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Untersuchungen des direkten und sequentiellen Coulomb-Aufbruchs
leichter Ionen.

Die Coulombdissoziation von 6Li im Feld von 208Pb iber Resonanz - und
Kontinuumzustande wird fir verschiedene Projektilenergien im Detail
diskutiert. Es werden Beziehungen zwischen dem Coulomb-Aufbruch-
Wirkungsquerschnitt und dem astrophysikalischen S-Faktor angegeben. Bei
hoheren Projektilenergien erweist sich der direkte Beitrag von der gleichen
Groflenordnung wie der Aufbruch iiber einen Zweistufen-ProzeB. Die Riuick-
wirkung des Coulomb-Aufbruchs auf die elastische Streuung kann durch ein

dynamisches Polarisations-Potential beschrieben werden.

Zusétzlich werden theoretische Voraussagen gemacht fiir den Coulomb-Aufbruch
von 7Li und 160 tber E1 - Kontinuums - Uberginge sowie fur den E2 - 20Ne

Aufbruch bei Projektilenergien von 26 MeV/amu.




Abstract

Investigations of direct and sequential Coulomb break-up of light
ions.

Coulomb dissociation of 6Li in the field of 208Pb at different energies via
resonance and continuum levels is discussed in detail. Relations are given which
can be used to directly relate the Coulomb break-up cross section to the astro-
physical S-factor. Predictions for energy dependence and angular-distributions
are given. The direct Coulomb-break-up of 6Li is found to be of the same order of
magnitude as the sequential break-up at higher projectile energies. The effect to
elastic scattering can be accounted for by introducing a dynamic polarization
potential. Predictions are given for the direct Coulomb dissociation of
26 MeV/nucleon 7Li and 180 incident on 208Pb through dipole transitions to the
continuum, and for 20Ne via quadrupole transitions in similar experimental

situations.




1. Introduction

Break-up processes of nuclear projectiles under the influence of the differential
Coulomb field of heavy nuclei are of considerable interest since they provide
information on electromagnetically induced interactions of ‘the projectile
constituents [1,2]. Experimentally, the situation of pure Coulomb break-up can be
realized either by scattering at energies below the Coulomb barrier or, at higher
energies, for collisions with small deflection angles guaranteeing sufficiently E
large impact parameters beyond the range of the nuclear interaction. The latter
approach hasrecently been analysed [3,4] demonstrating interesting possibilities
for studies of astrophysical aspects. The break-up may result either from Coulomb
transitions to free continuum states of the fragments or from transitions via
resonance states above the break-up threshold, followed by a subsequent disin-
tegration into fragments. This (resonant) sequential break-up has been found to
be dominant at lower projectile energies [5,6], while the extent to which a "two-
step mechanism” contributes at higher energies is not extensively studied.
Experimental observations of the 8Li — a + d break-up at projectile energies of
10 - 30 MeV/amu {7-11] seem to indicate that in these cases also, a considerable
fraction of the Coulomb break-up cross section has to be attributed to sequential
processes via resonant states in 6Li, in particular via the first excited state at Ey
(I" = 3+) = 2,19 MeV. Nevertheless, the investigation of the direct Coulomb
break-up mode, [12] appears to be interesting. While sequential processes are
expected to be well described like Coulomb excitations of bound states [13] with
the life time of the resonances larger than the collision time, the direct process
involves energy-dependent transition matrix elements into the continuum of the
fragment states, distorted by the Coulomb field present at the break-up point. We
may expect that for energetic particles the internal distortion of the relative
system of the fragments is small. Indeed, with this assumption Coulomb break-up

reactions of 7Li have recently been fairly well described [14, 15], by using the




formalism of Coulomb excitation of quasi-bound states; i.e. for cases where the
actual excitation region and the break-up point are rather distant from each

other, the latter far away from the field of the target nucleus.

A reliable and sufficiently accurate theoretical description of experimen-

tally observed direct Coulomb break-up processes would provide an interesting
~access to those nuclear transition matrix elements which also determine the time-
. reversed process of break-up, the fusion of the fragments to the projectile nucleus
at very low relative energies, In fact, such studies would enable an experimental
extension and an important check of the critical ingredients of capture reaction

studies at astrophysical energies [3,4,14].

