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y(d, n )p reaction with polarized and unpolarized gamma rays
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The asymmetry function for the y{d,n)p reaction is calculated for the Paris and super-

soft core potentials for gamma-ray energies, E~, extending from 20 to 150 MeV, at center

of mass angles 45, 90', and 135'. The relative photoneutron yield at E~=20 MeV is also

calculated. In addition, the differential cross section, total cross section, and polarization

of the outgoing protons are reported. The Paris potential gives good agreement with the

experimental data for the differential and total cross sections. However, the discrepancy

at 0' still remains. It is found that the asymmetry function cannot be used to distinguish

between the various nucleon-nucleon potentials.

NUCLEAR REACTIONS y(d, n)p. Calculated asymmetry function;
total and differential cross sections.

I. INTRODUCTION

It has been apparent for some time that a study
of the y(d, n)p reaction can reveal important infor-
mation about the electromagnetic and nuclear in-
teraction of the deuteron. At low photon energies,
hv(20 MeV, simple models can satisfactorily ex-
plain most of the experimental features. ' However,
the energy range, 20 to 150 MeV, starts to reveal
the detailed nature of the nucleon-nucleon force.
Ignoring explicit meson and nucleon structure ef-

fects, detailed theoretical calculations of the dif-
ferential cross section, total cross section, and po-
larization of the outgoing nucleons had been car-
ried out by Rustgi, Zernik, Breit, and Andrews
(referred to as RZBA henceforth) and by Partovi.
The influence of isobar configurations and meson
exchange currents on the measurable quantities had
been investigated, among others, by Arenhovel,
Fabian, and Miller. These effects were first con-
sidered by Riska and Brown for the inverse reac-
tion of thermal n-p capture. Efforts to explain the
discrepancy between the measured forward proton
production and those predicted by calculations
were made by Arenhovel and Fabian, Lomon,
and Rustgi, Sandhu, and Rustgi. ' lt was found
that the discrepancy is greatly reduced by using a
nucleon-nucleon potential with a lower percentage

of the D state (Pn) in the deuteron. But the de-
crease in I'D leads to a decrease in the total cross
section, thus resulting in an increased discrepancy
between the experimental and theoretical results. "

Photodisintegration by polarized y rays can fur-

ther throw light on the dynamics and electromag-
netic properties of the deuteron and can be used to
test the various available nucleon-nucleon poten-
tials. However, due to the lack of suitable polar-
ized photon beams very few experiments with po-
larized photons have been performed. ' '

Recently, a new velocity dependent potential, the
so-called Paris potential, has been constructed by
Lacombe et al. ' by including the theoretical one-

pion, two-pion, and parts of the three-pion ex-

change contributions. The co and A
&

mesons were
included as parts of the three-pion exchange. This
potential accurately determined the long- and
rniddle-range part of the nucleon-nucleon interac-
tion and provided a stringent characterization of
the short-range part which was constructed
phenomenologically. The Paris potential predic-
tions have been compared with the recent nucleon-
nucleon scattering data by Lacombe et al. '

The present paper is mainly concerned with the
asymmetry function calculations with the Paris and
supersoft core potentials of de Tourreil and

Sprung. ' In performing these calculations we are
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interested in a comparison with the asymmetry
measurements made by Liu' at center of mass an-

gles 45', 90', and 135'. We have found that at
0, =90', the potential with higher I'D gives resu-
lts closer to the experimental ones, whereas experi-

ental results at 0, =45' favor the potential with
lower PD. Besides this, large experimental errors
prevent us from concluding which potential should
be preferred.

We have also calculated the relative photoneu-
tron yield for the Paris potential which is in good
agreement with the experimental results of Del Bi-
anco et al. ' Besides these, we have also per-
formed calculations with unpolarized gamma rays
for differential and total cross sections at several
photon energies. An analytical fit to the angular
distribution is also made.

In Sec. II a brief description of the Paris poten-
tial is given and the relevant set of coupled and un-

coupled differential equations needed for the calcu-
lation have been derived. In Sec. III the method of
calculation is described. We also discuss the ob-
tained results and compare them with the available
experimental data.

