EXCHANGE INTERPRETATION OF ANGMALOUS BACK

ANGLE HEAVY ION ELASTIC SCATTERING

M. 8, Zisman

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

1. INTRODUCTION

In the past few years a number of groups have been engaged in
making careful studies of heavy ion elastic scattering.l-l}) For example,
data for the 160 + 2851 system have presently been obtained over the
(laboratory) energy range of 33-215 MeV. While the regults of a "global"
optical model search y:leldedl) a strongly absorbing, energy independent
potential (E18, see Table I) which fit the data rather well at both
high and low energies, the intermediate energies, roughly 40<Elab< 60 MeV,
gave evidence for oscillations which were not reproduced by the optical
model in any systematic fashion. In particular, it was found that any
optical potential which produced suitable back angle oscillations at
these intermediate energies invariably predicted that these oscillations
would grow more pronmounced at higher emergies, at variance with the
experimental data.

Very recently,. additional information on this problem was provided

by Braun-Munzinger et ll.s) , who extended the 160 + 2881 data at

28,

Elab = 55 MeV back to 180° by bombarding A1203 targets with a = 81 beam
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" Regge pole or shape resonan.

R
and m'easuring the rec'o:l.1v160 dons’ at fotvard angles. These data showed

" a highly structured angular dist:ibution at c.m. angles beyond about 60°.

In fact the angles beyond about 140" were describqglf;ather well by an

" angular distribution of the form [P 6(cose)[ Analysis of the data

‘showed ) that the entire angular d:l.str:l.but:l.on can be fit by adding a

P

em directly to the "background"” S-matrix

as’ calculated with an optical poten*ial Buch as El8.

This approach of using an S—matr:l.x to which has been added a
"resonance" term wag also examined by Cramer et g;.6) in an attempt
to aq:;]\.ain tlle other anomaleus results at intermediate enmergles which

ha_\(e been obtait_xed for the 1,60 + 2851 system. They used a modified

_ S-matrix of the form:

. 02
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where SE is the _opt:l.cnl model bﬁckground S-matrix, ¢ is the resonance
m:béing phas‘é', I‘ is the elast:l.c reduced width of the resonance, I‘ 1s

the total width of the resonance. and E (JL) is the ceater of mass

enetsy for the reaonance w:l.th angula.r momentum £, It was further

suggested that the resonances formed a VMI rotational band in MT:I.

whose energies are given by

. , 2/3
o (9 = 10,026 410.336 [R(L + 1)] .

where the constants were obtained by :I.nd:l.v:l.dual fits at the various

\\

energ:l.es, using the same procedute as Braun—-Hunzinget et al.,) to obtain

. ,”the pole L vulues. Because the opt:l.cal model graz:l.ng part:l.al wave, Eg

Pl
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has a different energy dependence, E « [i!,g-(S!,g + 1)), than the VMI

c.m,
band, the resonances will eventually move away from ‘lg and ‘presumably
become less apparent in the angular distributions.

As another approach to explaining the highly struc/tured angular
distribution obtained for back angle elastic scattering of 160 + 2851
at Elab = 55 MeV, we note that this sort of behavior is rather similar
to the sort of effects one sees in the scattering of comparable mass
Leavy lons at intermediate energ:l.es.7h9) In many such cases the data
have been successfully fit by comsidering an exchange mechanism (generally
called "elastic transfer"). Although the size of the transferred "cluster"
in the 160 + 2851 system i{s much larger than those generally considered
by thie mechanism, it seemed worthwhile (albeit somewhat implausible)

to see what effects might he predicted by this model in the present case.
II. ELASTIC TRANSFER

The kinematics of the elastic transfer process are illustrated
in Fig. 1. On the left-bund side, we have incoming particle A scattering
from a composite particle B = A' + x, where A' is the “core" and x is a
nucleon or nucleon cluster, through a scattering angle 8. On the right-
hand side, we consider the transfer reaction A+ (A'+x) + A' + (A+x)
at angle m-8, Qhere x 1g transferred from A' to A. Clearly, if cores
A and A' are identical, both of thes: processes lead to the appearance
of a particle A at © and B at -0 and are therefore indistinguishable.
Quantum mechanically, such a process is one term in a fully anti-gymmetrized
DWBA calculation. Normally such exchange terms are small and are ignored,

but in certain cases where the exchange of the corfes is ejuivalent to
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a ‘stmple . transfet teactiq‘h‘, ;the exch'anige, amplitude, c¢an be. comparable