In context of current experimental investigations [8-10] of Coulomb
dissociation of 156 MeV 6Li ions, the present paper explores various features of
Coulomb break-up from a theoretical point of view on the basis of a DWBA
approach and a semiclassical approach to the process. The case of 6Li is of
particular interest, since studies of the d(a,y)6Li capture cross section [17] provide
independent information on the electromagnetic transition probabilities for
relative energies above 1 MeV, in addition to the B(E2, 11 — 37%) value [18] for the
resonance transition at Eqq = 0.71 MeV. Furthermore, the 6Li case is governed
by an electromagnetic quadrupole transition, which turns out to be enhanced in
the break-up process [19,16] and leads to comparatively large cross sections. We

study the specific case of
6Li+A—-a+d+ A (1.1)
in somewhat detail to understand various sensitivities of the cross section.

We evaluate the energy dependence and the angular distribution of the
break-up of 6Li scattered off 208Pb via the resonant and continuum states and

give relations which relate the break-up cross-section with the astrophysical

S-factor.




2. Theoretical concept

There are various attempts to describe break-up processes [20 - 25].The most
elaborate theory accounting for the absorption and the distortion by the nuclear
field is the post-form DWBA theory worked out by Baur et. al [22,23). The theory
rests upon a zero-range approximation which constrains the internal momentum
distribution of the cluster fragments to a Lorentzian shape with parameter values
fixed by the binding energy. Even though the square of the momentum-space
wave function of 6Li does not have this shape, the differences between different
types of relative motion wave functions are not very strongly developed in the
region of small relative momenta k = 0.3 fm-1. Thus, even with a zero range
approximation, the post-form DWBA should be applicable to those cases of the
Coulomb break-up where the other important assumption of the post-form DWBA
theory; namely the neglibility of the final state interaction between the frag-
ments remains valid. This would happen, obviously, for cases involving high
relative energies of the fragments, which however are not favoured by Coulomb
processes. However, cases involving low relative energies are especially favoured
by Coulomb excitation processes due to the conditions of adiabaticity, and for
them the neglect of the final state interaction between the fragments can not be

justified.

Thus, at lower relative energies due to the increased importance of the
interaction of fragments in the final state the (elastic) break-up of the projectile a

into the fragments b and x may be considered as a quasi sequential process

at+A—=a*+A->b+x+ A (2.D
represented by the prevailing prior-form DWBA transition amplitude [21]
T =<X'"Ryo' U, +U_ , -U |XF (R > (2.2)
i~ Qf Vo l bA A7 e T Q b,




which is better suited for the studies of the Coulomb dissociation of light ions [26].
It is worthwhile to recall here that the above T-matrix does not provide a good
description of the nuclear break-up when the relative energy of the fragments is
small and hence in the present work we make a special effort to apply it to only

those cases where the Coulomb break-up dominates.

Here

x‘&.’(R)
and

x‘Q“f’m)

denote the centre-of-mass motion of the initial and the final state with the
momenta Q; and Qr, respectively. The wave functions ¢,(r) and ¢pi(-)(r) represent
the ground state and the continuum (‘excited') state of the relative motion of the
projectile. When the fragments b and x are observed with the momenta ky, and ky,

the momenta are given by

Q =k, +k (2.32)
k = ﬂ) k — E k (2'3b)
m * m b

In the case of a pure sequential process ¢k is a resonance state having a
substantial overlap with ground state wave function but the same matrix
element is also expected to describe nonresonant break-up processes when

adequate wave-functions for the continuum are introduced.

Assuming point-charge distributions for the constituent projectile clusters,

the residual Coulomb interaction for R > ris

z V4 Z
v :Z,e‘-’<_b+_x__ﬂ (2.4)
res T r r /
b X




(2.5)

*
RL+1T 2L+1 Vi RIY o)

The cross-section for the break-up of the projectile, when the centre of mass wave-
vector of the fragments lies between Qrand Qr + dQy, the relative motion wave

vector lies between k and k + dk and the spin orientations are unspecified, is

given by [27]
dQ. dk
2 - .
do="2@r+1° " N |12 —L— sk —E) (2.6)
v v (2 o
. ST
which yields for L-th multipole
2
B 4 (Z,‘e) Q k L L
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where v is the velocity of the projectile in the centre of mass system. The
fragments have a relative energy between ¢ and ¢ + de and the rest of the symbols
have their usual meaning. Performing the dQy integration and using the angular

momentum algebra [28] we get

2 i 2
d OEL Ar[,e’ 4Q1Qf
a9 - &\ ) 0 BELe)
o ho
Qf (2L + 1)
’ (2.8)
\‘ L= L1 () .
Y < xg, RIR Yy Rxg T (R >
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This can be rewritten to give the Coulomb dissociation cross section

d’o,, Zye dfy, (2.9)
deiL ( ! A7 B L, ) —F '
3dde

vl dQ
where we have dropped the subscript Qrfrom the solid angle into which the centre
of mass of the fragmented projectile is scattered. Additionally, we have defined d
as half the distance of minimum approach,

