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Photodisintegration and radiative capture in the N’H, N3H, N°He, 2H?H, “H’He, *H*He, *He’H,
“He’H, and “He’He channels are studied on the basis of the corresponding two-cluster

potential models. The astrophysical S factors at low energies are calculated. It is shown that
various electromagnetic characteristics of light nuclei, including the Coulomb form factors at
momenta of up to 4 F~!, can be studied using a single set of intercluster interactions

containing forbidden states and consistent with the phase shifts of the cluster low-energy elastic
scattering. The calculated inelastic form factors have a second maximum at 3—4 FL

although it is lower than the experimental one. The orbital states are classified for the lightest
cluster systems, and the phase shifts and intercluster potentials are separated on the

basis of Young orbital schemes. © 1997 American Institute of Physics. [S1063-7796(97)00406-3]

1. INTRODUCTION

Over two decades ago, in Refs. 1 and 2 it was shown for
the first time that the phase shifts of the elastic scattering of
light cluster systems can be described using deep, purely
attractive potentials of the Woods—Saxon type containing
forbidden bound states. The structure of a forbidden state is
determined by the permutational symmetry of the wave func-
tions of the system under nucleon permutations. The phase
shifts at zero energy for a given type of interaction obey a
generalized Levinson theorem:

op=m(N,+M,),

where N; and M; are the numbers of forbidden and allowed
bound states. The phase shifts at high energies tend to zero,
while always remaining positive. This approach can appar-
ently be viewed as an alternative to the repulsive core, which
is introduced to qualitatively take into account the Pauli prin-
ciple without completely antisymmetrizing the wave func-
tion. The radial wave function of the allowed states of po-
tentials containing forbidden states oscillates at small
distances, but does not die out, as in the case of interactions
with a core.

Later on, Gaussian potentials containing forbidden states
were obtained® which have parameters consistent with the
elastic-scattering phase shifts. It was shown that the use of
these potentials in simple one-channel “He’H and “He’H
cluster models allows a quite successful description of sev-
eral characteristics of the ground states of the Li and "Li
nuclei, the probability of clusterization of which in these
channels is relatively high. Various estimates give 0.6—0.8
for the *“He?H clusterization and about 0.9 for the “He’H
system.* The success of the one-channel model based on
these potentials is due not only to the high degree of cluster-
ization of these nuclei, but also to the fact that in each state
of the clusters there is only one allowed orbital Young
scheme® determining the symmetry of this state. A sort of
“‘unified’’ description of the continuous and discrete spectra
is thereby obtained, and the potentials found from the experi-
mental phase shifts can be used quite successfully for de-
scribing various characteristics of the ground states of
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lithium nuclei. The cluster potential model is used in these
calculations. It is assumed that the nucleus consists of two
structureless fragments which can be associated with the
properties of the corresponding particles in the free state. The
wave function of the system is not antisymmetrized, but the
intercluster interactions contain forbidden states.}

For lighter cluster systems like N>H, 2H’H, N°H, N°He,
and 2H*He, mixing of orbital symmetries is already possible
in scattering states with the minimum spin, and the situation
becomes more complicated. Two orbital symmetries with
different Young schemes are allowed in continuum states
with the minimum spin, while only a single scheme appar-
ently corresponds to the bound ground state.5~® Therefore,
the potentials obtained directly from the experimental phase
shifts effectively depend on different orbital schemes and
cannot be used in that form for describing the ground-state
characteristics. It is necessary to extract from these interac-
tions the pure component used to analyze the bound-state
characteristics. The results then will mainly depend on the
degree of clusterization of the nucleus in the channels in
question.

It was shown in Refs. 68 that for the lightest cluster
systems the experimental mixed phase shifts can be repre-
sented as half the sum of the pure phase shifts with definite
Young schemes. It is usually assumed that one of the pure
phase shifts of the channel with the minimum spin can be
taken to be the analogous pure phase shift of another spin
state or system which is pure in isospin. In this case from the
experimental phase shifts it is easy to find the pure phase
shift of maximum symmetry of the channel with the mini-
mum spin and use it to parametrize pure interactions. In par-
ticular, the N?H, N°H, N°He, 2H’H, and H>He pure Gauss-
ian interactions were obtained in Refs. 6-8, and it was
shown® that on the whole it is possible to correctly reproduce
the binding energy of the *H, 3He, and *He nuclei in cluster
channels, the asymptotic constant, the charge radius, and the
elastic Coulomb form factor at small momentum transfers.

It should be noted that mixing in the orbital Young
schemes in states with the minimum spin is characteristic not
only of the majority of light cluster systems, but is also re-
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alized in heavier systems of the form N°Li, N’Li, and 2H°Li
(Ref. 9).

The interactions obtained earlier have also been used to
study the cross sections for photoprocesses with the same
cluster models, which despite their simplicity allow good
results to be obtained in some cases using potentials whose
parameters are initially fixed from the experimental phase
shifts and practically do not change in the later
calculations.%"1

1. THE COMPUTATIONAL METHODS

The following well known expression'! is used to calcu-
late the cross sections of photoprocesses in the long-
wavelength approximation:

do(N) Kp 1

dQ  27h%q (28,+1)(2S,+1)

X 2 |M\(N)|?, (1)
my-my,
where N=F or M, and
K [1+1]"2
M, (N)= 2 I2m(27+1) (2J+1)”[

xE D)\ {flH (N},

Hlm(E) = QJm(L)+ Q.Im(s)y
Hyp(M)=W (L) +W,,(S),

Qun(L)=e 2 Zir¥ in(Q0),

eh J 172
Qym(S)=—— K[,H] 2 wiSiriY i),

Z .
2 EL,-V

i

Wim(L)= (1Y 1m(Q)),

_eh A ;
Win(S)=i —— 20 miSiVi(ri¥ jm(€)).
o¢ i

Here J is the multipole order; ¢ 1s the wave number of the
relative motion of the clusters; D mx 18 the Wigner function;
p is the reduced mass; M;, Z;, S, , and L are the masses,
charges, spins, and orbital angular momenta of the clusters;
p; are the cluster magnetic moments; K is the photon wave
number; and m, is the nucleon mass. The sign of the opera-
tor Q;,,(S) is chosen to be negative, as in Ref. 12. Integrat-
ing over angles and summing over A, for the total capture
cross section we obtain'®

_ 8wk**! noo J+1
o)== "7, (28, + (25, ") J[(2I+ DI
X 2 blMJm(N)lz’ |
m,m",Mf
Mlm(N)=iJ<f|HJm(N)|i>’ (2)
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where in the cluster model the electromagnetic operators take
the form

Z 122,
Qm(L)=ep’ W‘*‘( 1) R Y;m=AR'Yp,
ehi J " . M,
QJm(S)"'— K[J‘Hl #1S) u

+H(—1) 1,8, W]Rjyjm

=(B1sS1,+B;S$,)R'Y 4y,

WD) eh JI(2J+1) Z M;
m )=t =T |,

L LML
+(_l)l IFWRJ ILY_';ml

=C,R'-\LY], ",
_eh . My7!
WJm(S)=l;o—c J(27+1)| Sy 3771
oMY
+(-1) 1#2S2W___1R1 ys,!
=(D;8,+DS,)R’ .

Here R is the intercluster separation, and M is the nuclear
mass. In what follows we shall use the cluster bound-state
wave functions in the usual form?

U
W — L .
|f)=", L%, RLflfd)J Rp;= ; (3)
We write the scattering function as'!
1
|i)=1li,-=;2 iliJaw(2L,+1)
L
X(L,-OSm;IJ,-m,-)e"‘sLi-’.-RLr,i(fo:_ . (4)

Here R} is the radial wave function obtained by solving the
Schrodinger equation with known potentials. Using these
wave functions for the total capture cross section, we finally
obtain'®

e gwK2t! u J+1
o) = h*q®  (28;+1)(28,+1) J[(2J+1)11]?
x 2 TN, (5)
L-,Lf
JiJdg
where

T(E)=A,P;+(B;Ny;+ByNy)I,;,
TAM)+Cyl;_Gy+(DyyNyj+DoyyNyl;_y,
Py=NAm(J LS||Y |JiL;iS)=(—1)"* 31+ Er(L,000]L,0)
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LSJ]
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Gy=\am(J LSILYH|T.L;S)

=(—1)S*5*i(L,0kO|L0)(2L;+1)

X VL, (2L;+1)(2k+1)(2J,+1) (21 +1)(27+1)
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X S(S+1)(28+1)(2k+1)(2L;+1)(2J;+1)(2J+1),

and I; are radial integrals of the form
I,=(LAR’|L;).

In these expressions all quantities are calculated analyti-
cally, except for the radial integrals, which are found numeri-
cally from the bound-state and scattering wave functions ob-
tained by solving the Schrodinger equation. The asymptote
of the radial scattering wave function is written as

Ry ;—F(qr)cos(8.,)+G(qr)sin(6y,), (6)

where F; and G, are the Coulomb wave functions and &6,
are the phase shifts.

It is quite difficult to obtain the bound-state wave func-
tion numerically at distances of order 20—30 F. Therefore, at
10-20 F the numerical solution for the bound state was
matched to the asymptote of the Whittaker function

V2K,
r

Ry,= COWLn(zKOr),

WLr,(2Kor)=(2K0’)" exp(—Kor), @)

where 7 is the Coulomb parameter, K, is the wave number
determined by the binding energy, and C, is the asymptotic
constant.

Equation (3) can also be used to calculate some static
electromagnetic characteristics of nuclei. In particular, for
the quadrupole, magnetic, and octupole moments and the
reduced probabilities for radiative transitions, in the two-
cluster model for 7Li with Jo=3/2" we have

2 234

Q=-cYhL=—5s5h, Y=(ZM+ZM)IM,

N =X+ 17+
,U«O_ 1= 42 M1
yo L [BM2  ZM, Q 3M§I 481 )
=u\, T, ) woswl s ®
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1 22 L 272
B(M1)=7— (2p = X)lo=7~ Bp1— )Ty,

1
B(E2)=— Y213,

Here the first cluster is assumed to be a triton or *He, which
possess a magnetic moment, and uo= efi/2myc is the
nuclear magneton.