" to_the direct tem.:_l'%l

In practice, calcular.:l.ons of t:h:l.a mechaniam have been carried

Lout ‘_by a_\’rariety“of vte‘c‘hnli_gge‘sg_xrangiqg‘ from, the LCNO apptpximation )
:9' no-recoil DWB_A.calculationss) and, finally, to full finite-range
DHBA calculationa. ) In the. 60 + SS:L ‘gystem, we are considering
transfer of a relatively large c‘].uste‘r,.]fzc.v For this reason it is
obvious that only a full finite range approach is appropriate. Therefore
. all calculations described here were carried out with the code LOLA.]'Z)
_ The detai;s of .the calculation are outlined in Fig. 2. Driefly, onme
adds coherent'ly the elastic scattering amplitude at 6 (as obtained
from an optical medel calculation) to the transfer amplitude at angle
.m~8 (from the DWBA calqulation)'vhich is weighted by the appropriate
spectroscopic fac;:or, S. Note that in the case of elastic trunsfer

the svmmetry of the reaction means that only a single spactroscopic
factor ig required to describe the process. To be cunsistent with
other a.uthots,7,_ 3) I have included in the cross rection expression
:_' oa additionalﬂphase between the two amplitudes. Thia is often dome

:ITn puch ca;l.culationq bgcgpae other mechanisms, e.g., channél coupling
v'éffe.cca,. can in principle cause a phase shift in the interference
! pattern at ‘dif‘feren; energies. However, for the calculations discussed’
here tke phase u--vo,‘expected f?t tranafer of a spin-zero cluster
.becween two D‘f‘ cores will be used. Although I know of no theoretical
calculation of the spectroscopic factor for 28S:I. > :!'60 + 120, one can

at least hope that the valué resulting :from elastic transfer calculations

will i)e energy independent. Because of deficiencies with our choice
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of a simple cluster wave'function, as -opposed to a more realistic
microscopic calculation, and our lack of knowledge about the parameters
of the Woods-Saxon well used to generate the bound state, it is in
any case not obvious that one should expect to find that the "theoretical"
value of § is.the one which will reproduce the measured data.l4)

Glven. the agssumption of an elastic transfer mechanism, we can
make some general statements about the behavior we might expect without
doing any calculations. For example, at "medium" energies, the elastic
and transfer amplitudes will be comparable at intermediate angles, leading
to a marked interference pattern. At "low" energies the elastic cross
section becomes very large and the transfer cross section small. In this
case the interference will tend to weaken at the intermediate angles
and move backward in aungle. Finally, at "high" energies, the reaction
kinematics tend to push the cross sections for both the elastic and
transfer processes to forward angles (that is, toward O° for the elastic
and toward 160° for the transfer.) In this situation the interference
occurs im a region whefe the cross sections for both processes are
very small and the two processes become, in effect, independent.
Clearly .these predictions are consistent with the behavior of the

anomaly in 160A+ 2851 elastic scattering described in Ref, 1

III. 160 + 2851 CALCULATIONS

A. 55 MeV Data

Figure 3 shows the data of Braun-Munzinger Eg_gl.s) along with

(separate) optical model and DWBA calculations for the elastic scattering

28

and the»2851(160, S1) reaction, respectively. [The spectroscopic
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factor used in the f:l.guie'and in all of, the 1§0 + z!B,S:I. :calculations -
discussed here is S = 0.3.] - Optical gafamete: -gets. and bound state

parameters:-‘are listed in Table I, We see from Fig. 3 ithat the back

g anglé data are given guite well by the DWBA calculation. Furthermore,

1t ‘I."s clear that ir; this:case. the interference between. the two

procesges will be most pronounced in the angular region near 90°,

:The result of coherently adding the two.processes is shown in Fig. 4.