2

Za' Z’/" e (2.10)
21

d =

and B (EL, ¢) is the reduced transition probability per unit energy for the transi-
tion from the bound (ground) state of the projectile to the continuum state for the

transition having the multipolarity 21,

X

B(EL,¢) =

1. L.
Hy k ’ m m, '

. .) e R
(21 4 m, tom,

N ! ‘ <d>k(r)!r/’ )’I«U(r)|¢>a(r)>‘ dQ, (2.11)

MM

f
where the factor [ upy k/ (2n)3-42 ] ensures the energy normalization of the final
state wave-function ¢ The initial and the final states have spins (I;, Mj) and

(I, Mr) respectively. The Coulomb excitation function

dfy
dQ
is given by [28]
df 40 Q. 2
El . . . (- —L—1 { .
= ’ ’3~ £ N <xg. (RIIR L ‘}',”m)lx(;‘m» (2.12)
dQ 2L+1) M / - !

The reduced transition probability per unit energy B ( EL, I} - I; ¢ ) relevant for
our case is related to the transition probability Beap (EL, Ir - Ij ¢ ) for capture
from the state | Iy My > with relative energy ¢, to the ground state |I; Mj > by

It fl
__L__B(EI"[l._)[/A,L') (2.13)

B (EL,I.-1,¢)=
cap Pt Bpe (20 + 1)
; /

where the capture cross section is given by [34]




8u (L + 1) WL (2.14)
+ .
0y (EL, T, =1, ) = ———‘1——-—7 : —(—‘) B (ELI—>I,¢)
P L(2L+1)1¥* hlhc b

where E, ( = fk, c) is the energy of the gamma-ray emitted after the capture.
Noting that the capture cross section for low relative energies is related to the

astrophysical S-factor by

2
AR (2.15)
: ‘ b2 )
S(e)=e- o ()0 &N = S
Vs
we may express,
LeL+nn? @ +1)  p St 2 (g 1
BELI —1,e)= . — . ( .
e gn(L+1) (@[ +1) 24 L2l
v

In units of fm2L.+1, which can be converted for normal units (of 2 fm2l. / MeV) by

deviding it by e2.

The reduced transition probability in the case of a narrow-resonance is

obtained by the integration,

B(EL,Iialf,):[ B(EL,¢)de . (2.17)
Res

while the reduced transition probability for the continuum transition with

unspecified spins is analogously defined as

P

I cont

B(EL, cont)y= > f BUEL,¢)de (2.18)

In order to obtain a reliable estimate of the angle integrated Coulomb
dissociation cross section, we realize that such trajectories which lead to distances
less than the sum of the two nuclear radii, will be strongly absorbed, and those
which stay clear of this distance will feel only the Coulomb interaction. Thus
semi-classically, one can obtain the pure Coulomb dissociation cross section of the
projectile by integrating the differential cross section up to the angle 8. [28, 33]
where

o9 1 (2.19)
stinh — =

2 ZE/EB—I P

and



E. =2 - 2.  é&/R (2.20)
with

R =136 (A2’3+ A¥3) +05 , (2.21)

cut

For comparison the reaction cross section op for nucleus-nucleus collisions can be
estimated as

Ey (2.22)

which has been found to give a good description of the experimental data with the
choice (2.21) of Ryt [29]. These semi-classical relations can be translated to the

quantum-mechanical description by introducing a lower cut-off [26]

2, ] (2.23)

of the orbital angular momentum in a partial wave expansion for df}:], / dQ above.

We have found that for the cases to be reported later, the semi-classical and
the quantal descriptions of the Coulomb-excitation function dfgy, / dQ agree to
better than 0.5%. The energy-differential Coulomb-dissociation cross section is

obtained

(2.24)

do Z. e ?
EL T —2L+2 N

=(— ) g2 B(EL,¢) [}
de < ho ) (EL,e) [y,
where the superscript 'N ' over the total Coulomb-excitation function fgN

denotes the nuclear absorption with

N =06, dfy, (2.25)
/‘V = _ (1Q
EL 6=0 dQ
semi-classically, and,
9
641> . L L.L B 2 (2.26)
/ﬁ: —_— Q. &N (2L+1)(2L+1)(’ f ) ‘M‘L_l
(oL + 17 ir _— . f 000 L L

) Lol > L, i f

in the corresponding quantum-mechanical description.

In the above

~L-1
M
Ly L




are the well known Coulomb-excitation matrix elements which we evaluate in the
well full-filled WKB approximation [28] due to the lower cut off L, which limits the

angular-momenta to large values.