II. THE PARIS POTENTIAL

The Paris potential consists of central, tensor,
spin-orbit, and quadratic spin-orbit terms and for
two isospin values T=1 and T=0 it is given by

V(r,p )= V()(r,p~)Q()+ V)(r p )Q)+ VI g(r)Qig

+ VT(r)QT+ V„(r)Q.. .

where

1 —o) op

The central part of the potentials Vp and V] is
given by

V(r,p') =V'(r)+ V'(r)+ V'(r)
M M

for singlet state

UJ J(x)= Yg(x)/[1+2V()(x)]'~

for triplet state

(4a)

where M =938.2592 MeV for T =1, and
M =938.9055 MeV for T=0. The presence of p
shows the linear energy dependence of the central
part. For each component the radial dependence
of the potential is given by a discrete sum of
Yukawa-type terms:

—71k

V(r}= g gJF(mjr)
m, r

where

F(mjr) =1, for Vp VD V~ and V~,

F(mjr) = +, for Viz,
1 1

mjr (m r)~

F(mjr)=1+ +, for VT,
3 3

mjr (m r)~

F(mjr)= 1+ + ~, for V», .
1 3 3

(mjr) mjr (mjr)

All the potential parameters are tabulated in Ref.
14. On expanding the two-nucleon wave function
in terms of a radial and a spin-angle function, and
eliminating the first order derivatives by using the
substitutions

3+0
& op

Qi ——
4

QIg ——L S,

UJ J(x)=ZJ(x)/[1+2Vt(x)]'

UJ I )(x)= UJ(x)/[1+2V)(x)]'

Ug J+ )(x)= Wg(x)/[1+2V) (x)]'~

(4b)

(4c)

(4d)

3(cr~ r)(crq r)
QT= —o i og

p 2

Q. ,= —,[(o ).L)(op L)+(cr,.L)(o., L)] .

PlCX= 7",

the following set of differential equations for singlet
and triplet states are obtained:

d YJ(x) [V() (x)]~ V() (x)
+ g&(x)+

CfX [1+2V()(x}] [1+2V()(x)]
YJ(x}=0, for S=O, I =J, (sa)
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(Sb)

where

d Zq(x) [V) (x)] V) (x)
+ gl(x)+ b 2 y 'Zj(x)=0, for S = 1, L =J

dx [1+2V,(x)] [1+2V, (x)]

d'Uy(x) [V~ (x)]' V, (x)
+ &~(x)+

& z
—

b UJ(x) —h~(x)IV&(x)=0, for S=1, l. =J 1, (5c)
dx [1+2V)(x)] [1+2V,(x)]

d IVJ(x) [Vi (x)] Vi (x)
R2(x)+ b

—
b Wz(x) —h~(x)UJ(x)=0, for S=1, I.=J+1, (5d)dx2 [1+2Vi(x)] [I+2Vi(x)]

Mgo(x)= — + 'k +Vo (x)—
2 4[Vo(x) J(J+1)Vso,(x)] '/[1+2Vo(x)] ~ (6a)

J(J+1)
g) x

x

M+ k + V) (x)— j V)(x)+2VT(x)+[1—J(J+1)]V„,(x)—VLs(x)I /[1+2V, (x)], (6b)

J(J—1)R)x =—
x

M
k + V", (x)— V;(x)— Vr(x)+(J —1) V„(x)+(J—1)VLs '/[I+2Vt(x)],m'c4 (2J+1) S02

(6c)

(J+1)(J+2)R2x =—
X

+ k + V, (x)— V;(x)— Vr(x)+(J+2) V„(x)—(J+2)VLs(x) '/[1+2V, (x)],m'c4 (2J+1) SO2

6&J(J+1) Mc'
h)(x) =

(2J+1) m'c' [1+2V', (x)]
'

where

Mc
Ec.m.m'c4

M=IQass of the nucleon,I—:mass of the pion .

These equations are solved to obtain the bound state and continuum wave functions.

(6e)

III. RESULTS AND DISCUSSION

The differential cross section o(8,$) for an out-
going proton for a polarized photon beam with po-
larization P is related to the diA'erential cross sec-
tion oo(8) for an unpolarized photon beam using

I

the same interaction and wave function by the fol-
lowing equation:

o (8,$)=o o(8)[1+PX(8) cos2$],

where X(8) is the asymmetry function and 8 and P
are the colatitude and azimuthal angles of the
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direction of the outgoing proton, respectively, with
tI} defined with respect to the electric vector of the
incoming photon (see Fig. 1 of RZBA).

The wave functions used in calculating the cross
sections are obtained by solving the differential
equations given by Eq. (5). The interaction Hamil-
tonian discussed by Breit and Rustgi' is used.
Point nucleons are assumed. The meson exchange
effects have been neglected. All the transitions in-

duced by electromagnetic multipoles up to and in-
cluding the fourth order are considered and all the
effects of retardation and of the nucleon magnetic
moments on electric multipole transitions are taken
into account. The amplitude method described in
RZBA is used.