The magnetic and charge radii in the cluster model are
given by>""?

4 ) 209
MRm 21 <rt>+ <rt>+ﬂ'1<rtm)+ 3430

432
+ 125 |20

M, M, M
R3=—<"1>+—"<’2)+ I3, )]

where M; and M are the masses of the clusters and the
nucleus, (r;) are the cluster radii, and the integral I, was
defined below Eq. (5).

The Coulomb form factors were calculated using the re-
sults of Ref. 3, where it was shown that the form factor can
be written as

1 2
ZEE VJB_] ’
By=(2J+1)(2J+1)(2L;+1)

L,0JO|L 0)? Li S g 10
X(L:

CULLIDR P (10)
where L; ¢ and J; ¢ are the orbital and total angular momenta
of the initial { and final f states of the nucleus; J is the
multipole order of the form factor; Z is the nuclear charge;

(11)

Z; and F, are the charges and form factors of the kth cluster;
and I ; are the radial matrix elements corresponding to
spherical Bessel functions between the initial and final states:

I j=(LJ djj(gxr)|LiJ3),

where k=1,2, g,=(M;/M)q, q is the momentum transfer,
and j;(g,r) is the spherical Bessel function.

In the calculation of the form factors, the wave functions
for scattering at resonance energies were normalized to the
asymptotic form'*

Vi=Z,\F I+ ZyF)l,,;

(12)

Up=exp(— 0)(F, cos(8) + Gy, sin(8y)). (13)

The E2-transition probability and the charge radius can
be determined using the Coulomb form factors:>

BE=22 (F%) R2=6 li (I_F(q))
= m|—z], =6 im| ———].
47‘- q—0 q f q—0 q
(14)
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The wave functions of the ground and resonance states
in the two-cluster system were found using the finite-
difference method and the variational method of solving the
radial Schrodinger equation®

Ur+(k*=V(r)U,=0. (15)

The wave functions in the matrix elements (12) for the
ground and resonance states can be represented as expan-

sions in Gaussians:>*"

|LJ)=RL=rLZ_ C; exp(—y;r), (16)

where the variational parameters y; and expansion coeffi-
cients C; are found by the variational method for bound
states or, for resonance states, by approximating the numeri-
cal wave functions as Gaussians."> In this case the matrix
elements (12) are calculated analytically.?

2. THE CLASSIFICATION OF CLUSTER STATES

As an example, let us consider the classification of states
in the N?H system in the form given in Table I. Here the spin
of the system can be 1/2 or 3/2, and the isospin is 1/2. The
spin and isospin wave functions are characterized by definite
Young schemes {f}g and {f},, which specify their symme-
try under permutations of the corresponding nucleon
coordinates.” For example, the spin symmetry is character-
ized by the {3} scheme for S=3/2 and the {21} scheme for
S=1/2, and the isospin symmetry by the {21}, scheme.
Since the symmetry of the spin—isospin wave function is
determined by the direct inner product {f}s;={f}s®{f}r
(Ref. 5), in the doublet channel we have
{Asr={1%}+{21}+{3} (Ref. 16). In the quartet channel
this product gives only one scheme {21}s;. The symmetry
of the total wave function taking into account its orbital com-
ponent is defined analogously: {f}={f}.®{f}sr- The total
wave function of the system vanishes identically upon anti-
symmetrization except when it contains the antisymmetric
component {1¥}, which is realized in the product of conju-
gate {f}, and {f}sr. Therefore, schemes {f}, conjugate to
{f}sr are assumed to be allowed in this channel. The pos-
sible orbital Young schemes in a system of N=n,+n, par-
ticles can be determined using the Littlewood theorem® as
the direct outer product of the orbital schemes of each of the
subsystems, which in this case gives
{fie={2}x{1}={21},+{3},. Here the scheme {2} corre-
sponds to the deuteron with LS=01. From this we see that in
the quartet channel only the orbital wave function with sym-
metry {21}, is allowed. The function with {3}, is forbidden
because the product {21}s:®{3}, does not lead to an anti-
symmetric component of the wave function. In the doublet
channel we  have  {3}®{1%},={1% and
{21}sr®{21},={13}, and in both cases we obtain an anti-
symmetric scheme. The two possible Young orbital schemes
{21}, and {3}, are thereby allowed in the doublet channel.5”

It is this result which explains the mixing in orbital
schemes in states with definite S7=1/21/2 for any L. There-
fore, the doublet S-wave interaction potential obtained from
the experimental phase shifts effectively depends on both
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orbital schemes, while the ground state corresponds to the
pure symmetry {3},. This means that these potentials are
different in the N?H system, and from the scattering interac-
tions VI+{21} jt is necessary to isolate the component V{3,
which is in principle applicable for calculating the ground-
state characteristics.®8 In particular, when performing calcu-
lations for photoprocesses the bound states can be described
using a potential which is pure in the Young schemes, while
scattering states, for example, the final states of photodisin-
tegration, can be described using the potential obtained di-
rectly from the experimental phase shifts.

As mentioned above, the experimental phase shifts of
the doublet channel can be represented as half the sum of the
pure phase shifts with the schemes {21}, and {3},. If we
assume that quartet phase shifts which are pure in the orbital
schemes {21}; can be used as the doublet phase shifts with
{21},, then it is also easy to find the pure doublet phase
shifts with {3}, and then use them to parametrize the pure
interactions.

The complete classification of the allowed and forbidden
states of light cluster systems is given in Table I (Ref. 9).

3. INTERCLUSTER POTENTIALS AND BOUND-STATE
CHARACTERISTICS

The scattering and bound-state wave functions were cal-
culated using central Gaussian potentials of the form'”

V(r)=—Vy exp(—ar?)+V(r),
YAVAS

?

r>R.,
r

P (17)
2122(3—7) / 2R, r<R..
RC

In some cases a peripheral repulsive interaction
V; exp(—Br) was added to these, as it is necessary for cor-
rectly describing the negative values of the D- or F-wave
phase shifts at low energies if the S- and P-wave phase shifts
are positive. The potentials were reconstructed from the
phase shifts of cluster scattering so that one partial wave is
described by one Gaussian with known parameters in a
maximally wide energy range.

First, we shall consider the intercluster interaction poten-
tials and characteristics of cluster nuclei for the pure systems
p°He, n°H, “He’H, “He’He, “He’H, and *He’H, and then
we will study potentials corresponding to mixed Young
schemes.

3.1. The “He?H, 3He®H, and *He’H cluster systems

We see from Table I that the orbital states in the “He’H,
“He’H, “He’He and 3He®H systems for the nuclei °Li and
"Li, "Be are pure in their Young schemes. Therefore, the
potentials obtained from the phase shifts can be used to study
the bound-state characteristics. The results will depend only
on the degree of clusterization of the nuclei in the cluster
channels. Since the clusterization probability of these nuclei
is relatively high, the results of the calculations should on the
whole reproduce the experimental data. The interaction pa-
rameters for pure states in °Li and "Li obtained in Refs. 3

V(r)=
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TABLE 1. Classification of allowed and forbidden states in light cluster systems. L is the orbital angular momentum for the bound states.

System T S {f}s {fir {ftsr {h L {ftec {ftsc
N2H 12 12 {213 {21} {111}+{21}+{3} {3 0 {3
{21} 1 {21} -
312 {3 {21} fo1} {3 0 - {3}
{21} 1 {21} -
n*He 0 0 {22} {22} {4}+{22}+{1111} {4} 0 {4 -
p*H {31} 1 - {31}
1 {313 {22 {313+ {211} ) 0 - {4
{31} 1 31} B
p°He 1 0 {22} {31} {31}+{211} {4} 0 - {4
n*H {31} 1 {31} -
p*H 1 {31} {31} {4}+{31}+{22} {4 0 - {4}
n*He +{211} {31} 1 (31} -
HH ] 0 {22} {22} {4}+ {22} +{1111} {4} 0 {4} -
{31} 1 - {313
{22} 02 {22} -
1 {31} {22} {31}+{211} {4} 0 - {4}
{31} 1 {31} -
{22} 02 - {223
2 {4 {22} {22} 4 0 4
{31} 1 - {31}
{22} 02 {22} -
H’He 12 12 {32} {32} {5}+{41}+{32} {5} ] - {5}
+{311}+{221} {41} 1 {a1} -
H*H +{2111} {32} 0.2 {32} -
32 {a1} {32} {41}+{32}+{311} {5} 0 - {5}
+{221} {41} 1 - {a1}
{32} 02 {32} -
p*He 12 112 {32} {32} {5}+{41}+{32} {5} 0 - {5}
n‘He +{311}+{221} {41} 1 {41} -
+{2111}
‘He’H 0 1 {42} {33} {51}+{411}+{33} {6} 0 - {(6%
+{321}+{2211} {51} 1 - 51
{42} 0,2 {42} -
He’H 0 0 {33} {33} {42}+ {222} +{6}- {6} 0 - {6}
+{3111} {51} 1 - {51}
{42} 02 - {42}
{33} 13 {33} -
1 {42} {33} {51}+{411}+{33} {6} 0 - {6}
+{321}+{2211} {51} 1 - {51}
{42} 0.2 {42} -
{33} 13 - {33}
SHH 1 0 {33} {42} {51}+{411}+{33} {6} 0 - {6}
3He’He +{321}+{2211} {51} 1 - {51}
*He’H {42} 0.2 {42} -
{33} 1.3 - {33}
1 {42} {42} {6}+2{42}+ {51} {6} 0 - {6}
+{411}+2{321} {51} 1 - {51}
+{222}+ {3111} {42} 0.2 - {42}
{33} 1.3 {33} -
‘He’H 12 12 {43} {43} {73+ {61} +{52} 1 0 - n
+{511}+{43} {613} 1 - {61}
+{421}+ {4111} {52} 02 - {52}
+{322}+ {3211} {43} 1.3 {43} -
+{2221}+{331}
n°Li 12 112 {43} {43} {73+ {61} +{52} n 0 - {n
poLi +{511}+{43} {61} 1 - {61}
+{421}+ {4111} {52} 0,2 - {52}
+{322}+ {3211} {43} 13 {43} -
+{2221}+{331} {421} 1,2 {421} -
32 {52} {43} {61}+{52}+{511} {n 0 - {n
+{43}+2{421} {61} 1 - {61}
+{331}+{322} {52} 02 - {52}
+{3211} {43} 1,3 - {43}
: {421} 1,2 {421} -
“HeHe 0 0 {a4} {44} {8}+{62}+ {5111} {8} 0 - {8}
+{44}+{422} {71} 1 - {71}
+{3311}+{2222} {62} 0,2 - {62}
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TABLE 1. (Continued.)