Now the Coulomb dissociation cross section is obtained as

Zye , 2.27
OEL:(;%—)- q- 2L+, JB(EL,a)fg'Lde ( )
As fi, is a slowly varying function of the adiabaticity parameter,

_ (2.28)
E» - qf - r]i
we can take it out of the integration sign in the above for narrow-resonances, thus
writing
el (2.29)

Ze.
Res (Y. s-2L+2 N
ofes (Iielf)*(ﬁv) d BUELI =10 [, (& )

where the experimentally known values of B (EL) (in units of 2 fm2L) can be used.

In order to estimate the relative importance of the Coulomb-dissociation
processes, the nuclear break-up cross section is evaluated by use of the simple and
yet reliable Serber model [20] to get the non-elastic break-up (also called absorptive

stripping) as
R.- R (2.30)

where we have taken Rt as equal to Reyt and
2

('Zpbe‘E. (231)
, a=\|———— .
B )

The elastic break-up, due to the nuclear field, which will automatically be
distinguished from the non-elastic break-up in a coincidence measurement is akin to

the ” free dissociation” discussed by Glauber [30] and it's cross section is given by

-z |Zln2—l} R. R (2.32)
3 2

9 4. T P

=0590__ (2.33)
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The total break-up cross section is then a sum of 04 3, or4. and the Coulomb break-

up cross section.
3. Classical trajectory considerations

In order to isolate the region where the Coulomb processes may dominate we
have performed classical trajectory calculations for the scattering of 6Li + 208Pb
system at 30, 60, 90 and 156 MeV incident energies, where the projectile moves
under the influence of Coulomb and nuclear potential, the latter given by [35]
R-1174% 7 (3.1)

0.766
We give a plot of the deflection functions for the above cases in fig. 1. At

VN (R) = —240, 1 4+ exp (

30 MeV, the incident 6Li ion does not see the nucleus at all and its motion is
governed completely by the Coulomb field. The other cases describe the situation
above the Coulomb-barrier. The most remarkable feature which emerges from this
is the disappearance of the well-pronounced hump in the deflection function near
the Coulomb rain-bow angle and on-set of orbiting at an incident angular
momentum, very close to the rainbow ”partial wave”. This has an important and
beneficial consequence for our study indicating a possibility to isolate an angular
range in break-up experiments as a "nuclear free-zone”. In table 1, we have

compiled the angular momentum values leading to certain angles of scattering

along with the corresponding distances of minimum approach. We see e.g., that fora

scattering of the centre of mass of the projectile to 9° the strong absorption By the

nucleus would lead to a relatively pure Coulomb contribution at 30, 60 and 90 MeV,
whereas the data at 156 MeV will not be free from the nuclear contribution. The
data more forward to 5° at 156 MeV are seen to be free from nuclear contribution.
The Ryt defined by (2.21) above gives a lower limit of the distance of minimum

approach beyond which the scattering process may be induced only by the Coulomb
field.
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4. Results of model calculations

The quantity gf fundamental importance in these studies is the reduced
transition probabiliﬁy per unit energy, which is directly related to the fusion cross
section data (2.13 —‘2\._16). It is quite clear that the L = 2 transitions will dominate
the Coulomb diss0(‘:i'a:fion of 6L.i » a + d, and in the following we give results only for
this case. 6Li has three well developed resonances having L = 2, and In = 3+, 2+
and 1+ above the particle emission threshold (see table 2).

In fig. 2 we have plotted the reduced transition probability per unit energy as a
function of the relative energy ( ¢ ) of the a + d system for the above mentioned

resonances and the continuum, For the resonance states we have taken

ir/2 2
B(E2,¢)=| ———— - B(E2,¢ ) (4.1)
(e—¢e Y+ il/2 res
res
so that

r (4.2)
B(E2,I »I., Res)=n- —+ B(E2,¢ )
{ f 9 res

The corresponding quantity for the continuum is evaluated by calculating ¢, and ¢x

in the nuclear potential

-1

r—1.179 ) (4.3)
0.70

which reproduces the binding energy of 6Li and its rms radius. The spin-orbit

Vad (r) = —=83.54. |1+ exp(

interaction has been neglected for simplicity. This potential is similar to the a - d
interaction potential used by Robertson et al [17] for evaluating the S-factor for a - d
fusion in good agreement with data. A good agreement with break-up experimental
results would confirm our belief that such experiments can be used [10] to get
reliable experimental information about reaction cross sections of astrophysical
interest. It should be remarked here that the rapid increase of B (E2, ¢ ) from zero as
¢ increases comes from the small binding energy of 6Li. In addition, as the larger
values of ¢ are strongly suppressed in these processes due to the condition of

adiabaticity, this causes a large Coulomb-dissociation. At very high incident




S192-

energies the condition of adiabaticity is quite relaxed and B (E2, cont) defined by
(2.18) becomes a measure of break-up via continuum.