As expected, the forward and backward angular regions remain more or

.+ less unchanged, while the- angular .region between about 60 - 100° shows

strong interference effects, in agreement with the experimental data.
The remaining discrepancy with the experimental data is that,

in the angular region near-120° there is not predicted to be as much

structure ag was observed. In order. to improve this aspect, in Fig. 5

a different optical potential set was tried.which (probably because

of reflection from the imaginary well) gives more elastic cross section

at back angles. It 1s possible that this technique 1s mocking up some

other effect, such as coupled channels,ll.) but I will not attempt to

Justify the choice of this optical potential (set 016C in Table 1)

* other than by noting that, in this formalism, it is necessary to have

some reasonable amplitude to "interfere" with. A4s can be seen, this

change doesn't have.a major effect on the DWBA part of the calculation.

The results of the coherent addifion are shown in Fig. 6. Now we

find tﬁat the phase of the data is well-reproduced over the whole

- angular range, ‘althgugh -the ‘magnitude in the 100 - 150° region is

atill too ‘liffgé. This :deficlency, which is common also to the -

'célculationss’6) employing Regge poles, inay be solved by a judicious
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choice of optical parameters. Alternmatively, it could be related to

some sort of channel coupling effect.

B. Other Energies

Assuﬁiﬁé tﬂis model is apptopriate, we néxt ask vhat it predicts
at higher andliowet enetgieé; Figure 7 shows the elastic transfer
predictions fot 160 + 2851 at 38 MeV compared with data from Ref, 2.
We find, as expected, that th; interference pattern gets weaker at middle
angles and moves toward larger angles. The predicted oscillations mear
90° are comé@t}ble with the existing data., Finally, in Fig. 8 we
compare our model to existing 160 + 2831 data at 81 MeV. Again we

find at least qualitative agreement, that is, the interference region

i1s just beginning at about the place where the (structureless) data
stop.

28

. ¢ + 281" cavcurarions

A. Rochester Data

Fighting the temptation to quit while ahead, we turn now to the
recently measured back angle 12C + 2851 data from the Rochester gtoup,ls)
which was discussed in an’estliet talk, Here too it was found that
a strongly absorbing potential such as Hl2 (see Table I), which was

obtained in a global search of 12C + 28

51 elastic scattering da:aB)
covering a large energy range, did not produce emough structure in
the back angle calculationa. Therefore another optical potential,
designated Cl2F in Table I, was chosen (in the spirit discusaed alove)

which produced somewhat more favorable results.



--~The 'results of the calculations are compared w:ith the data Ao

Fig. 9 Unfortunately, with data .at more:—than one. energy our -requirement

L "16

of a ccnstant spectroscopic factor “for this (o] transfer reaction

“had tn be relaxed 'fact it had to be modified in a strange way.

asured angular dietributions, the four energies on the »

Of the nine
T
:1eft side of Fig. 9 have D‘/U ~ 10 and require a spectroscupic factor

S = 1) much larger tban that required for the 16 BSi daca discussed
iear] ier. However, all the energies shown on the right side of Fig. 9
have cross sections abou: 4 cimes lower than :hose on che left gide and
hence require s = 0 5 to reproduce their etreng For most of the

gulsr distributions the phsse is given reasonably well by the theoretical
‘ calculations, although there are a few cases (22 40, 27 30, aud possibly

28.11 HeV) which would benafit by a shift of 1-2° (c.m.). While it

seéma possible that improvements to the phases can be achieved by
. parameter juggling, it is not obvious that the changes in the maguitudes
'.of the experimenta_ cross sections will be reproduced by the model.