System T N {f}s {fir {fsr {h L {fec {rhe
{53} 13 - {53}
{44} 02,4 {44} -
p'Li 0 1 {53} {44} {71} +{611}+{53} {8} 0 - {8}
+{521}+{431} {11} 1 - {711}
+{4211}+{332} {53} 13 - {53}
+{3221} {44} 02,4 - {44}
{431} 123 {431} -
2 {62} {44} {62}+{521} + {44} {8} 0 - {8}
+{431}+{422} {1} 1 - {711}
+{3311} {53} 1,3 - {53}
{44} 02,4 - {44}
{431} 123 ) {431}
n'Li 1 1 {53} {53} {8} +2{62} +{71} {8} 0 - {8}
p'Li +{611}+{53} + {44} {11} 1 - {711}
+2{521}+{5111} {53} 13 - {53}
+{44}+{332} {44} 02,4 - {44}
+2{431} +2{422} {431} 12,3 {431} -
+{4211}+{3311}
+{3221}
2 {62} {53} {71} +{62} +{611} {8} 0 - {8
+2{53}+2{521} {1} 1 - {711}
+2{431}+{422} {53} 13 - {53}
+{4211}+{332} {44} 02,4 - {44}
{431} 123 - {431}
2HCLi 0 0 {44} {44} {8}+{62}+{5111} {8} 0 - {8}
+{44}+ {422} {11} 1 - {711}
+{3311}+{2222} {62} 0,2 - {62}
{53} 1,3 - {53}
{521} 1,2 - {521}
{44} 02,4 {44} -
{831} 123 - {431}
{422} 02 {422} -
1 {53} {44} {71} +{611}+{53} {8 0 - {8}
+{521}+{431} {11} 1 - {711}
+{4211}+{332} {62} 0.2 - {62}
+{3221} {53} 1,3 - {53}
{521} 12 - {521}
{44} 02,4 - {44}
{431} 123 {431} -
{422} 02 - {422}
2 {62} {44} {62} +{521} +{44} {8} 0 - {8}
+{431}+{422} {1} 1 - {71}
+{3311} {62} 02 - {62}
{53} 1,3 - {53}
{521} 12 - {521}
{44} 02,4 - {44}
{431} 12,3 - {431}
{422} 02 {422} .

and 10 are given in Table II. The interactions in the “He’H
and “He’He systems differ only by the Coulomb term.

Owing to the lack of experimental data, for the 3He’He
system the potentials were constructed exclusively from
resonating-group calculations of the phase shifts.'” The pa-
rameters of these interactions coincide with those of *He’H
for S=0; however, here even L correspond only to S=0,
and odd L correspond to S=1.

The quality of the description of the phase shifts is
shown in Figs. 1-4 together with the experimental data from
Ref. 18 for “He’H, from Refs. 19 and 20 for *He’H, and
from Ref. 21 for *He’H. In Figs. 3 and 4 the crosses show
the calculated He’H phase shifts obtained using the
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resonating-group method.?? The triplet *He’H potentials
given in Table II, whose the phase shifts are shown by the
solid lines in Fig. 3a, incorrectly reproduce the bound-state
energy of SLi. To obtain the correct value of — 15.8 MeV for
the ground state it is necessary to increase the interaction
depth to 105 MeV. The description of the energy of the D,
level requires a potential of depth 107.5 MeV. The phase
shifts of these potentials are shown by the dashed lines in
Fig. 3a.

The *He’H potential in the D5 wave allows a phase shift
of 90° to be obtained at energy 0.71 MeV, in good agreement
with the data of Ref. 23, where the value 0.711 MeV is
quoted. On the whole, the elastic cross sections for *He*H
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TABLE II. Parameters of the potentials for “He’H, “He’He, “He’H, and HeH scattering. For the “He’H and “He’He systems a=0.15747 F~2 and

R =3.095 F. For “He’H and °He’H, R .=0F.

"Li(Be) °Li(*He’H) ‘Li(*He*H)
s=1 §=0

Vo Vo a
L, (MeV) L, (MeV) (F?) Vo (MeV) a (F? Vo (MeV) a (F?)
s 61.5 s 76.12 0.2 90 0.18 85.0 0.18
Py 81.92 Py 68.0 0.22 525 0.2
Py, 83.83 P, 79.0 0.22 65.0 0.2 740 02
Dy, 66.0 P, 85.0 0.22 80.0 0.2
Dsp 69.0 D, 63.0 0.19 720 0.18
Fsp 759 D, 69.0 0.19 85.0 0.18 85.0 0.18
Fap 84.8 D; 80.88 0.19 90.0 0.18

scattering at the energies 5.79 MeV and 19.91 MeV agree
with the experimental data of Refs. 21 and 24.

The cluster interactions obtained from the phase shifts
were used to calculate various characteristics of the nuclear
ground states. Here the clusters were associated with the
properties of the corresponding nuclei in the free state. In
particular, the nuclear charge radius was found using the
following cluster radii: 1.9660(68) F for 2H, 1.68(3) F for
3H, 1.844(45) F for *He, and 1.673(1) F for *He (taken from
Ref. 25). The magnetic radius of >*H was taken to be 1.72(6)
F (Ref. 25). The proton radius was taken to be 0.805(11) F.

The calculated charge radii, the binding energies in clus-
ter channels, the magnetic, quadrupole, and octupole mo-
ments, the probabilities for ™ — 2 transitions in "Li and the
1*—3" transition in °Li, and the asymptotic constants are
given in Table III together with the experimental values from
Refs. 26—29, the calculations using the resonating-group
method (RGM),'2® and the cluster-model calculations.'>>!
In Fig. 5 we show the cluster momentum distributions for ®Li
in the “He?H and He®H models, together with the experi-
mental values.>?

Equation (11) for V; contains not only the matrix ele-
ments, but also the form factors of the clusters. The form
factors of the corresponding nuclei in the free state were used
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A aH
b - D’
1680 - -
1 D2 )
3 L]
120} Ll
g S o . Y e e o0 ‘ a
© o 99 D, *
053 80 - g )
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40 o' ® S,-180°
: °
o A A 1 A I A A L A Akl LA Ahed, A A
/] 5 10 15 20
E4, MeV

FIG. 1. Phase shifts of elastic “He?H scattering. The curves are calculated
for the potentials with the parameters in Table II. The points, triangles,
crosses, and squares are the experimental data of Ref. 18.
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for the latter. Parametrizations of these form factors can be
found in Refs. 3 and 26. For example, for “He we can use an
expression of the form

F=(i—(aq*)")exp(—bg?), (18)

where a=0.09986, b=0.46376, and n=6. For *H and 3He
we can also use (18), but with the parameters a=0.0785,

3
azo | a'H a
\,.
sI/!
%240~ U
o o?
3 1 .-nh"l....
S 180

80

310
o
[]
T
3
230
Dyje
150 " A ' VY A A P T W Anh A L A
0 5 10 15 20
Ey, MeV

FIG. 2. Phase shifts of elastic “He’H scattering. The curves are calculated
for the potentials with the parameters in Table II. The points and triangles
are the experimental data of Refs. 19 and 20.
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b=0.4075, n=5.46 and a=0.0872, b=0.481, n="17.9, re-
spectively. The parametrization of the deuteron form factor
is

F=exp(—aq?)+bg? exp(—cq?) (19)

with the parameters a=0.49029, b=0.01615, and
¢=0.16075. These expressions give the correct behavior of
the form factors for momenta up to 20 F~2, which is quite
sufficient, because the form factors of these nuclei have been
measured only up to 3.5-4.5F .. The usual Gaussian pa-
rametrization with @=0.0864 F> was used for the proton
form factor.>

The Coulomb form factors of lithium nuclei have been
studied by many authors using the resonating-group method
(RGM),**%* various phenomenological approaches,!*738
and the cluster model.*® The RGM calculations of the elastic
and inelastic form factors of "Li give a good description of
the experimental data at small momentum transfers of order
7-8 F2 (Ref. 35). However, at 3—4 F~! a second maximum
is observed experimentally,” and it is not present in the
RGM calculations.?*3% In the case of the SLi nucleus, the
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existing RGM results taking into account distortions or com-
plete antisymmetrization give a generally good reproduction
of the shape of the second maximum of the elastic form
factor.% Phenomenological wave functions of the °Li
nucleus were used in Refs. 14, 37, and 38, and a better de-
scription of the elastic and inelastic 3* form factors was
obtained at low momenta. The second maximum in the elas-
tic Coulomb form factor of SLi can also be reproduced by a
three-body model of the nucleus* using potentials with for-
bidden states.

