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Abstract: The (d, °Li) reaction on 1°B, !B, 12C, %0, 1°F, 28§ and *°Ca has been investigated with
the 19.5 MeV deuteron beam of the MPI Emperor tandem Van de Graaff. The measured angular
distributions are analyzed by finite-range DWBA calculations. Spectroscopic factors for the
a-cluster transfer have been calculated from shell-model wave functions for the target nuclel
The theoretical cross sections are found to be very sensitive to the choice of the model for °Li.
The cluster model leads to cross sections which are strongly enhanced compared to the shell-
model predictions. They reproduce the absolute experimental cross sections of the ground state
transitions for the target nuclei from *2C to *°Ca, However, the experimental (d, Li) cross
section on the 1°B target is much larger than predicted and the angular distribution cannot be
described. This indicates a more complicated reaction mechanism in this case.

NUCLEAR REACTIONS 18-11g 12C, 16 19F 285j 40Ca(d, °Li), £ = 19.5 MeV;
measured o(Eey ;, 6). Enriched and natural targets.

1. Introduction

The (d, 6Li) reaction has the following properties which make it suitable for the
investigation of the a-cluster structure of nuclei:

(i) The reaction proceeds predominantly via a direct mechanism. This can be
concluded from the angular distribution measured by Denes ef al. *) at about 15 MeV
and Gerhard et al. %) at 21 MeV incident energy.

(ii) It can be assumed that there is a large probability for finding a deuteron and
an g-cluster in °Li. The momentum distribution obtained from electron scatfering
shows a strong isolation of these clusters ). Therefore, the four nucleons transferred
in the (d, ®°Li) reaction can be considered as an a-cluster in its lowest state, and the
cross section for the pick-up process should be determined by the reduced «-particle
width of the target nucleus.

(iii) Because of the strong absorption of °Li in nuclei the (d, °Li) reaction is lo-
calized mainly at the surface of the nucleus.

The (d, °Li) experiments to be reported here were performed at 19.5 MeV. Some

T On leave from Osaka University, Osaka, Japan.
240



(d, SLi) REACTIONS 241

target nuclei between 1°B and “°Ca representing the range from the p to the sd shell
have been selected. The data were analyzed by means of a finite-range DWBA
code ®) assuming a simple a-transfer process. Shell-model wave functions including
configuration mixing were used for describing the target and final nuclei. Since the
finite-range theory is able to predict absolute cross sections, the a-cluster structure
of all target nuclei can be investigated consistently.
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Fig. 1. Design of the proportional counter telescope.

2. Experimental procedure and results

Angular distributions and absolute cross sections were measured for the (d, °Li)
reactions on '°B, !B, 12C, 160, *°F, 28Si and *°Ca at an incident energy of 19.5
MeV. The deuterons were accelerated by the Heidelberg MP tandem Van de Graaff
and entered a 50 cm scattering chamber through a collimating system, which produced
a beam spot of 1x2mm? on the target. For the measurements on '°B and !'B,
carbon-free self-supporting foils of about 60-80 gg/cm? were used. In the case of
(d, ®°Li) on *®0 the target was a 150 ug/cm? SiO, foil and for °F and *°Ca CaF,
was evaporated on a backing of Al

The lithium isotopes were detected and identified by a AE—E telescope with a
proportional counter as a 4F counter and a solid-state detector as an E-detector
(fig. 1). The pulses were processed by two-dimensional analysis in a 16 K multi-
channel analyzer. The resolution of the 4E counter was about 4 %, and because of
the very thin entrance window it was possible to separate completely ®Li and "Li
down to an energy of 2-3 MeV. The energy resolution of ~ 120 keV (FWHM)
was mainly determined by kinematics and target thickness. The acceptance angle in
the reaction plane was 0.2°. The measured angular distributions have an absolute
angular uncertainty of less than +1.0° c.m.

