass system. These were
replaced approximately by the on-shell values in the post collision prescription, which were
obtained from the data for pp scattering®” and for pd scattering®’?®) through interpolation.
|®(p)|? is the momentum density, given by v

|0(p) I =[apB(a+B)*)/ [x(a® +p) (F + 1))

Thus
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Fig. 3 Two-body pp cross sections deduced from observed QFS cross sections
using the PWIA formula (a) and pp-QFS analyzing powers (b) for the
*He(p, 26)°H reaction at 64.9 MeV. - Solid lines represent the pp elastic
scattering cross section and analyzing power, and dashed line the elastic
cross section multiplied by the MS factor.
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| ®(0)12=[(a+ B)/(aB))/7.

The parameters (a, §) in fm ™! are (0.4201, 1.202) for *He(pd)'?. Thus |®(0)[*=0.437Xx107°
MeV 3, In Figs. 1 and 2, solid lines represent the PWIA cross sections multiplied by factors N
shown in the figures. Shapes of the energ‘y spectra are well reproduced by the PWIA calculation
but N<1, the absolute values being not reproduced.

Next the differential cross sections at the QFS points (73=0) were obtained and listed in
Tables I and II for the *He(p, 26)°H and *He(p, pd)'H reactions, respectively. Two-body
scatteriﬁg cross sections (40 /df2),9 were deduced from the QFS ones using eq. (1) and are shown
in the upper parts of Figs. 3 and 4 with solid circles as a function of the angle 6,°™ in the (12)
center of mass system. The relative kinetic energy 7)—5 is constant of 26.6 MeV for the (g, 2p)
reaction and 37.5 MeV for the (p, pd) reaction. The deduced cross sections are compared with
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Fig. 4. Two-body pd cross sections deduced from observed QFS cross sections
using the PWIA formula (a) and pd-QFS analyzing powers (b) for the
*He(p, pd) "H reaction at 64.9 MeV. Solid lines represent the pd elastic
scattering cross section and analyzing power, and dashed and dash-dotted
lines the elastic cross section multiplied by the MS factors for the pd

singlet and quartet states, respectively.
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g P

the elastic scattering ones, represented with solid lines in the figures. The absolute values
diminish in the QFS process.
This fact can be attributed to the multiple scattering effect. The transition operator U is

approximated as
U=ty —ta3Gotia—ti3Gohro,

where #; is the two-body transition operator through the ij pair interaction and Gy is the free space
propagator. The first term corresponds to the transition in the impulse approximation (IA) and
the second and third terms contribute to the multiple scattering effect, as a correction to the IA v
term. The interaction between the projectile proton and the deuteron in *He contributes to the
correction term in the (p, 2p) QFS process and however it plays the leading part in the (p, pd) QFS
process. A separable form is assumed for the two-body transition matrix and its parameters (a,
B)in fm ™! are (—0.1112, 1.20), (0.420, 1.20) and ( 0.094, 1.20) for the pp singlet, pd doublet and
pd quartet states, respectivelyz). The MS factor is calculated and the PWIA cross sections were
multiplied by |7/%,

(dd/dﬂ)]v[sz (dO‘/de)free X | 77|2>

shown in Fig. 3 with dashed line and in Fig. 4 with dashed and dash-dotted lines for the pd-QFS
in the doublet and quartet states, respectively.

The lower parts of Figs. 3 and 4 show the QFS analyzing powers by solid circles. Also are
shown with solid lines those for the corresponding elastic scatterings, obtained from the data for
#” and pd #1012

analyzing powers are similar those for the corresponding elastic scatterings.

scatterings through interpolation. As seen from the figures, the QFS

In conclusion, the double scattering effect can be considered as a correction to the single
scattering calculation of the cross section for the QFS region. The calculation including the
double scattering well reproduces the experimental cross sections. The result is the same as that
for the *He(p, 29)*H reaction obtained in different geometries. For the analyzing power, on the
other hand, the double scattering secems to be an effect of higher order because the observed
values do not differ so much from those for the elastic scattering.

This experiment was performed under the program number 23A03.
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