In Ref. 3 the form factors were calculated in the two-
cluster model using Eqs. (10)—(12), (18), and (19). The re-
sults for the elastic form factor of SLi (Ref. 3) are shown by
the solid line in Fig. 6a together with the experimental data.*’
The dashed line is the data of Ref. 35 obtained by RGM
calculations, and the dot—dash line shows the results of the
three-body calculations.*! We see that in the region 3—-4 F~!
the calculated curve lies slightly below the experimental
data, nearly coinciding with the three-body calculations, and
that it has no clear minimum at intermediate momenta. The
latter fact is due to the smooth behavior of the deuteron form
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TABLE III. Calculated electromagnetic characteristics of the nuclei "Li, "Be, and °Li.

"Li
Calculation Exp. (Refs. 26-29) RGM (Refs. 12, 30) Calculation (Refs. 13, 31)
Q (mb) —-1382 —36.6(3);40.6(3) —342-419 -374
) 3.383 3.2564 2.79-3.16 3.384
Q/p (F) 2.70 2.4(5);2.9(1) 3.236 2.48
B(M1) (ud) 2.45 2.48(12) 1.96-2.17 2.45
B(E2) (e FY 73 7.42(14)-8.3(6) 5.4-11.3 7.0
E, (MeV) —247 ~2.467
E, (MeV) -1.99 —1.989
R, (F) 2.40 2.39(3)
R, (F) 2.77 2.70(15);2.98(5)
Co 3.9 —
"Be
Calculation Exp. (Refs. 26-29) RGM (Refs. 12, 30) Calculation (Refs. 13, 31)
Q (mb) -59.3 —58.4
u (uo) —1.532 -1.27 —1.533
Q/p (P 2.85 471
B(M1) (u2) 1.87 1.87(25) 1.58 1.87
B(E2) (* F% 17.5 17.0
E, (MeV) —1.60 —1.586
E, (MeV) —1.14 - 1.157 oLi
Calculation Exp. (Refs. 26-29)
E (MeV) —1.472 —1.4735
R, (F) 2.56 2.54(5)
Co 3.22(2) 29-3.6
B(E2) (e F% 25.1 25.6

factor, which has no minimum in this range of momentum
transfers. In our calculations we did not use any deformation
of the deuteron; however, this is justified only for 100%
clusterization of the nucleus in the “He?H channel. Since the
clusterization probability is apparently less than 60—80%, the
model without distortions represents an approximation to the
actual situation. Finally, deformations or distortions of the
deuteron cluster can also be introduced in the “He’H model.
However, here there is a fitted parameter characterizing the
degree of compression of the deuteron. Meanwhile, the prob-
ability of deuteron clusterization in the nucleus can be
judged from the calculations without cluster deformation.
For 100% clusterization all the results obtained using the
simple two-cluster model should apparently be in good
agreement with experiment. Any deviation of the calculated
characteristics from the experimental data will indicate less
clusterization, when the cluster can no longer be completely
associated with the characteristics of the corresponding
nucleus in the free state. The deviation of the elastic form
factor from experiment, primarily at intermediate momenta,
directly indicates that the model without deformation is an
approximation. The smaller value of the form factor at
3—4F ! is due to the absence of the D wave in the nuclear
wave function. It can be introduced only by taking into ac-
count the tensor component in the interaction potential.

In Fig. 6b the solid line shows the inelastic form factor
with transition to the 3% level, compared with the results of
Ref. 41 for three-body wave functions. We see that the cal-
culation practically coincides with experiment,'**® and has
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the second maximum. In contrast to the calculations of the
elastic form factor, the inelastic form factor turns out to be
very sensitive to the depth and shape of the potential. For
example, a change of the depth by 0.03—0.05 MeV has prac-
tically no effect on the behavior of the 3* phase shift, but it
causes the form factor to change by a factor of 2 to 3. To
correctly describe this form factor it was necessary to
slightly change the potential of the D; wave, using 80.93
MeV, which differs from the results given in Table II by 50
keV.

In Fig. 7a the solid line shows the calculated elastic Cou-
lomb form factor of the “Li nucleus, which has a clear mini-
mum at 3.2 F ! and a rise at higher momenta lying practi-
cally in the range of experimental error.® Here the dashed
line shows the RGM calculations of Ref. 35, where the cal-
culated curve falls off smoothly. In Figs. 7b and 7c we show
the inelastic Coulomb form factors with transition to the 3~
and 7~ levels. The dashed line is the result of Ref. 35. The
form factor of the 3~ level is described up to the second
maximum, where its value is clearly less than experiment.
Similar results were also obtained for the 3~ form factor.
Here there is a second maximum which is completely absent
in the RGM calculations.>**> We note that the potentials
from Table II without any changes of the parameters were
used for the calculations.

3.2. The p®He and n®H cluster systems

The p*He and n°H cluster systems with pure isospin
T=1 have only a single allowed orbital scheme {31} with
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FIG. 5. Momentum distributions of “He?H and 3He®H in the SLi nucleus.
The curves are calculated for the potentials with the parameters in Table II.
The points and squares are the experimental data of Ref. 32.

S-wave forbidden configuration {4} in the triplet and singlet
states.

The phase-shift analysis at energies up to 1 MeV per-
formed in Ref. 42 leads to a certain ambiguity in the phase
shifts. Two sets of solutions noticeably differing from each
other are obtained. There are two groups of studies*>* at
energies of 2—-14 MeV, where two sets of the results were
also obtained for the singlet and triplet P-wave phase shifts
with J=1. In Ref. 43 the singlet P, phase shift at energies of
6—12 MeV reaches about 40— 50°, and the P; phase shift
for S=1 reaches about 20— 30°. In Ref. 44 the singlet phase
shift is lower, 20— 30°, and the triplet phase shift is higher,
40— 50°. These two variants, referred to as solutions A and
C, were studied in Ref. 45. The energy range above 18 MeV
was studied in Ref. 46. In Table IV we give the p>He inter-
action parameters® together with the energies of the forbid-
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FIG. 6. Elastic and inelastic Coulomb form factors of the SLi nucleus with
transition to the 3* level. The curves are the calculations using various

models (explained in the text). The points are the experimental data of Refs.
38 and 40.

den states at L=0. In even waves they coincide with those
given in Refs. 6 and 7.

In Figs. 8 and 9 the solid lines show the calculated phase
shifts for these potentials, the points, squares, and vertical
lines show the experimental data of Refs. 42, 43, and 45, and
the triangles show the data of Ref. 44. The cross sections for
elastic p>He scattering at energies of 6.82 MeV and 10.77
MeV calculated using these potentials agree well with the
experimental data.”~* In Fig. 10 we show the n*H phase
shifts and the data of Ref. 47. The crosses show the results of
the RGM calculations from Ref. 48.

Since there are several different variants of the phase-
shift analyses for the singlet P wave, the potential param-
eters given in Table IV were selected so as to obtain a com-
promise between the different analyses. The description of
the data of Ref. 44, shown by the triangles, requires a poten-
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tial with a depth of about 11 MeV (dotted line in Fig. 9),
while the phase shifts of Ref. 43 are reproduced by a deeper
interaction with V,=17 MeV (dashed line). For describing
the triplet P wave* the depth of the potential must be 17
MeV (dotted line in Fig. 8b), while for the data of Ref. 43 it
must be 13 MeV (dashed line). The energies of forbidden
states with the {4} scheme are given in Table IV, and the
allowed states with symmetry {31} in P waves turn out to be
unbound.

3.3. The NH cluster system

We see from Table I that only the {21} orbital scheme is
possible in the quartet channel of the N?H system, and the
symmetry {3} is forbidden. However, the doublet channel is
compatible with the two schemes {21} and {3}, and the po-
tentials obtained using the phase shifts effectively depend on
these Young schemes.

Experimental data on the phase-shift analysis in the p?H
system are available in a fairly wide energy range, and on the
whole the results of different studies agree with each other.*
These data were used to obtain the interaction potentials
whose parameters are given in Table V.

In Fig. 11 we show the calculated and experimental®
elastic p2H phase shifts at low energies. The solid lines in
Fig. 11a give the calculated phase shifts for even waves us-
ing the second set of parameters for the doublet potentials
from Table V. The phase shifts corresponding to the first set
of parameters are shown by the dashed lines and lead to a
D-wave phase shift which is slightly too high. The solid line
for the P wave shows the results obtained with the second
set, and the dotted line gives the results obtained with the
first set. In Fig. 11b the solid lines show the results for the
potentials of Table V, and the dashed lines show the phase
shifts for the interaction from Ref. 6 with the parameters
Vo=57TMeV, «@=037F2  V,=72MeV, and
B=036F ! for even waves and V,=8.8 MeV and
a=0.06 F~2 for odd waves. We sce that these potentials are
quite good at reproducing the energy behavior of the experi-
mental phase shifts, and the calculated cross sections for
elastic p?H scattering at 2.5 and 10 MeV agree with the data
of Refs. 49 and 50.

In Table V we give the bound-state energies for both
spin states. In the quartet channel for L=0 there is a forbid-
den state with scheme {3}, and the allowed state with scheme
{21} for L=1 is located in the continuum, just as in the case
of the p*He system. The mixed S-wave potential of the dou-
blet channel leads to a bound state with energy different
from the binding energy of the *He nucleus.

As mentioned above, the experimental mixed doublet
phase shifts can be represented as half the sum of the pure
phase shifts:

1 1
aifl}"'{fz}: _i_ 8?1}4_ 5 5§‘f2} . (20)

In this case {f,}={3} and {f,} ={21}. If we assume that
the quartet phase shifts of symmetry {21} can be used as the
doublet phase shifts with the same symmetry {21}, then it is
easy to find the pure doublet phase shifts with scheme {3}. In
Fig. 11c the pure p?H phase shifts obtained in this manner
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TABLE IV. Interaction potentials of pure cluster p>He and n*H systems and bound-state energies Ey,. R.=0 for the Coulomb potential. The energies for the

n>H system are given in parentheses.