The relative photoneutron yield at photon energy
20 MeV for the Paris potential is calculated by us-
ing Eq. (5) of Del Bianco et al. ':

I.O-

0.8—

0.6-

0.4—

X
0.2—

-0.2—

-04
0 20 40 60 80 IOO 120 140 l60 I80

E~(Mev)

FIG. 2. X is the asymmetry function for the SSC-A,
SSC-B, SSC-C, and Paris potentials at 8, =90'. The
experimental points are those of Liu (Ref. 12).

[Cpo'p(90 ) +CiPop(90 )X(90') cos2$]( 1 —a) +I (P)
Rs(P) =

[Cpo'p(90 )+CiPo'p(90 )X(90')](1—a)+ DO)

where Cp, Ci, a, PP), and I (0) are experimental
parameters. Co and C& are correction factors for
taking into account the finite size of the neutron
detector. a represents the fraction of photoneutron
emitted in the direction of the neutron counter and
absorbed in the deuterium target. 1 (P) is the con-
tribution of neutrons scattered in the deuterium
target and in the material around the target to the
photoneutron yield.

For comparison with experiments all energies are
laboratory energies and all angles are center of
mass (c.m. ) angles. Figures 1 —3 show the varia-
tion of the asymmetry function as a function of
the photon energy at 0, =45', 90', and 135',
respectively. The asymmetry function for four dif-
ferent potentials, namely, the supersoft core poten-
tials A, 8, and C (labeled as SSC-A, SSC-B, and
SSC-C), and the Paris potential, has been plotted.
The corresponding PD values for the SSC-A, SSC-

I.O—

0.8—

0.6-

0.4—

0.2—

6c.M.
J'SSC- A
gssc- e

SSC-C
PARIS

I.O-

0.8-

0.6-

04-

0.2-

6) = I 35'
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gssc-e
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-0.2—
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E~(Mt.v)
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FIG. 1. X is the asymmetry function for the superso-
ft core potentials A, B, and C (SSC-A, SSC-B, and SSC-
C) and the Paris potential at 8, =45'. The experimen-
tal points are those of Liu (Ref. 12).

FIG. 3. X is the asymmetry function for the SSC-A,
SSC-B, SSC-C, and Paris potentials at 8, =135'. The
experimental points are those of Liu (Ref. 12).
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TABLE I. The y{d,n)p reaction: ratio Rz{P).

1805

Angle P
(deg)

RE{/)
(expt)

P degree of linear
polarization

RF{p)
(calc)

45

90

0.470+0.095

0.106+0.016

P =0.978
P =0.989
P =0.978
P =0.989
P =0.978
P =0.989

17.8
17.7
10.6
10.6
6.24
6.16

0.541
0.538
0.101
0.096

8, SSC-C, and Paris potentials are 4.43%, 4.25%,
5.45%, and 5.77%, respectively. The experimental
results are those of Liu. In these three figures it is
observed that the asymmetry curve for the poten-
tial with higher PD lies below the curve for the po-
tential with the lower PD. At 0, =90', the po-
tential with higher I'D is closer to the experimental
results, whereas at 0, =45', the potential with
lower I'D seems to yield improved agreement.
Again at 8, =135', all theoretical results seem to
fall within the measured uncertainties and do not
allow us to distinguish between the various poten-
tials. Thus, a guideline for choosing PD for the
nucleon-nucleon potential cannot be obtained from
these experimental results.

Table I compares the relative photoneutron yield
for photodisintegration with linearly polarized
gamma rays of energy 20 MeV for the Paris poten-
tial, with the experimental results of Del Bianco
et al. ' The present theoretical results are in very
good agreement with the experimental results, as
well as with the other earlier theoretical results.

In Fig. 4 the total cross section for deuteron
photodisintegration with unpolarized gamma rays
employing the Paris potential is plotted against the
photon energies. The agreement seems quite good
even at higher photon energies.

Figure 5 shows the variation of diA'erential cross
section as a function of the photon energy at
several angles. At 8, =35', 65', and 145' the
theoretical results are in good agreement with the
experimental ones, whereas at 0, =90' and 115'
the theoretical curves are about 20% lower than
the experimental results. At 8, =0' the theoreti-
cal curve is still much higher than the experimen-
tal results, as reported by other workers earlier.