The condition of adiabaticity referred to above can be'und‘erstood by inspecting
fig. 3 where the total Coulomb excitation function fpoN is plotted as a function of the
break-up energy ¢. At low incident energies only the smaller values of the break-up
energies ¢ are important whereas, with increasing incident energy, states with
larger values of ¢ are equally well excited. |

In fig. 4 the energy-differential cross section (2.24) for the Coulomb
dissociation of 6Li is shown for various incident energies. It is interesting to note
that the relative energy spectra of direct Coulomb break-up show a broad peak
which tends to get asymmetric and broadened with increasing incident energy. This
peak misconstrued as a "resonance” in Ref. [31] is just the result of the superposition
of the energy dependence of the B (EL, ¢) values (dominated by the Coulomb
penetration) and of the Coulomb excitation function fi:1., which reflects the
equivalent photon spectrum inducing the break-up (see Refs. [3, 9]). This feature is
also seen in fig. 5 where the double differential cross section for the 3 + resonance
and for the continuum levels integrated up to ¢ = 5 MeV are plotted when the centre
of mass of the fragments is scattered from 208Pb to 6 = 3°,

In order to get a feeling of the range of the partial waves contributing to the
Coulomb-dissociation of 6Li, at different energies, in fig. 6 we have plotted the
partial Coulomb-dissociation cross section (o¢) as a function of the incident angular
momentum (f) for break-up via the 3+ resonance at 30, 90 and 156 MeV (see egs.
2.26 and 2.29). The dashed curves give the variation of o¢ when nuclear absorption
is absent. The solid curves describe the situation when the nuclear absuiption is
accounted for (eq. 2.26). We see that the Coulomb dissociation probability is a slowly
varying function of the incident angular momentum and that a very large number
of partial waves contribute to the Coulomb break-up of light ions. This aspect
enhances the value of the WKB approximation utilized in the present work for

evaluation of the radial matrix elements.
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Fig. 7 displays the differential cross section for the Coulomb break-up of 6Li

scattered off 208Pb at 156 MeV viathe 3+, 2+ and the 1+ resonances and the

= 2 continuum integrated below the 3+ resonance. For 6 = 5° the theoretical
prediction is in quantitative agreement with recent experimental results [9] for the
case of 3+ resonance. This is a strong experimental support of our conclusion (see
sect. 3) that elastic break-up processes observed at very forward reaction angles and
isolated by coincidence measurements from nonelastic events originate from the
Coulomb break-up.

Fig. 8 shows the energy dependence of the Coulomb dissociation cross section
for 6Li scattered off 208Pb for the cases considered in this work.The continuum
break-up cross sections are integrated over 0 to 15 MeV and over the continuum
energy states below the first resonance. The two experimental data points for
ELi = 23 MeV for the direct and the sequential break-up (via the 3+ state ) are
results from Scholz et al [12]. The quantitative agreement for the direct break-up
without any adjustment of parameters is especially noteworthy. The Coulomb
dissociation cross section increases with energy as long as the nuclear absorption
can be ignored, which affects more and more partial waves at higher energies. This
is evident at energies Ej; £ 60 MeV. For comparison tab. 3 gives the cross sections
of various types of break-up processes for the particular example of 156 MeV 6Li
ions incident on 208Ph, The direct and the sequential Coulomb break-up of 6Li due to
the Coulomb processes taken together prove to be about 20% of nuclear break-up.
However the direct and the sequential break-up of 6Li due to the Coulomb field are
of the same magnitude. At the same time the Coulomb dissociation of 6Li is not a
large part of the nuclear reaction cross section. This feature appears to be different
from the case of deuteron break-up [32] where the Coulomb dissociation cross
section represents a large fraction of the total break-up process as well as of the total
reaction cross section. A pertubative approach like DWBA may be less justified in

such a case.




-14 -

Nevertheless, due to the relatively large B(E2) value for the 3+ resonsance
and the low dissociation threshold, Coulomb excitation and break-up leads to an
additional absorption for elastic scattering of 6Li projectiles, accounted by a long
range imaginary potential. Neglecting the adiabaticity corrections (see ref. [32]) it

is given for R > R¢y by,

2 2
L=21%"-3% ], (Z ) BE2,17-3")  (4.4)
L =2, — - _

Im{U . .
oL 4E 2L+ 1) RL+1

At higher energies the condition for adiabaticity is quite relaxed and the dy-
namic polarization potential arising from the Coulomb dissociation of 6Li via L = 2
states would be obtained by replacing the B(E2) value above by a sum of the

corresponding values for the resonant and the continuum states (see table 2).