L, Vo (MeV) a (F? V, (MeV) B (FY Eys (MeV)
$=0

Even 110 0.37 45 0.67 —9.0(—11.4)
0dd 140 0.1

§=1

Even 43 0.26 —3.6(5.3)
P, 10 0.1

P, 15 0.1

P, 20 0.1

are shown by the vertical lines, which give the error range.
The interaction parameters are given in Table VI together
with the bound-state energies, and the calculated phase shifts
are shown in Fig. 11c. In even waves the phase shifts of the
potential with the first set of parameters are shown by the
solid line. The dashed line gives the results for the second set
of parameters, which are practically the same as those of Ref.
6. The phase shifts of the purely repulsive P-wave interac-
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FIG. 8. Phase shifts of elastic p*He scattering. The points, squares, and
vertical lines are the experimental data,>*>* and the triangles are from Ref.
44. The curves are the result of calculations using various potentials.
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tion are shown by the dotted line, and the solid line gives the
phase shifts of the potential with peripheral repulsion from
Ref. 6 with the parameters V=13.8 MeV, a=0.16 F2,
V,=1.6 MeV, and 8=0.09 F .

We see from this figure that the behavior of the pure
p?H phase shift with L=1 is reproduced well. The S-wave
phase shift has a nearly resonance behavior, and it is not
possible to find an interaction capable of describing its shape
and also the bound-state characteristics. These interactions
for the ground states correctly describe the binding energies
of *He and *H. The experimental values of the energies are
—5.493 MeV and —6.257 MeV, respectively.

The two pure S-wave p?H interaction potentials lead to
practically identical phase shifts, but only the second one
without any deformation of the deuteron cluster gives a rela-
tively accurate Coulomb elastic form factor at small mo-
menta. The 3He charge radius for this interaction is
R;~=1.89F, and R,=2.08 F, which is slightly larger than
the experimental value. The asymptotic constant is 1.8(1),
while the experimental values lie in the range 1.8—2.3 (Ref.
27). In the case of the n?H system, the second potential
slightly lowers the binding energy, but if the depth is de-
creased to 53.9 MeV, the energy turns out to be —6.25 MeV
and the radii are R,=1.89 F and R,=2.01 F.

For the first potential variant, the description of the ra-
dius and form factor requires the introduction of a deuteron

p’He

120} s

8., deg

FIG. 9. Phase shifts of elastic p*He scattering. The points and squares are
the experimental data,*>*>* and the triangles are from Ref. 44. The curves
are the result of calculations using various potentials.
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FIG. 10. Phase shifts of elastic n>H scattering. The points are the experi-
mental data,*” the crosses are the RGM calculations from Ref. 48, and the
solid lines are the results of calculations using the potentials of Table IV.

deformation, i.e., the assumption that the deuteron cluster
inside the 3He or 3H nucleus cannot be associated with the
properties of the free deuteron. This is completely reasonable
from the viewpoint of the sizes of the deuteron and the >He

and *H nuclei, because the deuteron radius is much larger
than the radii of these nuclei. To obtain the correct radii and
form factors of these nuclei it is necessary to compress the
deuteron cluster by about 30—40% (Ref. 8). The asymptotic
constant for this potential is 2.3(1) in both channels. When
deformations are neglected, the radii are R = 2.05F and
R,=220F in p’H and R;=1.95 F and R,=2.12 F in n’H.
In Fig. 12 the solid line shows the momentum distributions
of clusters in the *He nucleus obtained with the first set of
parameters of the ground-state potential. The dashed line
shows the results for the second potential. The experimental
data are taken from Ref. 51.

3.4. The ?H%He cluster system

Let us now turn to the 2H’He system. In the doublet
channel the phase shifts depend on the two orbital schemes
{41} and {32}, as seen from Table I. In the quartet channel
only the {32} scheme is allowed, and the states are pure.

Experimental data on the phase shifts are available only
in a narrow energy range 0—5 MeV (Ref. 52). Therefore, to
obtain the potential it is necessary to use the RGM calcula-
tions of the phase shifts from Ref. 53. The phase shifts cal-
culated using the potentials of Table V are shown in Fig. 13
by the solid lines. Here the points and squares are the experi-
mental P- and S-wave phase shifts from Ref. 52, and the
crosses and circles are variants of the RGM calculations
from Ref. 53. In Fig. 13a the dashed line shows the D-wave
phase shifts of the potential from Ref. 6 with the parameters
V=50 MeV and @=0.15 F~2, which lead to a more correct
description of the RGM D-wave phase shifts and roughly the
same results for the S-wave phase shifts. In Table V we give
the energies of the forbidden states for quartet potentials with
the scheme {5} for L=0 and with the scheme {41} for L=1.
The allowed states with {32} symmetry turn out to be un-
bound.

We see from Fig. 13b that the RGM and the experimen-
tal doublet S-wave phase shifts differ considerably from each
other. The interaction parameters quoted in Table V were
obtained from the experimental data, and the S-wave phase
shift is shown by the dotted line. The description of the

TABLE V. Interaction potentials of p?H and 2HHe cluster systems with mixed Young schemes in doublet channels. For all cases R,=0. Ey are the
bound-state energies. The values of the energy for the n2H and 2HH systems are given in parentheses.

System L, Vo (MeV) a (F? vV, (MeV) B (F Y E, (MeV)
§=1/2
Even 35.0 0.1 —-9.3(—10.1)
p*H 55.0 0.2 —11.4(—12.3)
Odd -04 0.01
10.0 0.16 0.6 0.1
§=3/2
Even 41.9 0.13 13.7 0.36 —42(—49)
Odd 7 0.05
$=1/2
Even 45.5 0.15 —159(—17.0)
’H’He 0dd 44 0.1 —7.5(—8.1)
$=3/2
Even 345 0.1 —12.9(—13.8)
Odd 29 0.1 —1.3(—1.8)
627 Phys. Part. Nucl. 28 (6), November—December 1997 S. B. Dubovichenko and A. V. Dzhazairov-Kakhramanov 627
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FIG. 11. Phase shifts of elastic p?H scattering. The points, triangles, and
squares are the experimental data,® the curves are the results of calculations
using the potentials with the parameters in Table V, and in (c) the vertical
lines are the error bars for pure phase shifts with scheme {3}, and the curves
are the calculations for various potentials.
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RGM S-wave phase shifts requires a potential with param-
eters Vy=25 MeV and @=0.15 F 2 The S- and D-wave
phase shifts for this potential are shown by the solid lines.
The doublet P-wave potential was obtained from RGM cal-
culations and on the whole agrees with experiment. The
cross sections for elastic scattering at 4.19 and 10 MeV cal-
culated with these interactions agree with the experimental
results of Refs. 20 and 54. We see from Table V that the
P-wave state allowed in the doublet channel has energy in-
consistent with the average energy of the P-wave bound
state, because the potential depends on two orbital schemes.

Equation (20) was used to obtain the pure phase shifts in
the doublet channel. These are shown by the vertical lines in
Fig. 14. The parameters of the pure potentials are given in
Table VI, and in the figure the solid lines show the phase
shifts calculated with these potentials for the S, D, and P,
waves. The dashed lines show the phase shifts for the poten-
tials from Ref. 6 with the parameters V=57 MeV,
@=0.16 F2, V;=84MeV, and B=0.21F! for even
waves, and V=69 MeV and @=0.14 F~2 for odd waves.
The pure potentials with {41} symmetry give the correct en-
ergy of the P-wave levels of the 5Li nucleus, and in the
S-wave state there is a forbidden state with the {5} scheme.

3.5. The 2H?H cluster system

In scattering in the 2H?H system, the {22} orbital scheme
is allowed in the channel with S=2, and the {31} scheme is
allowed in the triplet channel. The singlet channel is compat-
ible with the two symmetries {4} and {22}, as seen from
Table 1. Experimental data on the phase shifts in the H’H
system are avaliable only in the range 8—12 MeV (Ref. 55).
It is therefore necessary to use the results of the RGM cal-
culations of the phase shifts.® In Figs. 15 and 16a the
crosses show the RGM phase shifts, and the circles show the
results of the phase-shift analysis. We see from Fig. 15a that
there is a great difference between the various RGM calcu-
lations in the S wave of the singlet channel. The lower re-
sults were obtained using the multichannel version of the
RGM, and the upper ones with the one-channel version. The
triplet P-wave phase shifts also differ noticeably in these
variants of the RGM calculation and lie somewhat lower
than the experimental data. However, all the D- and S-wave
phase shifts at S=2 are similar to each other and on the
whole are consistent with the phase-shift analysis.

The triplet potential of the 2H?H system was constructed
from the experimental data,> and the interactions with L=0
and 2 were constructed from the experimental data and the
RGM calculations. The calculated phase shifts are shown by
the solid lines in the figures. The potential parameters are
given in Table VII. Two variants of the interaction are ob-
tained in the singlet channel. The first contains a single
bound state and describes the multichannel results, as shown
by the dashed line in Fig. 15a. The second, which correctly
reproduces the D-wave phase shift, leads to a compromise
between the various RGM calculations.

Since for S=0 two schemes compatible with L=0 are
allowed, while the {22} scheme also admits L=2, the second
variant of the singlet interaction appears more realistic, as it
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TABLE VI. p?H and *He?H interaction potentials in doublet channels with pure Young schemes. R,=0 for all cases. Ey, are the bound-state energies. The

energies for the n?H and 2H°H systems are given in parentheses.

System Ly Vo (MeV) a (F?) Vi (MeV) B (F7h Ey (MeV)
Even 34.75 0.15 —5.49(—6.25)
pH 543 0.3 —5.49(—6.40)
0dd -24 0.01
Even 40.0 0.15 8.0 0.2 -7.1(-8.0)
’H’He Py, 75.5 0.15 ~16.4(—172)
Py 60.2 0.15 —8.9(—9.6)

has two deep bound levels in the S wave and one in the D
wave. The latter is located at energy — 13.3 MeV. The triplet
potential has an allowed state consistent with the 2~ level at
22.1 MeV. The potential for S=2 contains a forbidden state
with the {4} scheme.