Absolute cross sections were determined to better than 20 % by measuring Ruther-
ford scattering of 12 MeV *°0 ions on the targets used. By this method uncertainties
in the determination of the target thickness and the solid angle cancel.
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Some (d, °Li) spectra are shown in fig. 2. The measured angular distributions are
contained in fig. 3. The ground state transitions on 12C, *°F and *°Ca show regular
oscillations. This supports the assumption of a direct mechanism for the reaction.
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Fig. 2. Energy spectra of °Li produced by (d, 6Li) reactions on different target nuclei.
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The *°B(d, SLi)Li reaction. For the ground state transition the particles in the
exit channel are identical. Therefore, the ground state transition is expected to be
enhanced compared with other transitions. The higher T = 0 states in SLi are pop-
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Fig. 3. Angular distributions of (d, °Li) reactions from different target nuclei.

ulated weakly. Their spectra have a large width because of the short lifetime of
these states. There is no indication for the population of the T = 1 state at 3.56 MeV
in agreement with the AT = 0 selection rule. The continuum in the SLi spectrum
starting at about 2 MeV is presumably due to the break-up of °B into ®Li and o-
particle (fig. 2). The angular distribution (fig. 3) is very flat for the transitions to both
the 1" and the 3* state. In the 3% to 1* transition the values /,;, = 2 and 4 for the
transferred angular momentum are possible, in the 3* to 3* transition there are
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I, = 0, 2, 4 and they contribute incoherently. The angular distribution is expected
to be symmetric to 90° for the ground state transition because of the identity of the
particles in the exit channel.
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Fig. 4. Energy spectra of "Li produced by (d, ’Li) on !B and *°F.

The **B(d, °Li)’Li reaction. The relative population of the states in "Li (see fig. 2)
is in agreement with shell-model predictions ¢). For the ground state transitions
angular momentum values of /;, = O and 2 are possible. The ratio of the excitations
of the 3~ state to the 1~ state in "Li is found to be 2 : 1, in agreement with the
2J+1 rule. The ®Li spectrum does not contain any break-up contributions whereas
in the "Li spectrum (see fig. 4) the break-up of 1B into "Li and «-particle may ex-
plain the continuum above 2 MeV excitation energy.

The forward rise in the angular distributions of 1B(d, ®Li)’Li and **B(d, "Li)°Li
(fig. 5) may have two different explanations. (i) Because the "Li detected at forward
angles corresponds to backward angles of Li, the 'B(d, °Li)’Li angular distri-
bution may have a backward rise and hence a strong part symmetric to 90°, i.e. the
reaction would be expected to proceed to a large extent by a compound nucleus
mechanism. (ii) The forward rise in the angular distributions is due to a direct
mechanism for both the (d, °Li) and the (d, "Li) reaction. The spectra show that
the population of the levels is not proportional to 2J+ 1, especially not in (d, "Li)
where the 3™ state in °Li should be excited much stronger than the 1*. Further-
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more, from ’Li induced reactions in !*C [ref. 7)] it is known that a five-nucleon
transfer can occur with a large cross section. Therefore we assume that the reac-
tion !!B(d, °Li)’Li, too, proceeds mainly by a direct mechanism.
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Fig. 5. Angular distribution of the 1!B(d, "Li)°Li and the !°F(d, "Li)**N reactions.

The 2C(d, ®Li)®Be reaction. At forward angles the most prominent peak in the
spectrum (fig. 2) belongs to the /, = 0 ground state transition. At higher angles, the
I, = 2 transition to the broad 2% state at 2.9 MeV in ®Be becomes dominant. The
angular distribution of the ground state transition does not change noticeably com-
pared to the 21 MeV data #).

The 190(d, ®°Li)'2C reaction. The population of the 2* state in *2C is about five
times stronger than the ground state transition and agrees with the prediction based
on shell-model calculations ¢). Some spectra have been measured at a deuteron
energy of 20 MeV. At this energy a weak population of the 0* state at 7.65 MeV can
be observed. Since this state is assumed to have mainly a (sd)*(p)~® configuration,
the ratio ¢/, should give information on the 4p-4h admixture to the ground state
wave function of 160. The ratio is observed to be 0.12 at 35°. This should not be
taken too seriously because one expects a contribution from a compound reaction of
about 20 % from an analysis of the inverse reaction 2C(°Li, d)*°O [ref. ®)].