5. Concluding remarks

We have studied the features and the sensitivities of the Coulomb dissociation cross
section of 6Li scattered off 208Pb at various energies via the resonant and the
continuum levels. The Coulomb dissociation probability is found to be large over a
large range of impact parameters and it is not negligible even at the highest energy
considered. Whereas the resonant break-up dominates at lower incident energies,
the direct break-up is of the same order as the sequential break-up at higher
energies. This may lead to an absorptive dynamic polarisation potential varying as
1/R5 contributing to the imaginary part of the optical model potential. We feel that
the results obtained in the present study are interesting as they can also relate the

break-up cross section with fusion cross sections of astrophysical interest.
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Appendix A

The fusion cross section and the reduced transition probability.

In this appendix we derive the relation (2.13) which forms the basis for the
connection between fusion cross section and the Coulomb dissociation cross
section for light ions.

The reduced electromagnetic transition probability of the multipolarity 2\
in the transition to the continuum

a(=b+x)—>u* (A.1)
with spin quantum numbers
. = _ (A. 2)
§ =8 =35 , s, =0
a x b
is given by
9 m > .
3 . ;
BY“ (BN, I =1, ¢) = — - lz(-——‘) +Z(-—’) '
! r 4n b m m

(21[.+ 1) (21!. + 1) (21/.+ 1)

<LOLO[NO>T WU 11 1Ay <)Y > (AD)
in units of e2 fm2: / MeV,
where,

q)”l]ilt 2 (A. 4)

¢
9 11 ‘
~}Jk} ' AARCS dr‘

N2
SR> = l 2 kr r ‘
nh

and the super script b. u. stands for break-up.
In the above the continuum final state radial wave function varies asympto-
tically as

n
-~ ot — \ A.
<bl[,f sin (k r—lf 5 + 6[[) . ( 5)

For comparision we may recall that the definition for B( E A ) in units of e2 fm2\,
for bound state transition, has

(b”,'[(lx 2
dr (A.6)

q)n Lol
< RAMS? = ’ J Frr . s
r r

with
) dr _ (A.7)




=90 -

The factor
2pk
nh?
originates from energy normalization of the final state continuum wave function
- ! b
>=vN > il L.
| b v - l kr Iplps (A.8)
f
such that
. kdk
N = (4u) : (A.9)
(2nu)
or
_ 21”;’ Je (A. 10)
nh*

In the case of fusion, the initial state is the scattering state and the final state is
the bound state. We put in order not to get confused

J =1 , J = T (A.11)
! f f i
Then
21, +1 ‘*
B(EXNT. = I ,¢) = ! - B(EX, ] —>[.,€):B(E‘\,J _QJ’S)(A.lQ)
o 21 + 1 : f e

f
When the initial state Jj is a scattering state at c.m. energy ¢, the electric
radiative capture cross section towards the final state Jris given by [34]
. 2041
(A + 1) 1By
oo men L
hc

N W BT I
where E, ( = #k, c) is the energy of the gamma-ray emitted after the capture and

o (EA\,Ji—>J

cap

Bcap (B, J‘ — J/., el (A.13)

2. 2Jf+1(A,14)

B (LN, dJ —od, e) = < W (J n,)]]M(E.\), J‘P(J.n ) >
cap i f [y [ ! 2J +1
!
where W (J; M;) is normalized to unit flux, and thus
N Ly
WiJ )= VAfjrl Y, (A. 15)
where
M = 4_11 _ dip (A16)
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Thus

1
B (ENJ >J.e) = — M- B (ENJ o>, ¢)
cap v N iy

243 21 +1
_ L BPU (BN T > )
= B ET Y (AL

pe 2I/+1
Thus for example, a - t fusion cross section is given by
[ =382, =12, A= (A.18)
and
3
(E1,J —4d 160 (7 i : BY“ (E1, I > ,¢)
A = - - 1 _ - : ! -—
0N =) = = <) e =1 e)(AL19)
which can be inverted to give
O 3 17 9 (6 mc‘2
et RELD - R s WA LN
¢

as obtained by Shotter et al. [14]
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Appendix B

Predictions for direct Coulomb dissociation cross section or light ions
via relative energy states.