Pure phase shifts of the singlet channel were obtained
using Eq. (20) for {f,}={4} and {f,}={22}. When only the
results of the multichannel RGM are used, pure phase shifts
are clearly obtained; they are shown by the points in Fig.
16b. When the results of both RGM variants are used, bands
of values are obtained for the pure phases; these are shown
by the vertical lines in the figure. The parameters of the pure
potentials are given in Table VII. The S-wave potential cor-
rectly reproduces the locations of the bound states at energies
—28.848 MeV and —3.748 MeV relative to the threshold of
the cluster channel. The interaction parameters are uniquely
fixed from the energies of these levels. However, although
this potential describes the S-wave phase shift, it leads to a
D-wave phase shift beginning at 180° and contains an unob-
served state in the bound-state spectrum at —1.5 MeV.
These results are shown by the solid lines in Fig. 16b. There-
fore, for the D wave it is necessary to use a potential with
different parameters which does not give bound states, but
describes the phase shift, as shown by the dotted line in Fig.
16b. The pure S-wave potential in the 2H?H system leads to
the correct radius of 1.64 F only when the deuteron is de-
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FIG. 12. Momentum distributions of pH clusters in the *He nucleus. The
points are from experiment,’! and the curves were calculated using the
ground-state potentials in Table VI.
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formed by about 40%, just as for the p?H channel of the *He
nucleus. The asymptotic constant is 13.7(1.3); this is consid-
erably larger than the experimental data,?” which give values
in the range 6-9.

3.6. The p°H and n®He cluster systems

The p>H and n’He systems are mixed in isospin, be-
cause for T3;=0 the values T=0, 1 are possible. Here both
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FIG. 13. Phase shifts of elastic 2H>He scattering. The points and squares are
the experimental data,>? the crosses and circles are different variants of the
RGM calculations,’> and the curves are calculated for various potentials.
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calculations,” and the curves are calculated for various potentials. (b) The
vertical lines are the error bars for pure phase shifts with the scheme {4}, and
the curves are calculated using the potentials of Table VII.

the triplet and singlet phase shifts, and therefore the poten-
tials, effectively depend on two values of the isospin. The
isospin mixing leads to mixing in the Young schemes. In
particular, in the singlet state the two orbital schemes {31}
and {4} are allowed, as seen from Table 1. Therefore, to
obtain pure phase shifts with 7=0, according to (20) it is
necessary to use phase shifts which are pure in the isospin of
the p>He system with 7= 1. Only the {31} scheme is possible
in the triplet state, but it is also mixed in isospin.-"8

There is a relatively large amount of experimental data
on the p>H phase shifts.’>® Two sets of phase shifts which
reproduce the scattering cross sections are given in Ref. 58.
The first agrees on the whole with the data of Ref. 57. In
Figs. 17 and 18a we show the experimental isospin-mixed
phase shifts and the calculated phase shifts of p°H elastic
scattering. The potential parameters are given in Table VIII.
Since the potentials are mixed, the energy of the singlet
S-wave interaction does not correspond to the experimental
binding energy of the “He nucleus. In the triplet S-wave state
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TABLE VII. Interaction potentials in the 2H?H system which are mixed in
the singlet channel and pure with {4} symmetry. R.=0 for all cases. Ey are
the bound-state energies.

S, Ly Vo (MeV) a (F) Ep (MeV)
§=0 9.0 0.05 -15

108.0 0.125 —17.1;,-615
s=1 51 0.16 =20
5=2 40 0.24 -6.9
's {4} 41.15 0.073 —23.385,-3.73
'D {4} 350 0.11

there is a forbidden state with the {4} scheme. The states with
{31} symmetry allowed in the two channels have a single
quantum, and the P-wave potentials do not contain bound
states.

After using (20) to find the pure phase shifts with {4}
symmetry, which are shown by the points in Fig. 18b, these
phase shifts are used to find the pure interaction potentials
with the parameters given in Table IX, where we also give
the bound-state energies. The calculated pure phase shifts for
these potentials at S=0 are shown by the solid lines in Fig.
18b, and the calculated characteristics of the *He nucleus in
the p>H and n°He models are given in Table X (Ref. 8)
along with the experimental data of Refs. 25 and 27.

4. PHOTOPROCESSES ON LIGHT NUCLEI
4.1. Photoprocesses on SLi and "Li

The total cross sections for photoprocesses have been
calculated earlier using a phenomenological potential
model® similar to the one used here and the resonating-
group method®®%%! for the “He?H, “He’H, and “He’He sys-
tems. The total cross sections in the “He?H channel of the
°Li nucleus have been calculated for interactions with for-
bidden states using the three-body ground-state wave
functions.’? The total cross sections have been calculated in
the two-cluster model with forbidden states using Gaussian
potentials consistent with the elastic scattering phase shifts.'

Turning to the cross sections for photoprocesses, we
note that the spin electric operator Q,,(S) in (2) gives a
relatively small contribution to the total cross section for a
process. We can therefore consider only the first operator for
EJ transitions. However, for example, for E1 processes in
the “He?H system the spin term can give a noticeable contri-
bution, owing to the smallness of the cross section due to the
orbital operator, because in nuclei with N=Z the E1 transi-
tions with AT=0 are strongly suppressed. In the cluster
model this fact is reflected in the factor (Z, /M ,—Z,/M,)?,
which is equal to zero under these conditions. An E1 transi-
tion due to the orbital operator can arise in such nuclei only
if the condition M=2Z is not exact. For example, in the
“He?H system of the SLi nucleus, the masses of the deuteron
and *He are not integers, but are M,=2.0135537 and
M ,=4.0015061.

The E1, E2, and M1 transitions and the contribution of
the spin part of the electric operator were included in the
calculation of the cross sections in the “He’H and “He’He
systems. Let us consider, for example, the E1 transition,
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FIG. 17. Phase shifts of elastic p>H scattering. The circles, triangles, and
squares are the experimental data,”*® and the curves are calculated using
the potentials of Table VIII.

when the capture can occur both on the ground bound state
with J=3" and energy —2.47 MeV in "Li and — 1.59 MeV

in "Be and on the first excited state with /=3 and energy
—1.99 MeV and —1.16 MeV, respectively. The ground-
state capture occurs from the S, Dj,, and Ds, scattering
states on the first excited S and D5, state. The potential
parameters used in the calculations are given in Table II.
The calculated cross sections for EJ and M1 capture of
“He®H and “He’He are shown in Fig. 19. The experimental
results®>%* and the E1 calculations from Ref. 63 (upper dot-
ted line in Fig. 19a) are also shown. The dot—dash line in
Fig. 19b shows the RGM calculations for the E1
transition. '>30%6! We see from these figures that the cross
sections for E2 and M1 processes are one and a half and
three orders of magnitude lower than the E1 cross section
and do not contribute significantly to the total cross sections.
The peak in the E2 cross section for “He’H capture corre-
sponds to the resonance in the F, phase shift at energy 2.16
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MeV in the c.m. frame. A similar peak is also observed in
the cross section for “He*He capture at 7.0 MeV, which cor-
responds to a resonance at 2.98 MeV (c.m. frame) relative to
the cluster thresholds. The calculated M1 cross sections are

in good agreement with the RGM results.®! In Fig. 19a the
dot—dash line labeled E1' shows the cross section due to the
spin term Q;,,(S) of the electric E1 operator, which in the
*He’H system is considerably smaller than the orbital term
QOym(L), and its contribution to the total E1 cross section
can actually be neglected. In all the calculations the cluster
magnetic moments were taken to be u,=2.9786u, and
Mue=—2.12744,.
The S factor was also calculated for “He®H capture. At

20 keV it is 0.087 keV-b, to be compared with the value
0.064(16) keV-b quoted in Refs. 63 and 64. Other experi-
mental data give 0.134(20) (Ref. 65). In “He’He capture the
S factor at 40 keV is 0.47 keV -b, in good agreement with the
data,%*% which give a value in the range 0.47-0.63 keV-b.
A value in the range from 0.5 to 0.6 keV-b is usually ob-
tained in RGM calculations.'”>® In the potential
approach'3*"%7 the calculations give 0.47(2) keV-b, and the
value 0.56 keV -b was obtained in Ref. 59. There are two sets
of experimental data on the S factors for this system.5> One
of them leads to the value S(0)=0.3(3) keV-b, which dif-
fers from S(0)=0.61(7) keV-b. The average value of 0.45
keV-b agrees well with the above value. In Fig. 20 we show
the astrophysical S factors for “He’H and *He’He capture for
energies up to 3 MeV obtained using the E1 cross sections
and compare them with the RGM calculations'>**® (dashed
lines). The experiment is described in Refs. 63 and 64.

" The value of P, for the “He?H system in the case of E2
transitions can be written as

Pi=2J;+1, (1)

if the capture occurs on the ground state from scattering
states with L=2 and J;=1, 2, 3. The potential parameters
used in the calculations are given in Table II.

The cross section for E2 capture, which is shown by the
solid line in Fig. 21 along with the experimental data,%® has a
peak at 0.71 MeV and also a second maximum at about
2.5-3 MeV, which corresponds to a resonance in the D,
wave with energy 2.84 MeV. The lower dotted line shows
the cross sections for M2 capture from the P, and P, scat-
tering states on the ground state. The upper dotted line shows
the calculated E2 cross sections from Ref. 59.

We also calculated the cross section for E1 capture on
the ground state from the continuum with J;=0, 1, 2 and
L=1 for the orbital (E1) and spin (E1') terms separately
and the total of these cross sections including interference
(see the lower solid line in Fig. 21). It is noticeably smaller

TABLE VIII Interaction potentials in the p>H system with mixed Young schemes. R.=0 for all cases. E\, are the bound-state energies. The energies for the

n>He system are given in parentheses.