The *°F(d, °Li)!°N reaction. Beside the 3+~ ground state of '°N, the two unre-
solved states at 5.3 MeV (3%, ") and the 3~ stateat 6.3 MeV are populated. The dif-
fraction structures in the angular distributions (fig. 3) indicate under small angles the
difference of the transferred angular momenta. On that target nucleus the (d, "Li)
reaction is not hindered by a too negative Q-value. This reaction is even comparable



246 H. H. GUTBROD et al.

in cross section with the (d, °Li) reaction. The *°F(d, "Li)!*N ground state tran-
sition (fig. 5) has a similar shape of the angular distribution as the *°F(d, °Li)!*Ng ;
transition. We conclude that in !°F the a-cluster configuration is not pronounced.

The %8Si(d, SLi)**Mg and *°Ca(d, ®Li)*®Ar reactions. By means of a SiO, and
a CaF, target we could observe these reactions together with *°0(d, °Li)'2C and
19F(d, ®Li)*°N. In 288i(d, °Li)?>*Mg the cross section drops from 20 ub/sr at 14°
to 1 ub/sr at 21° c.m., indicating a strong diffraction structure in the angular dis-
tribution. The angular distribution of 4°Ca(d, °Li)*%Ar shows a strong decrease at
larger angles indicating the pronounced surface localization of this reaction.

3. DWBA analysis
3.1. THEORY

Denoting the pick-up reaction as B(b, a)A, the DWBA cross section can be written
as follows 1°):

do(b —»a) _ {2sa+1

where s, and s, are the spins for particle a and b, respectively. The quantity o,(6)
is defined by ')

_ Ha E 2
0o(0) = (2niy: kbglﬂzm(f?)l . (2a)

Here p, and p, are the reduced mass of particle a and b, and the quantity §,,(6)
is defined as in ref. !):

i’(2l + 1)%Blm(9) = J Jd' aAjdr bB Xﬁ_)*(kb s b bn)fzm(" bB> ¥, aA)Xg+)(ka ¥, a)' (Zb)

When the colliding particles in the ingoing or outgoing channel are identical as in the
case of the reaction *°B(d, °Li)®Li, ¢,(9) is replaced by

_ Haltws _kj 2 —0)[2 ®oo
o) = (nh?)? kbglﬁzm(f?)l +|Bim(m—0)I* + B; Re {B1(0)Bim(m—0)}, (20)

where B, is given by
1 0 J,
B, =227,+1){ 0 S, J.].
Jy Ja Jn

The form factor f,,, and the spectroscopic factor S; are given as the expansion of the
effective interaction into terms corresponding to the transfer to a target nucleus of total



(d, °Li) REACTIONS 247
angular momentum j comprising an orbital part / and a spin part s:

Jg My, symy| VI, My, s,m,>
= Z I g JM g My — M Iy M) {Ismm, — my| jMg—M >

Isj

X {8a Sp My — Mp|s1M1, — M, ( —)Sb-mbi—lAlsjflm(rbB N2 (3)
The spectroscopic factor S, defined in eq. (1) is connected with the spectroscopic

amplitude 4,; of eq. (3) by

1 n 2
S = - () Tl @
"o, +1\4 Z, o
for the four-nucleon transfer reaction. Here n denotes the number of active nucleons
in the nucleus B.