The direct Coulomb dissociation cross sections for light ions via low relative
energy states are of special significance for reactions of astrophysical interest. In
tables B 1 and B 2, we compile the results for the Coulomb-dissociation cross
sections for 26 MeV / nucleon 7Li (»a+t)and 160 (- 12C + a)viaL =1
continuum states and for 6Li (- a + d ) and 20Ne ( - 160 + a ) viathe L = 2
continuum states incident on 208Pb, The B ( E1, ¢ ) values for 7Li are taken from
our work [25] and those for 160 are derived from the fusion cross section
measurements of Kremer et al. [36]. The B ( E2, ¢ ) values for 8Li1 are just the
values of fig. 2 of the present work and that for 20Ne are derived from the results

of Langanke [37].

It is important to understand the fact that the energy-differential cross section
(2.24) is a product of the quantities B(EL, ¢ ) and the Coulomb excitation function
fE1., which are in turn governed strongly by the penetrability (see eq. 2.16) and
the adiabaticity parameter (eq. 2.28 respectively. Thus we see that the reduced
transition probability per unit energy is quite small for the 12C + a case as well
as for the 160 + a case, for lower relative energies. This feature coupled with the
fact that the Q-values for the break-up of 160 and 20Ne are rather large, which
leads to a large value of the adiabaticity parameter gives rise to very low
dissociation cross sections. The adiabaticity parameter can be reduces by an
increase in the incident energy, though then the angle 6¢ below which the
dissociation would be dominated by the Coulomb processes would be smaller.
However, even if measurements are performed beyond the angle 6¢, a proper
accounting of the accompanying nuclear break-up would enable us to get the

relevant information on B (EL, ¢ ) and hence on the fusion cross sections.
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Table captions

Tab. 1

Tab. 2

Tab. 3

Tab. B1

Tab. B2

Nature of contributions for trajectories leading to a specific scattering
angle in 6Li + 208Pb collisions at different energies, in a purely

classical calculation.

Reduced electromagnetic transition probabilities for resonant and

continuum levels of 6Li, having excitation energies Ex = ¢ + 1.47.

Cross sections for various break-up processes for 156 MeV 6Li (- a + d)

incident on 208Ph,

The reduced transition propability per unit energy and the energy
differential cross section for the pure Coulomb dissociation cross section
for 26 MeV / nucleon TLi (- a + t) and 160 ( - 12C + a ) incident on

208Pb via L = 1 continuum states.

The reduced transition propability per unit energy and the energy
differential crosssection for 26 MeV /nucleon 6Li(—»a +d) and

20Ne (— 160 + a)incident on 208Ph via L. = 2 continuum states.
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Table 1

Nature of contributions for trajectories leading to a specific scattering angle in
6Li + 208Pb collisions at different energies, in a purely classical calculation.

Scatt. angle E £-values dmin* - Remarks
deg. . MeV h fm -
9.0 30. 219 83.5 pure Coulomb
60. 2 0.3 Absorbed
26 3.2 Absorbed
150 39.8 pure Coulomb
90. 4 0.6 Absorbed
36 4.2 Absorbed
130 28.6 pure Coulomb
156, 12 1.3 Absorbed
66 7.0 Absorbed
78 13.5 Weakly Nuclear
94 15.9 pure Coulomb
5.0 156. 7 0.7 Absorbed
66 7.0 Absorbed
71 12.0 Absorbed
172 27.5 pure Coulomb
3.0 156. 4 0.4 Absorbed
66 7.0 Absorbed
289 45.8 pure Coulomb

*dmin is the distance of minimum approach.
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Table 2

Reduced electromagnetic transition probabilities for resonant and continuum

levels of 6Li, having excitation energies Ex = ¢ + 1.47.

Ir £ r B(E 2) Ref,
(MeV] (MeV] [e2 fm4!

3+ 0.71 = (.02 24. (18]

2+ 3.05 ~ 0.60 17.14 a

1+ 4.03 =~ 1.00 10.29 a

Zy, continuum 51.66 b

a) Obtained by using B(E 2, »1') = (2Lt + 1) B(E 2,Ti» Ir )/ (21t + 1), with
Ir = 3, (following ref [27] ).

b) By using eq. (2.18) including the spectroscopic factor C2S = 0.5 for 6Li —»a + d

configuration in the 2 S ground state.
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Table 3

Cross sections for various break-up processes for 156 MeV 6Li (- a + d) incident
on 208Pb,

Process of break-up Model Cross section
Absorptive stripping Serber [20] 280 mb
Free-dissociation Glauber [30] 170 mb
Resonant Coulomb Present work

3+ 26 mb

2+ 19 mb

1+ 6 mb
Direct Coulomb Present work

L=2 0 e= 0,7MeV 2 mb

0=¢= 15 MeV 50 mb

Reaction cross section =3 b




Table B1

The reduced transition probability per unit energy and the energy differential

cross section for the pure Coulomb dissociation cross section for 26 MeV / nucleon
TLi(—>a + t)and 160 (- 12C + a)incident on 208Pb via L = 1 continuum states.

