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Abstract

Single nucleon transfer reactions in collisions of 156 MeV 6Li
ions with 6Li nuclei, leading to unstable final nuclei (5Li, 5He)
have been experimentally studied. The measured 6Li(6Li, 7Li)SLi

6., ,6.. 7. .5 . . . gr
and "Li( Li, 'Be) Hegr differential cross sections have been

analysed on the basis of a FR-DWBA procedure, extracting infor-

mation about the optical potentials acting in the exit channel.

EIN-NUKLEON TRANSFER-REATIONEN IN 6Li+6Li KOLLISIONEN BEI 156 MeV

Ein~-Nukleon Transfer—Reaktionen bei St6Ben von 156 MeV 6Li—Ionen

5

mit 6Li—Kernen, die zu instabilen Endkernen (5Li, He) fihren,

wurden experimentell untersucht. Die gemessenen 6Li(6Li, 7Li)SLi
und 6Li(6Li, 7
den auf der Basis einer "finite-range" DWBA-Beschreibung analy-

gr
Be)5Hegr differentiellen Wirkungsquerschnitte wur-

siert, um Informationen Uber die optischen Potentiale, welche

die Distortion im Ausgangskanal bewirken, zu gewinnen.




1. Introduction

Single nucleon pick-up reactions from 6Li leading to the un-
bound systems of 5Li and 5He (with ground state widths T = 0.6
and 1.5 MeV, respectivley) provide the possibility to study the
nuclear structure of such systems as well as the implications for
the reaction mechanism, in particular of the distortion by the op-
tical potentials acting between the observed (stable) ejectile and
a metastable system. In fact, when ahalysing [1] measured
6Li(p,d)5Li [2] and 6Li(n,d)5He [3] differential cross sections
on the basis of a conventional distorted waves Born approximation
(DWBA) approach, it has been found that the experimental data
rather sensitively require optical potentials in the exit channels
which are significantly different from the 6Li+d optical potential.
By such effects, some information about optical potentials of un-
stable systems, otherwise hard to explore, seems to be accessible.

. . 6., 6, -
The case of single nucleon transfer processes in Li+ Li collisions

enables studies of two of such systems: 7Li+5Li and 7Be+5He, with
an identical entrance channel, for which the optical potential has
been recently extensively investigated at ELi = 156 MeV [4]. At
that relatively high projectile energy the parameters of the op-
tical potential are fairly well determined, so that some problems
from the well-known ambiguities at lower energies appear to be

removed.

The present work reports the results of measurements of the
differential cross sections for the 6Li(6Li,7Li)5Li r and
6Li(6Li,7Be)5He r reactions, induced by 156 MeV 6Ligprojectiles.
The experimenta? data are analysed with the aspect of their infor-
mation about the interaction potentials of the scattering systems
in the outgoing channels. The finite-range-DWBA analyses attempt
to reproduce shapes and magnitudes of the measured cross sections
with values of the spedtroscopic factors which do not significant-
ly differ from theoretical values, but by adjusting properly the

(7Li+5Li) and (7Be+5He) optical potentials, respectively.

Some additional interest in the cross sections of producing
5Li and 5He arises from the question to which extent subsequent
decays of 5Li and 5He do feed the a-particle channels e.g. and

contribute there to the continuum spectra [5].




2. Experiment

The experiments studying single nucleon transfer reactions
by bombarding 6Li,by 6Li ions, have been performed at the Karis~
ruhe Isochronous Cyclotron, in the context of measurements of the

6Li+6Li elastic and inelastic scat-

differential cross sections of
tering [4,6]. The 156 MeV 6Li beam has been focussed onto a ca.

3 mg/cm?® metallic 6Li target (isotopic enrichment > 99 %) and the
energy spectra of the charged ejectiles have been measured by a AE-E
surface barrier detector telescope, mounted on a movable arm in a

130 cm @ scatteringbchamber. Coincident pulse-pairs from the AE-E
detectors were stored event by event on magnetic tape. Sorting and
particle identification were performed off-line by software apply-
ing the Goulding method. At all emission angles a clear 6Li—7Li—

7Be separation was achieved over the full energy range. Some fur-
ther details of the experimental set up and of the procedures are

given elsewhere [7,4,6].