In order to obtain the explicit form for the form factor f;,, and spectroscopic am-
plitude A,;, initial and final state wave functions must be written down explicitly.
For the present calculation, the particle a is the °Li particle and b is the deuteron and

we have used shell-model wave functions of the LS coupling scheme for the initial and
final nucleus. For the SLi ground state, the simple configuration !?) has been assumed:

|sa ma>shell = I(S4)p2[2]1351>’ (5)

So the Li state is considered to be composed of an a-particle (four particles in the
s-shell) and two particles in the p-shell coupled to total angular momentum S, = 1.
The residual and the target nucleus states can be generally written as

A MaADshen = [;\]CAl l,}‘_4[)“A] TaSaLas Ia My,

[Ig Mp)shen =U§]CB”;[’IB] T3 Sp Ly; Iy M)
= [zlnl[lz’A][mCBG;DB] Ty Sg LB{IlT‘t['{:\] TaSaLa, l;[/ll]Tl SiLiy (6a)
X {(SALAI4, (Sy L)l 5 Igl(SaS1)Sss (Ea Ly)Lg; 1)
X | AR TA(SA LA, B[A]Ti(S: L)y ; Iy M).

Here C, and Cj are the mixing amplitudes of the state and the quantity
I3[ 48] T Sp Lp{|15 *[Aa]Ta SaLa, 154,171 S, L)
1s the fractional parentage coefficient to pick up four nucleons and

<(SA LA)IA’ (S1 L1)11 ; Igl(Sa SI)SBa (LA LI)LB; Iy
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is related to the 9 symbol by the relation:
(SaLa)a, (SyLy)Iy; Igl(SaS1)Ss, (LaLy)Lg; In)

Sa Ly I,
= VI + D)L +1)(2Ss+ 1)L+ )| S, L, I,}. (7)
Sg Ly Ip

The summation [A] in eq. (6) includes also the spin S and orbital angular momentum
L. To calculate the spectroscopic amplitude 4,,; and form factor f,,, the egs. (5), (6a)
and (6b) are inserted into the left-hand side of eq. (3) and the integrations are
performed with respect to the coordinates of the nuclei A and b. The resulting four-
nucleon wave functions are expanded into the c.m. and therelative motion by making
use of the Talmi coefficient. The integration over the relative coordinate can also be
performed when assuming the direct interaction to be dependent only on the coordinate
r,, connecting the c.m. of four nucleons and the outgoing particle. Then we get finally ©)

3 \/ ) B %(N12+Ly1)
2 J(2s,+1 C.C (-)
2,/2 ( [31,3;315] AV

[412][A34]

Alsj = <l;[A‘B]TB SB LB{ll";-_‘t[lA]TA SALA

X l;[4]00L1><(SA LA)IA’ (0L1)L1; IBI(SA O)SB » (LA Ly)Lg; Ig)dso 5le 0L,
X <l}[4]00L1{|li[l12]le Si2Ly>, li[}:34]T34 S3s L3y
X <S4[4]115{|52[2]T125120: 52[2]T345340><N1 Li; NyLyy; LijN, Li00; Ly >
X <"f lfnf lf§ Ly,|N, L,;,00; L12><nf lfnf lf; L34|N3; L3,00; Ly »; (83-)
Sin(Pon s Fan) = ¢;1zl(ratA)V(lrab|)¢10(rab)’ (8b)
where
<nf lf ny lf; LN, L;;,00;L;5»

is the Talmi coefficient *#). From the parentage coefficient and the 9j symbol in egs.
(8), we get easily the relation

Ty = Tp, Sa = Sg, Ty = Tsg, Stz = Saa-
From the energy conservation in the Talmi coefficient, the relation
2N12+L1 = 4(2nf+lf)

is derived. The bound state wave function @y, which describes the c.m. motion of the
four nucleons, is specified by the number of radial nodes ¥ and orbital angular mo-
mentum /. In deriving eq. (8a), the c.m. coordinate R of each nucleus is separated out
from the shell-model wave function by the relation *°)

ihe“ = ‘poo(R)'pL ’ (9)

from which the factors (B/A)¥*®12*L) and 3 arise in eq. (8a). The coordinates
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r.a and r, in eq. (8) are connected with the relative coordinates r,p and r,, by the
relations

1 B
Yo = - ar,,—br.g),
A= A+a( A bB)
1 a
Fop = — Ar,o—Bryg), 10
b 4A+a( A—Bryg) (10)

where a, A4, . . . represent the masses of the corresponding particles.