Mi-sa+t 160 —» 12C + a

£ B(E1l,¢) do/de B(E]e) do/de

MeV e2fm2/MeV mb/MeV e2 fm2/ MeV mb / MeV

0.1 0.3985E -03 00.49 0.6798 K - 27 0.4812E -25
0.2 0.3932E -02 04.58 0.4265E-19 0.2850 E - 17
0.3 0.1009 E -01 11.09 0.1012E -15 0.6384 K -18
0.4 0.1648 E -01 17.09 0.7440E - 14 0.4431 E -13
0.5 0.2154 E-01 21.09 0.1771E-12 0.9957E - 11
0.6 0.2472E -01 22.92 0.1609E -11 0.8590E -10
0.7 0.2634 E-01 23.02 0.8633E -11 0.4326 E - 09
0.8 0.2664 E - 01 21.99 0.3252EK-10 0.1538 E -08
0.9 0.2607E-~-01 20.34 0.9166 E - 10 0.0403 E -08
1.0 0.2497E -01 18.41 0.2442 K -09 0.1030 E -07
1.1 0.2359E - 01 16.44 0.5517E -09 0.2196 E - 07
1.2 0.2207E-01 14.55 0.1022 E - 08 0.3840 E - 07
1.3 0.2054 E-01 12.80 0.2059 E - 08 0.7304 E - 07
1.4 0.1905E-01 11.22 0.3831 E-08 0.1283 E -01
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Table B 2

The reduced transition propability per unit energy and the energy differential cross
section for 26 MeV /nucleon 6Li (- a + d ) and 20Ne ( — 160 + a)incident on 208Pb via
L = 2 continuum states.

6li—a-+d 20Ne - 160 + a
£ B(E2¢) do/de B(E2,¢) do/de

MeV e2fmd/MeV mb / MeV e2 fm4/ MeV mb ' MeV

0.1 0.2792 E - 01 0.034 0.1697E -30 0.1003 E -30
0.2 04111 E-00 0.508 0.3984 E -19 0.2291 E-19
0.3 0.1422 E+01 1.753 0.4230E - 14 0.2369E -14
0.4 0.2959 E+01 3.634 04111 E-11 0.2237E-11
0.5 0.4786 E+01 5.849 0.4427E -09 0.2349 E - 09
0.6 0.6693 E +01 8.134 0.1382E -07 0.7106 E-08
0.7 0.8548 E+01 10.322 0.1982E -06 0.9901 E -07
0.8 0.1028 E+02 12.321 0.1680E-05 0.8148 E -06
0.9 0.1185 E+02 14.090 09783 E-05 0.4605 E -05
1.0 0.1326 E+02 15.621 0.4310E -04 0.1969 E - 04
1.1 0.1451 E+02 16.933 0.1533 E-03 0.6793 E -04
1.2 0.1565 E+02 18.062 0.4609E -03 0.1980 E -03
1.3 0.1669 E +02 19.046 0.1210 E -02 0.5040 E-03
1.4 0.1767E+02 19.926 0.2846 E -~ 02 0.1148E -02
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Figure captions

Fig.1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Classical deflection function for 6Li + 208Pb system under the

influence of nuclear and Coulomb potential at 30, 60, 90 and 156 MeV.

Reduced transition probability per unit energy for transitions to
continuum levels in the resonance and the non-resonant regions for

6Li —» a + d break-up.

Coulomb dissociation ( excitation ) function with nuclear absorption
for 61i + 208Pb system at 30, 60, 90, 120 and 150 MeV as a function of

relative energy (¢ ) of the fragments.

Energy differential cross section for direct Coulomb dissociation of 6Li

scattered off 208Pb at 30, 60, 90, 120 and 150 MeV.

Double differential cross section for the Coulomb-dissociation of 6Li at

Bcm = 3°viaresonant and continuum levels.

Partial Coulomb dissociation cross section via the first 3+ state of 6Li
colliding with 208Pb at 30,90 and 156 MeV with (-) and without(---)

nuclear absorption.

Predictions for the differential cross section for Coulomb-disinte-
gration of 6Li scattered off 208Pb at 156 MeV ~via 3+,2+ and 1+
resonant states and via the continuum transitions having L = 2 and to
excitation energies = 0.7 MeV. The experimental data are from

Kiener et al. [9] for break-up via the 3+ state.

Energy dependence of the Coulomb dissociation of 6Li scattered off
208Pb via the resonant and continuum states having L = 2, Nuclear
break-up via absorptive stripping ( 055 ) and free-dissociation ( or 4. )

are also given
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