Fig. 1 displays the energy spectra of 7Li and 7Be ejectiles
emitted at @Lab = 6,3°. In addition to the ground state transi-
tion peaks, there are some not-resolved states evident at excita-
tion energies EX = 16 - 21 MeV in 5Li and 5He. The states identi-
fied at Ex ~ 16.7 MeV in 5He and 5Li are experimentally well estab-
lished [8,1] with Jﬂ=3/;, and there is also evidence for a number
of broad overlapping states in that region [3,8] in 5He and 5Li.

We do not consider these excited states furtheron and extract from

the spectra only the differential cross sections, leading to the
ground states of 5Li(Q = 1.586 MeV) and 5He(Q = 1.015 MeV).

400 H

OLap =6.3° Fig. 1
3001 SLi(SLi, 7Li) 5L ‘ Energy spectra of 7Li and
200 1 "Be ejectiles from 6Li+6Li
100 A W%%M¢ collisions at 156 MeV. The
L W%WWMWWWUMMMMMwﬁWﬁAﬁ ‘ asymmetric shapes of the
g 400 100 150 EIMV]  ground state peaks may mani-
7 fest (p+a) and (n+a) £final
300 3 EX: 205 185 167 . ,
‘ state interaction effects
®Li(®Li, "Be) °He l
200 1 [91.
100 1 /U\M i
0 4 P e L %W

100 150 E[MeV]




The experimental cross sections are given in Fig. 2 (to-

gether with typical misfits of the DWBA analyses, discussed be-

low). The cross sections are strongly forward peaked and show

less structure, immediately indicating that not only the nuclear

surface is sampled by the observed reactions. The angular distri-

butions resemble very much the angular distributions observed in

6

Li(p,d)SLi [1] and 6Li(n,d)5He [3] reactions. The angle-inte-

grated cross sections for the ground state transitions for the

6 7

neutron pick up Li(6Li,
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Fig. 2

Experimental cross
sections for single
nucleon transfer re-
actions when bombard-
ing 6Li by 156 MeV
6Li ions. The solid
curves are results of
FR-DWBA calculations,
representing typical
misfits requiring un-
reasonable values of
the spectroscopic fac-
tors, if the distorted
waves in the outgoing
channels are generated
by the °Li + ®Li elas-
tic scattering optical

potential [4].




1.8 + 0.2 mb for the proton pick up 6Li(6Li,7Be)5Hegr

The total

Cross section values summed over all excitation energies (including

the continuum parts of the spectra) are found to be ca. 10 mb.

3. Basic theoretical features

When discussing the general features of the studied nucleon-

pick up reactions with their interaction

VLi-ni = Vhi+core ' Vii+p

the core-interaction is usually ignored, as in the DWBA reaction

model elastic effects of V

torted waves, while in a plane-waves approximation

Li+Core

are largely absorbed by the dis-
(PWBA) the core

is considered just as a spectator. This is, of course, not correct

in general, because the interaction of the projectile with the par-

ticular core acts as absorption when studying the interaction of

a specific participant. From this reason, any PWBA reaction model

suffers from the inability to reproduce absolute values of the cross

sections. However; a PWBA approach may well account for some global

features of the differential cross sections as far as they are de-

termined by the matching of the internal momentum distributions to

inherent kinematical conditions,

i.e. by the dependence on the mo-

mentum transfer a and on the momentum distribution of the trans-

ferred particles [10].