The angular distributions for the Paris potential
for the y(d, n)p reaction with an unpolarized pho-
ton at E&——20 MeV and E&——50 MeV are shown
in Fig. 6. The theoretical results are in good

agreement with the experimental ones. The dif-

ferential cross section for deuteron photodisintegra-
tion with unpolarized gamma rays, including all

the multipoles up to and including the fourth or-
der, may be written as

rro(8) =a+ b sin 8+c cos8

+d cos0sin 8+e cos gsjn g

+fcos8 sin 8+g cos28 sin48

+A cosO sin 8+i cos 8 sin 0 .

lO

0
b

2
IO—

IO
0

I

30
I

90
E&( MeV)

I

120 l50

FIG. 4. Total cross section for deuteron photodisin-
tegration with unpolarized gamma rays for the Paris po-
tential. The experimental points of various investigators
are represented as follows: open circles for Allen (Ref.
19), open square for those of Aleksandrov et al. (Ref.
20), crosses for those of Keck and Tollestrup (Ref. 21),
open inverted triangles for those of Whalin et al. (Ref.
22), solid circles for those of Ahrens et al. (Ref. 23), and
open triangles for those of Bosman et al. (Ref. 24).
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IO—
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FIG. 5. Differential cross section for deuteron photo-
disintegration with unpolarized gamma rays for the
Paris potential at 0, =0', 35', 65', 90', 115', and 145 .
The experimental results for 0, =0' are those of
Hughes et al. The experimental results of various in-

vestigators at other angles are as follows: solid circles
for those of Dougan et al. (Ref. 25) at nominal angles
36.9', 66.5, 90, 113.6', and 143.1'; solid inverted trian-
gles for those of Allen (Ref. 19) at 0, =32.6', 66.3',
and 112.5'; open inverted triangles for those of Whalin
et al. (Ref. 22) at 0, =34.5', crosses for those of Kose
et al. (Ref. 26) at I9, =35.5', 64', and 118.8', solid in-
verted triangles for those of Keck and Tollestrup (Ref.
21) at 0, =64.5' and 145.5'; open inverted triangles for
those of Dixon et al. (Ref. 27) at 0, =117' and 148.5'.

40 40

20 20

0 20 40 60 80 IOO I 20 I40 I60 I80
8 (degrees)

FIG. 6. Differential cross section for deuteron photo-
disintegration at Ez——20 and 50 MeV for the Paris po-
tential. The experimental results of the various investi-
gators are as follows: solid circles and inverted triangles
for those of %eissman and Schultz (Ref. 28), crosses for
those of Galey (Ref. 29), and open circles for those of
Skopik et al. (Ref. 30).

Table II lists the value of the coefficients for vari-
ous photon energies. Figure 7 shows the proton
polar1zat1011 alollg tile g axis (see Flg. 1 of RZBA)
and compares it with the Hamada-Johnston poten-
tial. The results are very similar.

This work indicates that calculations with the
Paris potential agree reasonably well with the data

on the differential and total cross sections up to
-50 MeV. The calculations, however, fail to ex-
plain the existing discrepancy in the differential
cross section at 0' for the outgoing protons. At en-
ergies higher than 50 MeV differences between cal-
culations and measurements begin to appear. The
measured 90' and 115' differential cross section are

TABLE II. Angular distribution coefficients in mb/sr for the y(d, n)p reaction with the Paris potential.

(MeV) 10'Xg 10'yh 10 )&i

10
30
50
70
90

110
130
150

4.694
6.640
6.914
6.557
6.052
5.564
5.116
4.753

163.8
30.02
10.20
3.371
0.5899

—0.7473
—1.420
—1.797

0.3030
0.9759
1.087
1.039
0.9818
0.9785
0.8779
0.8059

30.54
13.06
7.130
4.491
3.183
2.137
1.770
1.488

4.169
3.429
2.455
1.755
1.243
0.8503
0.5610
0.2262

—0.5082
—0.8246
—0.8456
—0.7974
—0.8101
—0.6811
—0.7028
—0.7238

—0,347
—1.077
—1.436
—1.511
—1.503
—1.563
—0.746
—0.560

0.2113
1.307
2.504
3.579
4.876
5.570
6.210
7.646

0.095 22
1.033
2.623
1.841
0.799
0.05400

17.58
20.39
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10-

C

o 0
0&
CL

E& = ) 50.0Mev
larger than those predicted by the calculations and
the asymmetry function measured at 90' is smaller.
A larger calculated cross section could explain
both the pieces of data. It is pointed out that the
asymmetry function cannot be used to distinguish
between the various nucleon-nucleon potentials.

-IO
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FIG. 7. Percentage polarization of proton from

y(d, n)p reaction for the Hamada-Johnson and Paris po-
tentials with unpolarized gamma rays of energy 150
MeV.
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