3.2. CALCULATION OF THE FORM FACTOR

In the numerical calculations, the bound state wave function ®y,,; in eq. (8b) is
replaced by the wave functions solved in a Woods-Saxon potential with parameters
ro = 1.25fmand a = 0.65 fm so as to fit the empirical a-particle separation energy by
adjusting the potential depth.

Electron scattering data support an isolation of the clusters in SLi as it is described
in the cluster model for ®Li [ref. *¢)]. In our calculation there is only the form factor
which depends on the relative coordinates of the a-particle and the deuteron in °Li.
Therefore the shell-model wave function &, , in eq. (8b) has to be replaced by the
cluster wave function @,:

Boo(r) = r*[exp (—cy %)+, exp (—c377)]. (11)

The notation &, instead of &, is used here corresponding to the radial number of
node N = 0. The parameters ¢, ¢, and c; were determined by the variational method
in ref, 16).
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Fig. 6. Wave functions @ and @, describing the relative motion of « and d. The Py is deduced
from the cluster model, @, from the shell model.

In this paper the wave function @, has been simulated by the wave function cal-
culated in a Woods-Saxon potential assuming that the particle motion is described
by the radial node N = 0 and the angular momentum I = 2. The result is shown
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in fig. 6 together with the shell-model prediction. The parameters of the direct inter-
action V(r) with the form
V(r) = v, ! (12)
°1 +exp [(r—rp)/a]
are determined as Vp = 99.46 MeV with the fixed parameter ¢ = 0.65fm and
'RD = 1.58 fm.

3.3. CALCULATIONS OF THE SPECTROSCOPIC FACTORS

For the calculation of S, given by eqgs. (4) and (8), the results of shell-model cal-
culations are used to describe the targets and residual nuclear states. They are shown
in table 1. All states are described by LS coupling representation except for the last

TABLE 1

Wave functions for the calculation of S,

[*Li>s+ =p*[2]"°D,4

|"Li>g- = p>[31*°Py

[*Beo+ = p*H]"'So

[1°B> 5+ = —0.421 p®[42]'3D;3 +0.678 p°[42]'3Dy;3 —0.481 p®[42]*3F;
—0.204 p®[42]13G3; [ref. 17)]

[*'BDs- = —0.672 p"[43]??P31+0.741 p” [43]>*Dy [ref. 18]

[*2Cho+ = p®[44]''Se

['**Cd2+ = p°M4]"'D2

PNy~ = p'1[443]*?P,

y160>o+ = p'2[444]'1S,

[*°F)y+ = (p*?)(—0.4343 s [3]725, —0.7777 d?s[3]*2S4,—0.3438 d*[31??Sy) [ref. **)]

[*¢Ar>o+ = "\/m(sgodgo)oo—\/m(sﬁl dg1)oo—‘/m(sfod?o)oo
+VM(53 H %)oomx/ 0.006 d2, [ref. 29)]

|*°Cao+ = (s§od50)o0

two cases, where the ground states [*SAr) and |*°Ca) are described by the jj coupling
representation of the sd shell (s},,d7,,);r with the assumption of an inert *8Si core.
The calculation of the spectroscopic factor S; is made straightforward for p-shell
nuclei by using egs. (4) and (8a). In the calculation of the a-particle reduced width the
table of parentage coefficients by Elliot et a/. 2!) and also the results by Rotter °)
and by Honda et al. 22) are used. We have assumed the simplest configuration for the

12C and *%0 ground state. A more detailed calculation for *2C states which takes into
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account lower symmetry terms gives the following form *7) for the 12C ground state:
['2CYo+ = 0.896p®[44]''S, +0.413p®[431]P,

—0.146p%[422]15D, +0.039p%[422]" S, +0.060p°[332]**P, .
Using this wave function for the 12C ground state the calculated S, is reduced by
20 % for the reaction *°0(d, °Li)'2C.