Being more specific and considering the proton pick up reac-

6

tion Li(6Li,

7

written [11] by two integral factors.

with the

.
-ig r
pHe >
Tpwga mfdrpHe e Vv (Fphe!
> >
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coordinates defined in Fig. 3

Be)SHe e.g., the PWBA transition amplitude may be

(3.1)




Fig. 3 Coordinates of the single proton pick up reaction
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The overlap integral of the initial and final "target" states

Y(Epe) = Ja gy (8) op  (B,F ) at (3.3)

describes the amplitude of finding a proton bound in the 5He core
(usually specified more in detail by a fractional parentage ex-
pansion) . Thus, the first integral factor {(g) in the TPWBA ampli-
tude (3.1) represents the probability of finding a proton in the

("target")6Li with momentum a.

The second factor [10]

i Ker
> > Lip
G(K) = <¢ (r. .. )|Vv(r,. )] e >
Ty Lip Lip (3.4)
>y > S>>
i kr!, i krl, i kr,.
- >y Lip Lip Lip
fdk<¢7ni(rLip)| e ><e |V(rLip)1e >

is the amplitude of scattering of the projectile (6Li) and the

_)-
bound proton, having the initial momentum K into a state with a
relative momentum k, folded with the momentum distribution of the

transferred proton bound in the ejectile (7Be). The quantity G(K)




can be evaluated [11] introducing explicitely the bound state wave

function of the bound proton in the ejectile

2 1R
* i Kr_,
G(K) = - 5t (k%ea?) J¢7 (Fpyp) e P atp, (3.5)
Lip Li
where - €he ='h2a2/2uLip is the binding energy in the ejectile.

When evaluating the quantity G(XK) for the particular cases
(7Be,7Li), a relatively weak K dependence of G(K) is noticed {(which
would lead, extremely simplified, to the zero-range approximation).
Thus,the shape of the differential cross sections seems to be do-
minantly determined by the first integral factor in eq.(3.1), i.e.
by the momentum distribution of the pick up proton in the target
nucleus. Fig. 4 compares the differential cross sections of the
%L1 (°ni,"01)°Li and ®Li(®Li,’
tum transfer g with corresponding neutron and proton transfer
6Li(p,d)5Li [2] and 6Li(n,d)5He [3] reactions. In fact, there ap-

pear conspicuous empirical similarities in the g-dependence, and

Be)SHe reactions at the same momen-

in addition relative small differences in the magnitude,revealing,
first of all, a similar reaction mechanism. For the case of
6Li(6Li,7Be)5He the shapes of the PWBA cross section and of |¢(q)|2

do_
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Fig. 4 Momentum transfer dependence of neutron and proton

. 6. .
transfer reactions from Li




are shown in Fig. 4 (in arbitrary units). Apart from the question
of the absolute magnitude of the cross sections, strongly affected
by the absorption, the comparison with data emphasizes the neces-
sity of a proper account for the distortions and of finite range

effects.

4, DWBA analysis and results

The Finite-Range DWBA calculations were carried out using the
computer code LOLA [12], slightly modified in order to take cor-
rectly into account the identity of the interacting spin-one par-
ticles in the incident channel [13,14]. In addition, a search rou-
tine has been included, adjusting a selected set of parameter val-

ues by the x?/F~minimum criterion.

We basically assume that the considered reactions proceed via
a 1p nucleon pick up from the 6Li ground state, for which both
1p3/2 and 1p1/2 orbitals are theoretically expected to be present
[15]. In the actual calculations we considered pure P3/5 nucleon
transfers since the p1/2 and p3/2 wave functions are fairly similar
and as the spectroscopic details are of less importance for the as-
pect underlying this analysis. The wave functions of a single P3/p =
shell nucleon, bound in the 5Li, 6Li and 5He core, were calculated
with Saxon-Woods shapes of the single-particle bound state poten-
tials. The geometrical parameters of these binding potentials were
chosen (see table 1) in the same way as by Li et al. [2]. The depths
VO of the central parts were adjusted in order to give appropriate
bindings energies. The values of VO and of the binding energies, given

in table 1, refer to the p3/2 orbitals.