L, Vo (MeV) a (F? V, (MeV) B (F Y E,, (MeV)

$=0

Even 50 02 —10.4(—11.4)
0dd -3 0.03

s=1

Even 55 0.39 6.0 0.39 —1.2(~2.0)
Py 11 0.1

P, 175 0.1

P, 2 0.1
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TABLE IX. Interaction potentials of the p°H cluster system with pure Young schemes. R,=0 for all cases. The energies for the n>He system are given in

parentheses.

L, Vo (MeV) a (F? V, (MeV) B (FY Eys (MeV)
5=0

Even 63.1 0.17 -19.82

0Odd -8 0.03

S=

Even 70.0 0.39 15 0.39 —1.4(—-24)
Py 11 0.1

P, 19 0.1

P, 24 0.1

than the E2 cross section and practically does not contribute
to the total cross sections at energies above 0.5 MeV. In Fig.
22a the solid line shows the cross sections for photodisinte-
gration of SLi in the “He?H channel together with the experi-
mental results®® and the calculations (dashed line) of Ref.
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FIG. 19. Total cross sections for radiative capture in the “He’H and “He*He
systems with production of 'Li and "Be nuclei in the ground and first ex-
cited states. The curves are the cross sections calculated for various transi-
tions (see explanation in the text). The points are the experimental data from
Refs. 63 and 64.
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62 using the ground-state three-body wave functions. In Fig.
22b we give the S factors obtained from the E1 and E2 cross
sections. We clearly see that at low energies the E1 cross
section dominates. Linear extrapolation of the S factors to
zero gives S(E2)=3%x10""7 keV-b and
S(E1)=1.2X 1076 keV-b, so that the overall S factor is
1.5X 107 keV-b. This result is in good agreement with the
calculations of Ref. 70.

In the case of E1 capture of *He’H on the ground state
of SLi, P, is written as (21) for initial states with J;=0, 1, 2
and L=1. The E1 transition to the 3* resonance state can
also be studied in the *He®H model. The parameters of the
3He’H potentials taking into account spin—orbit splitting are
given in Table II. The calculated total capture cross section
with S-wave potential correctly reproducing the nuclear
binding energy in this channel is shown by the solid line in
Fig. 23. The experimental data are taken from Ref. 71. We
see that the use of this potential and the P-wave interaction
reproducing the energy behavior of the phase shifts gives
agreement with these experimental data. There are also other
measurements of the cross sections’>”> which differ signifi-
cantly from those given in the figure.

For M1 transitions to the ground state we studied the
process in which the spin state changes from singlet to trip-
let. Only the spin term W,,(S) remains in the transition
operator. The quantity P, is given by (21) for E2 transitions
to the ground state from states with L=2 and J;=1, 2, 3.
The results of these calculations are shown by the dotted and
dashed lines in Fig. 23. In Fig. 24a we give the S factor for
3He’H capture at low energies. Linear extrapolation gives
0.06 keV -b for the S factor at zero energy in the E1 process.
In Fig. 24b we show the calculated cross sections for capture
on the 3* level for the potentials of Table II together with
the data and calculations (dotted line) from Ref. 74. Here as
the D potential we used interactions with depth 105 MeV

TABLE X. Characteristics of the “He ground state in n°>He and p>H cluster
models.

Channel E (MeV) Co R, Ry
p3H calculation —19.822 4.5(1) 1.761 1.693
Experiment —19.815 5.2(1);4.2(2) 1.673(1)
n°He calculation ~ —?20.861 4.4(1) 1.838 1.699
Experiment —20.578 5.1(4) 1.673(1)
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FIG. 22. (a) Total cross sections for photodisintegration of the SLi nucleus
in the “He?H channel. The solid line is the E2 cross section calculated for
the potentials of Table II, and the dashed line is the cross section calculated
in Ref. 62 with ground-state three-body wave functions. The points are the
cxperimental data.%*% (b) Astrophysical S factors for E1 and E2 processes.

(solid line) and 107.5 MeV (dashed line), with «=0.18 F2
in both cases.

4.2. Photoprocesses for the *He, ®H, and 5Li nuclei

The differential cross sections for photoprocesses in the
N?H, N°H, and 2HHe systems for potentials containing for-
bidden states and separated on the bases of orbital schemes
have been successfully calculated earlier in Ref. 6. In Ref. 75
we studied the total cross sections for such systems using
cluster models with forbidden states and separation on the
basis of the Young schemes.

The E1 and E2 transitions due to the orbital part of the
electric operator Q;,,(L) were taken into account in the cal-
culation of the total cross sections. The magnetic cross sec-
tions and spin-dependent parts of the electric operator turned
out to be relatively small. In the N?H system E1 transitions
are possible between the ground pure %S state and the 2P
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tion. The points are the experimental data of Ref. 71.

scattering state. The quantity P3 in (5) for photodisintegra-
tion can be written as (21) if J; is replaced by J¢, where J
is the angular momentum of the final state and can take the
values 3~ and 27. In the case of E2 processes, transitions
can occur between the pure ground state and the doublet
D-wave scattering state. Again in this case P is written as
(21) with J;=3%* and 3*. The cross sections for photopro-
cesses are proportional to the factor (Z,/M]+
-1z, /Mé)z, which has the same value in the n*H and
p2H systems in the case of E1 transitions and values differ-
ing by about an order of magnitude for E2 transitions.
Therefore, the E2 cross section is significant only in the p?H
system. However, this does not explain the difference in the
values of the experimental cross sections for p>H and n’H
photodisintegration.

In Fig. 25 the solid lines show the calculated total cross
sections for photodisintegration of the *H and *He nuclei in
the n?H and p?H channels using the first variant of the
ground-state potential and the P-wave interaction with pe-
ripheral repulsion (see Tables V and VI). The experiment
was performed in Refs. 76 and 77. The dashed line shows the
results obtained with the same ground-state potential, but
with a purely repulsive version of the P-wave interaction.
The use of the second version of the ground-state potential
for any P-wave interaction leads to photodisintegration cross
sections reaching only 600 mb at the maximum, as shown by
the dotted lines in Fig. 25. The lower dashed line in Fig. 25b
shows the cross section for the E2 process. In Fig. 26 we
show the astrophysical S factor due to the E1 transition. The
experimental data were obtained by rescaling the data of Ref.
78. The notation for the curves is the same as for photodis-
integration. Linear extrapolation of the S(E1) factor to zero
energy gives 1.0(2)X10™* keV-b for the solid line and
1.6(2) < 10™* keV-b for the dashed line.

There are quite a few calculations of the cross sections
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3* level obtained in Ref. 74. The solid and dashed lines are the cross
sections calculated for the potentials in Table II.

for these processes based on various model approaches. In
particular, in some versions of the method of hyperspherical
functions it is possible to reproduce the total cross sections at
low energies.”’ However, in contrast to the approaches dis-
cussed above, in these approaches the supermultiplet sym-
metry of the wave function with separation on the basis of
Young schemes, which makes it possible to analyze the
structure of intercluster interactions and determine the pres-
ence and location of allowed and forbidden states, is usually
not considered.

The quantity P2 for E1 capture in the 2H’He system can
be written as (21) with J ;= yLif capture occurs from the
S wave to 2P{*!} states of the final nucleus, which are not
stable. The energy of the P{l‘,‘zl} level is about 9 MeV, and the
width is of order 5 MeV (Ref. 23). The value of P2 is two

times larger for capture from the 2D wave than for capture
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from the S wave if the spin—orbit splitting is not taken into
account.

In Fig. 27a we show the calculated cross sections for E'1
radiative capture in the 2H He system in the energy range 10
keV-40 MeV. The dot—dash line shows the total summed
cross section for E1 transitions from the S- and D-scattering
waves to the Pj, level with the interaction from Table V for
even waves used as the scattering potential. Its S-wave phase
shift is shown by the dotted line in Fig. 13b and describes the
experimental data. The solid line shows the E'1 cross section
for the S- and D-wave scattering potentials with the param-
eters V=25 MeV and a=0.15 F~2 describing the RGM
S-wave phase shift, as shown by the solid line in Fig. 13b.
The dashed lines show the contributions from the S and D
waves for transition to the P, level. The dotted line is the
total cross section for the transition to the P, level. The two
peaks observed in the cross sections for capture on both 2P
levels come from resonances in the 2S and 2D waves, respec-
tively.

In Fig. 27b we show the astrophysical S factors for tran-
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FIG. 26. Astrophysical S factor for p2H capture. The curves were calculated
for various potentials. The experimental results are from Ref. 78.

sitions to P, (solid line) and P, (dashed line) levels due to
the E1 process. Linear extrapolation of the S factors to zero
energy gives S(3/2)=3(1)% 1073 keV-b and
S(1/2)=7(1)X10™* keV-b. The § factor for the scattering
potential describing the experimental S-wave phase shift is
shown by the dot-dash line and at zero enmergy is
1.3(2)X 107! keV-b.

4.3. Photoprocesses in the 2H?H cluster channel of
“He

Photodisintegration of the “He nucleus has been investi-
gated in many studies,” but potentials containing forbidden
states were not used. Such interactions were used in Ref. 6 to
calculate the differential cross sections, and we studied the
total cross sections in Ref. 80.

Since in the 2H?H system the main contribution comes
from the E2 transition which can occur between the pure
ground S state and the singlet D-wave scattering state, these
two interactions can be improved. For the pure S-wave po-
tential we shall use the set of parameters given in Table VII,
which allows the bound-state energies to be reproduced ex-
actly. For the singlet potential we shall study the two ver-
sions of the singlet interactions from Table VII. The first
describes the S- and D-wave phase shifts, as shown in Fig.
15a, and does not contain any bound state in the D wave.
The second describes the D-wave phase shift, has forbidden
states, and can be used to make a compromise between the
various S-wave phase shifts obtained by the RGM (see the
solid line in Fig. 15a).