For °0 Ellis et al. 23) have calculated the low-lying levels taking into account 2p-2h
components. The result for the *60 ground state is:

['°0p0+ = 0.884p'%+0.294p'°(*3S)d*(**S)
—0.232p*°(**P)d*(**P)+0.191p'°(**S)d*(*'S)
+0.112p10(13D)d2(13D)+0.O76p10(138)S2(ISS).

The use of this wave function for the 190 ground state causes the change of the form
factor @y, in eq. (8b) for the reaction *90(d, °Li)'*C:

¢20 had 0-884 ¢20—0.O69 @30 ground state of lzc,
P, - 0.884 $,,—0.061 &,, first excited state.

It is found in the numerical calculations that the second terms which come from 2p-2h
components give a negligible contribution to the cross section. The ratio of the cal-
culated cross sections without and with the second term in the form factor is 0.80 at
0..m. = 30° for the transition leading to the 12C ground state and is 0.81 for the tran-
sition to *2C first excited state at the same angle. So in the present analysis only the
simplest configurations are taken for both *2C and 1°0 states.

For sd shell nuclei eq. (8a) must be extended for the calculation of §,. For the
case of the reaction *?F(d, SLi)!°N the coefficient

I3[ As] Ty Sy Ly{| 15~ *[21T4 Sa La, I5[4100L; >
in eq. (8a) must be replaced by

3 -3
! (12) (15) {p*?[444]*'S{|P!'[443]**P, P)
4\1/ \4
and also the coefficient
<l;[4JOOLI{!l}[}’12]T12 SIZ L12 ’ l}[134]T34 S34L34>
must be replaced by
2 2L3,+1
(—)Tratse V3 2L34 (sd)*[31*28{I(sd)*[2] T2 S12 L1z, (5d)>
12

and finally the Talmi coefficients by corresponding s, d or p shell coefficients. The
relation 2N, +L,; = 7 holds in this case.
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For the case of the reaction *°Ca(d, °Li)*°Ar, the spectroscopic amplitude 4,,;
can be calculated by the use of the transformation coefficients from the jj to the LS
coupling scheme. The result is

-3 5

- (32 g

where
g\t
B = — /0.856 (4) {d3(00){|d*(00), d*(00)>

x Y KdY00){Id*(I 3 Thz), d2(115 Tha))

IaT12812

x{(32)3, (32)3; 1,51(33)S12, (22)Ly5, [15)°
x (s*[4]"18{Is*[2]T12 5120, $°[2]T}2 51, 0)
% {0202; Ly,|N; Ly,00; Ly,>*(N; Ly, Ny Ly,; 0]4000; 0>
X {(S12L12) 125 (S12 L12)1125 01(S12 512)0, (L12 L1)0; 03,

5 = - 012 (§)'(3) <s*o0ptiscon), sonycaoyacion, axon

x{(11)0, (11)0; 0(11)0, (11)0; 03<(30)3, (30)%; 0I(31)0, (00)0; 0}
x {(312)3, (32)3; 01(31)0, (22)0; 0)<s*[4]"'S{Is’[2T°"S, s°[2]*'S)
x {1010; 02000; 05¢0202; 0]2000; 05<2020; 0]4000; 0

with similar expressions for other coefficients B!, B(*) and B>, It is found in the
numerical calculation for B® that all the B® (k = 1... 5) have the same sign show-
ing that the configuration mixing favours the alpha-clustering in the nucleus.

4, Choice of the optical potential

For the deuteron optical potential parameters, the results of deuteron scattering
analyses on target nuclei 12C, 160, 1°F [ref. 3)], 1°B, 1B [ref. 2#)] and “°Ca [ref. 2%)]
are available. They are all of surface absorption form. The parameter values used in the
analyses are summarized in table 2.