The spectroscopic factors S1 X 82 have been derived from theo-
retical results given by Cohen and Kurath [15], consistent with ex-
perimental results [3]. They amount in both cases for the P3/2

pick up to S1 X 82 = 0.0914.

The distorted waves in the incident 6Li+6Li channel have been
generated by the optical potential deduced by extensive experimen-
tal elastic scattering studies at ELi = 156 MeV [4]. It has been
shown that a spin-orbit potential is not significant in the elas-
tic 6Li+6Li scattering, so that such a term in the optical poten-




Nucleus = - * - * i
Vo(p3/2) rov &y Vso roso %so Binding
Core + Nucleon energy
(MeV) (fm) (£m) (MeV) (fm) (fm) (MeV)
6Li —SL' + 50.5 1.45 0
gr lgr n . . .65 8.3 1.45 0.65 7.15
7. 6
L = Li
1gr ngr+n 52.6 1.45 0.65 13.0 1.45 0.65 5.66
6_. 5
ngr— Hegr+p 54.0 1.45 0.65 8.3 1.45 0.65 4.59
7 6
Be = Li :
ege ngr+p 50.5 1.45 0.65 13.0 1.45 0.65 5.60
*) R, = . A1/3 R = 1,25 ¢ A1/3 (£m)
i oi “‘core C core
Table 1 Parameters of the single-nucleon bound state potentials [2]

(Central part: Saxon-Woods shape - Spin-orbit: Thomas-
form [2])

tials has been neglected furtheron in the entrance and in the out-
going channels as well. In particular, we adopt a (real) squared
Saxon-Woods shaped potential, resulting from a best-fit of the
elastic 6Li+6Li data, without admitting a spin-orbit interaction,
but with volume and surface absorption terms (set C in table 1 of
ref. 4). The same general form has been used for the optical poten-
tials acting in the exit channels. However, while the 6Li+6Li po-
tential in the ingoing channel has been kept fixed, the parameters
for outgoing channels have been varied and adjusted in order to
get a best-fit for the data with values of the spectroscopic fac-
tors, which approach otherwise well established values (theoretic-
ally deduced and consistent with available experimental information
(21).

As indicated by the calculated cross sections shown in Fig. 2,
a reasonable description of the data cannot be achieved, if the
distorted waves in the exit channels are generated by the same (or
only slightly different) optical potential as in the incident chan-
nel. In fact, such a feature has been already reported and complain-
ed in the studies of the 6Li(p,d)SLi and 6Li(n,d)SHe reactions [1,3].

Fig. 5 compares the experimental data with the best-fit theo-
retical cross sections resulting from the adjustment of the

(7Li+5Li) and (7Be+5He) optical potentials, in particular of the
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Fig. 5 Results of the FR-DWBA analyses of the 6Li(6Li,7Li)5Ligr -
and 6Li(6Li,7Be)5He . transfer cross sections with values
of the spectroscopic factors being in agreement with in-

dependent information.

values of the real part and the strength of the absorption (see
table 2). Although the theoretical description appears to be cer-
tainly not perfect (especially at forward angles), the experimen-
tal cross sections are resonably well reproduced, however with sig-
nificant changes in Vs and in the absorption strength W(WO,WS) as

compared to the entrance channel.




-V

r a

o v v o s s S, xS
Cha 1
nne (MeV) (£m) (£m) (MeV) (MeV) (fm) (MeV) (fm)  (fm) b2
6_,. 6,
Li+ Li 73.3 2.16 1.13 1.1 3.57 0.43 10.7 2.10 0.58
7. ..5.,
Li+ i 113.3 1.21 0.67 4.08 3.57 0.43 17.4 2.10 0.58 0.09
7 5
Be+ He 132.7 2.13 1.07 1.33 3.57 0.43 17.4 2.10 0.58 0.09
Tab. 2 Optical potentials of the incident and exit channels
The real part is a squared Saxon-Woods form
= . .a1/3 -2
UR(r)—VO(1+exp((r r, A )/av)) '
the volume absorption is of the Saxon-Woods form, while
the surface absorption is parametrized
U (r)=4i W_ a_ d/dr(1+exp((r-r A1/3)/a )_1
S s s s s
Fig. 6 presents calculated cross sections with some particu-

3

lar parameter values, arbitrarily altered by + 20 and keeping the
other fixed with the best-fit values.

the sensitivity of the cross sections to the exit-channel optical

They provide a feeling about

potentials and demonstrate the significance of the observed effects.