In calculating the total cross sections we considered only
the E2 transition due to the orbital part of the electric opera-
tor @,,,(L). The magnetic cross sections and spin-dependent
parts of the electric operator turned out to be relatively small,
and E1 processes are completely forbidden, owing to the
presence of the cluster factor, which is equal to zero in the
2HH system. .

In Fig. 28a the solid line shows the calculated total cross
sections for photodisintegration of the *He nucleus in the
2H?H channel for a deep singlet potential containing a bound
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state in the D wave. The experimental data obtained by re-
scaling the capture cross sections up to 10 MeV and from
the cross sections for electrodisintegration at higher energies
are from Refs. 81 and 82, respectively (the points and tri-
angles in Fig. 28a). The circles show the results of the mea-
surements made in Ref. 83. We see that the data agree well
with each other only in the series of studies of Ref. 81, and
these data also agree with the results of Ref. 83 at low ener-
gies. At higher energies the various measurements are con-
tradictory. For example, there are indications of a second
maximum at 20 MeV in Ref. 82, while in Ref. 83 the cross
section clearly falls off at energies above 10 MeV.

The cross sections calculated using a shallow singlet
D-wave interaction turn out to be an order of magnitude
larger than the experimental ones. Any other set of param-
eters which allows description of the D-wave phase shift and
produces bound states in the D wave gives calculated cross
sections which are too large compared with experiment. And
if we drop the requirement that the photodisintegration cross
sections be described, we are forced to favor deep singlet
interactions having bound states in the D wave. If for the
pure ground-state potential we use the interaction with dif-
ferent parameters®? which do not exactly reproduce the ener-
gies of the two bound states, the photodisintegration cross
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section is decreased by several times while the maximum is
preserved at the same energies.

In Fig. 28b we show the calculated S factor of 2H?H
capture at energies of 100 keV to 10 MeV (solid line) in
comparison with the experimental data®! and one version of
the calculations performed in Ref. 79 (dashed line). We see
that the calculated S factor describes the experimental data at
energies of up to 1-2 MeV, and the shape is practically the
same as in Ref. 79. At lower energies the cross section for
E2 transitions of the type 2S—2D turns out to be too small
to explain the experimental data. At energies below 1 MeV
the main contribution comes from the cross sections for the
E?2 process with transition from the quintet S wave to the D
component of the ground-state wave function,” which is ab-
sent in the model used here.

4.4. Photoprocesses in the p°H and n®He cluster
channels of the *He nucleus

The differential cross sections for the p*H system using
potentials with forbidden states and separation on the basis
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FIG. 28. (a) Total cross sections for photodisintegration of the “He nucleus
in the 2H?H channel. The curve was calculated for the deep D potential of
Table VII. The points, triangles, and circles are the experimental data from
Refs. 81-83. (b) Astrophysical S factor for 2H?H capture. The solid line was
calculated for the potentials of Table VII. The dashed line is the calculation
from Ref. 79, and the points are the experimental results of Ref. 79.

of Young schemes have been calculated earlier in Ref. 6. We
calculated the total cross sections for these interactions in
Ref. 84.

For E1 processes it is possible to have transitions be-
tween the pure ground state with 7=0 and the singlet
P-wave scattering state. If it is assumed that the main con-
tribution to the cross sections comes from processes with
change of isospin AT=1 (Ref. 85), then it is necessary to
use the P-wave potential from the T=1 isospin-pure singlet
state of the p3He system. In the case of transitions with
AT=0 we use the potential of the pure singlet P-wave phase
shift with 7=0 for the p>H system. Three variants of the
interaction are given in Ref. 84 for the T=0 ground state,
but here we shall use only one.of them. Its parameters are
given in Table IX. The parameters of the P-wave interaction
of p°He are given in Table IV, and the phase shifts are
shown in Figs. 8 and 9.
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FIG. 29. Total cross sections for photodisintegration of the “He nucleus in
the p*H and n*He channels. The curves were calculated for various poten-
tials. The points, triangles, and circles are the experimental results from
Refs. 86-91.

In Fig. 29a the dashed line shows the calculated total
cross sections for photodisintegration of *He in the p°H
channel for transitions with AT=1. The experimental results
are taken from Refs. 86 and 87 (circles), Ref. 88 (triangles),
and Ref. 89 (points). We see that the spread in the various
data reaches 20-30%, with the later measurements®3® lying
considerably lower than the earlier ones.3%%7 Since the
P-wave potential was selected as a compromise between the
various phase-shift analyses, its value is not determined
uniquely. Therefore, it is possible to slightly increase its
depth, taking Vy=15MeV and @=0.1 F"2 Then at the
maximum the cross section is increased by about 0.1 mb and
agrees somewhat better with the experimental data,®®% as
shown by the solid line in Fig. 29a. The phase shifts of this
P-wave potential are practically the same as those shown by
the solid line in Fig. 9a.

To study transitions with AT=0 it is necessary to use
the repulsive P-wave potential from the p>H system given in
Table IX. Here it is not possible at all to correctly reproduce
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FIG. 30. Astrophysical S factor for p>H capture. The solid line was calcu-
lated for the potentials of Tables IV, VIII, and IX. The points, triangles,
squares, and circles are the experimental data from Refs. 86-91.

even the shape of the experimental cross sections, as shown
by the dot—dash line in Fig. 29a.

In Fig. 29b the dashed line shows the calculated results
for the reaction “He(y,n)*He with AT=1 for the P-wave
interaction of Table IV together with the experimental data
of Refs. 89 (points), 90 (triangles), and 91 (circles). Here the
earlier measurements of the cross sections®? lie considerably
higher than the later ones.’>* If the depth in the P wave is
decreased slightly to 11 MeV while keeping the geometry
unchanged, it is possible to describe the data of Refs. 89 and
90. This cross section is shown by the solid line in Fig. 29b.
The phase shifts of this P-wave potential are shown by the
dotted line in Fig. 9a and agree with the results of the phase-
shift analysis from Ref. 44.

The existing calculations of the cross sections for these
photoreactions using various models and approaches (see,
for example, Refs. 86—91) in general lead to agreement with
the available experimental data. However, the experimental
uncertainties are so large that it is difficult to favor any par-
ticular set of results. In this situation the nonuniqueness of
the phase-shift analyses makes it possible to slightly change
the potential parameters and obtain results which agree with
certain experimental data on photodisintegration.

In Fig. 30 we show the astrophysical S factor at low
energies obtained using the P-wave interaction of depth 15
MeV, which describes the photodisintegration process. The
experimental data are from Refs. 86—89. We see that, in spite
of the large experimental errors, on the whole the measured
cross sections®®3 are reproduced even at low energies of
0.7-3 MeV. Linear extrapolation of the S factor to zero en-
ergy gives a value of about 1.3(6)X 1073 keV-b.

CONCLUSION

On the basis of these results, it can be stated that the
calculations of the elastic and inelastic Coulomb form factors
of lithium nuclei using two-cluster models with potentials
containing forbidden states allow a reasonable description of
the experimental results even at relatively large momentum
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transfers. In contrast to the RGM calculations,** ¢ in all

cases the form factor contains a second maximum which is
slightly lower than the experimental data. It is possible to
reproduce the E2 and M1 electromagnetic transition prob-
abilities, the magnetic, quadrupole, and octupole moments,
and the magnetic and charge radii. The potential parameters
were at first fixed using the phase shifts of cluster elastic
scattering, and then changed slightly in the calculation of the
form factors only for the D; wave in SLi, which allowed
good reproduction of the behavior of the first maximum in
the form factor.

The cluster potential model for interactions containing
forbidden states allows the correct description of not only the
static electromagnetic characteristics of lithium nuclei, but
also the total cross sections for photoprocesses in the entire
energy range studied. The S factors at astrophysical energies
are also described. It can therefore be assumed that the large
clusterization probability of lithium nuclei in the “He’H and
“He’H channels allows the simple one-channel cluster model
to be used quite successfully. The same sets of potentials can
be used to describe different nuclear characteristics. It is not
necessary to introduce any distortion of the cluster character-
istics to obtain agreement with experiment. The assumption
that on the whole a given cluster in the nucleus can be asso-
ciated with the properties of the corresponding free particle
is completely justified. This is consistent also with the RGM
results,’®%2 where distortions lead only to insignificant
changes in the characteristics of SLi and "Li nuclei. The only
exception is the 3HeH capture cross section, where there are
some experimental ambiguities in the cross sections, and the
phase shifts and ground-state energies cannot be made to
agree.

The use of the one-channel cluster potential model with
forbidden states and separation on the basis of Young
schemes makes it possible on the whole to reproduce the
available experimental data on the total cross sections for
photodisintegration and radiative capture in the N?H system
at low energies using a potential which on the whole is con-
sistent with the pure phase shifts, the scattering phase shifts,
and bound-state characteristics. It can also be used to obtain
specific results for the 2ZH He system.

In general, the cluster potential model reproduces the
shape of the cross sections for “He photodisintegration using
E1 transitions with AT=1 for reactions in the p>H and
p3He channels. The calculated cross sections lie within the
range of uncertainty of the various experimental results. By
varying the P-wave interaction depth by 10-20%, it is pos-
sible to slightly improve the agreement between the calcula-
tions and some of the experimental data on the cross sections
for photoprocesses. The phase shifts of the P-wave poten-
tials modified in this way lie within the range of experimen-
tal uncertainties of the various phase-shift analyses. The
ground-state potential is consistent with the bound-state
characteristics and pure phase shifts.

The cluster model with separation on the basis of Young
schemes allows description of some of the experimental data
on the total cross sections for photodisintegration and radia-
tive capture in the 2H?H channel at low energies. The astro-
physical S factor is in complete agreement with the results of
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other calculations at energies which are not too low. It
proves possible to eliminate the uncertainties in the choice of

the ground-state S-wave potential of the nucleus and to make
its parameters consistent with pure phase shifts. This im-
proves both the form and the structure of the singlet D-wave
interaction, allowing the phase shifts and cross sections for
photoprocesses to be reproduced simultaneously.
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