For the °Li particle, the potential parameters are not known very well. Especially
for elastic scattering on p-shell nuclei, experiments have shown, that there exists a
competing elastic multinucleon transfer as measured in *2C(°Li, *Li)**C and '?C
("Li, "Li)*2C at 21 MeV lab 7). We have adopted two kinds of parameter sets (type A
and type B). The potential set A is obtained originally from the analysis of heavy-ion
induced elastic scattering on 12C, Voos et al. 2¢). This potential is considered to be
good also in describing the scattering of other strongly absorbed particles. It has a
volume absorption form. The potential set B results from an analysis of 20 MeV
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TABLE 2
Optical potential parameters used in the calculation

Target v Tor ag w ror ag Toc
d 1°B 118.0 0.863 0.916 5.44 1.59 0.716 1.3
i1ig 118.0 0.895 0.902 4.82 1.62 0.775 1.3
1z2c 1171 0.9 0.982 14.0 1.8 0.405 1.3
150 107.5 0.884 0.915 6.5 1.59 0.684 1.3
19F 92.2 0.965 0.888 8.9 1.46 0.813 1.3
40Ca 120.7 0.966 0.846 16.4 1.479 0.492 1.3

SLi parameter A 100.0 1.19 0.48 27.0 1.29 0.26 1.32
set B1 35.0 0.79 1.04 8.46 1.21 0.49 1.3
B2 32.6 1.18 0.64 7.4 1.12 1.0 1.3

For deuteron optical potentials, the surface absorption form is used. For ¢Li two kinds of potential
sets are used. Type A has a volume absorption form, type B a surface absorption form.

SLi elastic scattering on **C (type Bl) and *°Ca (type B2) by Bethge et al. 27).
The surface absorption form is adopted in the present calculation because it seems to
give better fits to elastic scattering data in ref, 27).

5. Comparison with the experiment

In the previous sections, all parameters used in the DWBA calculation have been
discussed and fixed, except for the parameters of the optical potentials describing the
outgoing channel and the model to be used for the light residual nucleus %Li. We first
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Fig. 7. Influence of the optical potential parameters for the exit channel on the calculated angular

distributions. The potentials are given in table 2. For these calculations the cluster-model wave func-

tion @o, for SLi has been used and, where not otherwise indicated, the interaction radius is fixed at
RD = 1.6 fm.
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Fig. 8. Influence of the internal wave function of °Li on the calculated (d, Li) cross section. For both
calculations the optical potential parameter set A has been used.

discuss the influence of the different ®Li potentials given in table 2 on the angular
distributions of the (d, ®Li) reaction. Fig. 7 shows some examples for the target nuclei
160 and *°Ca. Both °Li potentials lead to similar shapes of the angular distribution
and to the same order of magnitude of the absolute cross section. For the following
calculations, we have therefore confined ourselves to parameter set A, notwith-

T T T T T T T T e lEd o1 T T T T T T T T ! ;
- A A . . z
! oo 1F E\ “OCa(@BLiReAr * 3
r o L?c g FN . shet %
" Ly —cluster |
¥ W, % parameter setB2
L Rp*158 i 4
o
GOl 4 %o .
50 1 &
= [ i - i
c 2
h=d
5 L ]l s ]
hel
oot |- . 0001 .
ooM -1 00001 -
1 i 1 1 1 o — 1 —_ 1 1 1 I 1 i1 1
o° 20° 40° 60° 80°e o° 20° 40° 60° 80°
oM

Ocm

Fig. 9. Influence of interaction radius on the calculated angular distributions. For °0(d, ¢Li)!2C
the parameter set A and the wave function @y, was used.
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standing the fact that we could get better fits in single cases by using different param-
eter sets, especially for the light target nuclei.

The influence of the internal wave function of ®Li on the calculated (d, °Li)
cross sections turns out to be much more important. As shown in fig. 8, both the
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Fig. 10. Angular distributions for different (d, °Li) reactions and comparison with calculations using
the cluster wave function @35 for °Li and the optical parameter set A.

shape of the angular distribution and the absolute cross section is changed drastically
by using the shell-model wave function instead of the cluster model for Li. The
decrease of the theoretical cross section by about two orders of magnitude in the for-
mer case may be due to a destructive interference between the contributions of the
surface and the inner part of the °Li form factor, which have different sign in the case
of the shell model (see fig. 6).