Concluding remarks

The experimental differential cross sections for the single

6. .,6.. 7..y5. . 6, .,6. ., 7 5
Li( Li, Li) ngr and "Li( Li, Be) Hegr
156 MeV and analysed on the basis of a

nucleon transfer reactions

have been measured at ELi

conventional FR-DWBA approach, looking for some global information

on the interaction in the exit channels. In contrast to the general

expectation [16] that the optical potentials in the incident and

exit channels should not considerably differ for similar systems,

. (5., 5
the considered cases, involving light and unstable nuclei ("Li, He),
require significant differences between the 6Li+6Li, 7Li+5Li and
7Be+5He optical potentials used to describe the data. ‘
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In 1964 P. Hodgson commented [16] on such an indirect ap-
proach, exploring the interaction potentials of unstable or ex-
cited nuclear systems, with emphasizing "when reaction theory is
further advanced”". In fact, the discussed effects arise with the
application of a first order conventional DWBA procedure, expli-
citely omitting higher order processes. Such processes contribute
most likely to reactions between light nuclei [17,18] and may ac-
count for the obvious remaining deficiencies in describing the ex-
perimental data at all, even after the adjustment of the distort-
ing potentials. The investigation of the question whether two-step
processes in the elastic exit channel interaction [18] are just
absorbed by the effects observed with the first order DWBA, is of
further interest. But it needs a more elaborate and complicated
description of the reaction mechanism, adequately accounting for
the specific nature of decaying nuclear systems interacting with

the ejectiles.
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APPENDIX

Reaction Cross Sections

7

GMA
/sr
.75
32
.32
.03
.27
.28
.79
.756
.315
.165
.057
.897
.585
. 469
. 4898
.4215
.3833
.3168
.2761
.2222
.1964
.2039
.1675
.1888
.1661
.1425
.1546
.1413
.1015

Li)

Li

D

O O O O O O OO O O O O O O O O 0O o O o o o o o o o O

E

gr.

SIGMA
mb/sr
.5708
.8650
.6990
.3585
. 1495
.1542
.l981
.1264
.1197
.1037
.0814
.0718
.0415
.0267
.0260
.0232
.0215
.0200
.0185
.0162
.0143
.0145
.0152
.0159
.0128
.0108
.0096
.0220
.0199

Li

(CM system)

= 156 MeV
®ri(®Li,”’
THETA SIGMA
degree mb/sr
7.2 12.47
8.2 8.45
9.3 6.52
10.4 4.74
11.5 4.258
13.7 2.865
15.8 1.654
16.9 1.545
18.0 1.223
19.1 0.939
20.2 0.728
21.3 0.755
22.4 0.587
23.4 0.524
24.5 0.492
25.6 0.420
26.7 0.343
27.8 0.326
28.9 0.2447
30.0 0.2560
31.1 0.1979
32.2 0.1720
33.3 0.1834
34.4 0.2040
35.5 0.1720
36.6 0.1520
37.7 0.1230
40.9 0.1160
43.1 0.1150

Be)SHe

gr.

DSIGMA
mb/sr
.0974
.6253
.5803
.2986
.1490
.1461
.1538
.1190
.1150
.0930
.0677
.0687
L0417
.0283
.0261
.0231
.0202
.0202
.0174
L0177
.0142
.0134
.0141
.0165
.0131
.0112
.0086
.0197
.0212

O O O 0 OO0 O 0O O O O OO O o0 O O O O O O o o o oo O o o =