The cluster-model assumption for SLi predicts the experimental cross sections cor-
rectly (fig. 8). The influence of the interaction radius Ry, of eq. (12) determining the size
of °Li was also checked (fig. 9). It was found that the theoretical cross sections vary
only by about 30 % in the case of the reaction “°Ca(d, 5Li) when going from Ry, =
1.56 fm to Rp = 2.27 fm. In the reaction *°0O(d, °Li)'*C the variation depends on
the angle, but remains below a factor of 2 in forward direction. The value of Ry
was therefore fixed at 1.6 fm.
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The final calculations are shown in fig. 10. The comparison between theoretical and
experimental cross sections is given in table 3. The theory predicts exactly the ab-
solute cross sections of the (d, °Li) ground state transitions of the target nuclei from
1B to #°Ca. In particular, it reproduces the variation of the cross section by one order
of magnitude between ''B and *°Ca.

TaBLE 3
Comparison of theoretical and experimental cross sections

Reaction he S de (ub/sr) Ist maximum
40
calculated with
Do Do experiment
108(d, %Li)*Lig.s. 1+ { 2 0.0035 6 30 500
4 0.0113
{ 0 0.208 239 700 1300
3+ 2 0.205
1iB(d, SLiY'Li 0 0.206 200 400 600
2 0.615
12C(d, SLi)®Be 0 0.759 100 500 500
160(d, SLi)*2Cy + 0 0.333 6 140 140
19F(d, *LD'*N 1 0.088 8 170 140
40Ca(d, SLi)%%Ar 0 0.0087 0.04 50 40

As seen from fig. 10 and table 3, the calculations are not able to describe the
(d, ®Li) reactions on the lightest nuclei; in particular, the absolute value of the mea-
sured cross section of the *°B(d, ®Li)°Li ground state transition is much higher than
predicted. This may be due to the following reasons:

(i) The lack of knowledge of the optical potential parameters of the °Li particle for
lighter target nuclei. In fact the result of ref. *7) shows that there exists a mass number
dependence of the parameters.

(if) The exchange effects that have been neglected in the present analyses. This
effect may be more important, as one goes to lighter target nuclei.

(iii) A wrong description of *°B by the shell model, i.e. a certain isolation of «
and ®Liin 1°B, as discussed in refs. 28:29),

6. Summary

The (d, °Li) reaction on some p and sd shell nuclei has been measured and analyzed
assuming a simple «-transfer. It was found that the experimental cross sections of the
ground state transitions for all target nuclei except for *°B can be reproduced quan-
titatively by the finite-range DWBA theory. This indicates that the assumption of
shell-model wave functions used here for the target nuclei describes the spectroscopic
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factors for a-clustering and transfer. The admixture of particle-hole components
to the ground state of closed shell nuclei does not affect the cross section appreciably.

For the light residual nucleus °Li, in contrary, it was found that the shell model
does not give an appropriate description. This was concluded from the fact that the
resulting (d, ®Li) cross sections are too small by two orders of magnitude compared
to the experimental values. The validity of a cluster model for ®Li is already suggested
by the low energy for a separation into an u-particle and a deuteron. The analysis of
electron scattering data showed the isolation of the a- and deuteron cluster in °Li.
Therefore the influence of the cluster model on the form factor for (d, °Li) was in-
vestigated. For all (d, °Li) experiments, except !°B, the calculations based on the
cluster model reproduce very well the measured cross section. The discrepancy in the
case of 1°B is assumed to be a hint for a certain isolation between the ®Li and the
a-cluster in 1°B, as suggested by cluster-model calculations ®) and by the analysis of
the (*°B, °Li) reaction *°).

The authors are indebted to Prof. Gentner and Prof. Schmidt-Rohr for their in-
terest and support. In particular one of us (H.Y.) is much indebted to them for
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