As one expects for a direct reaction theory, the magnitude of the DWBA

‘cross section changes slowly with energy. .Therefore, even though ore

can chunge the absolu:e magnitude of the calculations by' means of

variaticns in opticel model or bound state parameters, it is difficult
to imagine fitting such rapid croas section fluctuations short of
"enploying different aptical parameters at each energy - a tactic which

'_eeens unreasonable.
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B. Other Data -

Finaiiy, we want to see what the model predicts for the 120 +'ZBSi

system compared to existing data at high and low energies.  In Fig. 10

we see that at Elab = 29,00 Me? (the 20<3 MeV data in Fig. 9) the inter-
ference pattern does die out atA;néles forward of 70° c.m., but the amount
of atructure here 1s clearly exaggerated compaced with that ip the data.
This may be due in part to our choice of optical poteniials since, as
shown in Fig. 11, at a somewhat higher energy of Elab = 40.16 MeV the
structure in the calculated angular distribution is in ressonable accord
with published data.ls) At still higher emergy, Elab = 49,3 MeV, the

calculations (Fig. 12) are also consistent with measured data.17)

V. SUMMARY

We have seen that elastic trsnsfer calculations for 160 -+ 2851

appear capable of explaining the available data, at least qualitatively,
with respect to the existence and phase of the back angle oscillations.
However, it was found that some modification of the usual strongly
absorbing optical potential E18 is required to raise the back angle
elastic cross sections to a level which allows strong interference

lzc + 2851 sysfem, which should

over a large angular range. For the
be similar, the results are somewhat less encouraging. The available
data fall into two groups requiring spectroscopic factors differing
by a factor of 2. Here too, however, the phase of the back angle

oscillations is given reasonably well by the calculations. Although

more experimental data are clesrly needed, it appears from the present
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- results that an’ exchange ﬁechaiiism méyjplay an important role in' the
"‘._'a'nabmalous,.back angle: elasticxéca_::ering.-seen 4n the 160 +2851 and

c+ %51 aystems. . o i d
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Table. I, Optical Model ande‘ou.nd State Parameters

Set © v "rR“) gy '"':“"‘ﬁ“""'il") a
(MeV)  (fm)  (fm) MeV)  (fm)  (fm)

o6y gy L
18" 10.0 1.35 0.618  23.4  1.23 9,552
o16¢ 0.0 1.36 0,57 3.6 1.38  0.30
Bound State® - 1.25 Q.75 - - -
L2 . 2o
mz? 10.0  1.326 0.617 30.3  1.162 0.609
cL2F 301 1.36 . 0.4  67.3  1.28  0.32
Bound State®) - 1.35  0.80 - - -
g =rx (A;/3 + At1/3)
et 1

N

c)Depth adjusted to match separation energy.

Dpet. 3



Figure Cagtions.

o Fig. 1 Kin. atics of an elaatic transfer reaction. The transfer reaction

at ang-e n-e is indistinguishable from the elastic scattering at

Ciee

angle 6.;

- Fig.,'2 “Formalisi of elastfc Tranafer calcﬁletioné ehploying a full
' finite-reﬁge bWBA approach. - “The eross section is obtaim:d F53
coherently adding the DWBA amplitude at angle m-6 to the elaatic
'scattering amplitude at angle B. Because of the symmet.y of the
react:lon, only a eingle:spectroecopic factor is required.

Yo + g1 ar & o= 55 HeV,

Fig. 3 Optical model and DWBA calculations for
compared with the data of Ref. 5. The DWBA calculations (S = 0.3)
have been reflected about ec a. = 90°, Optical model and bound
state parameters are given in Table I.

Fig. 4 Cohcrent_a@dlcion qf.ebe croas sections shown in Fig. 3.

Plg, 5 Sime ds Fig., 3, but for optical potential 016C.

Pig, 6 Coherent aadlfion of‘fhe cross sections shown in Flg. 5.

Fig. 7 Optical model'and elastic transfer calculations for 160 + 28S:l.

= 38 HeV, compared with the data of Ref. 2,

l ab -
16,

Fig. 8 Optical model and elasric transfer calculations for ~ O + 28

si

“at E = 81 MeV, compared with the data of Ref. 1.

lab
Fig. 9 Elastic transfer calculations for 12C + 2881 at the 1cd1cated
center-of-mass energies, compared with the data of Ref., 15,- Optical
model and bound state pargmeters are listed in Table I. The data

.on the left eiﬂe of the figure required S = 1 (solid curves) while

those on tﬁe right side required S = 0.5 (dashed curves). See text.

v
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Fig. 10 Optical model, DWBA, and elastic \t':ra:lsfer calculations (using

S = 1) for 12c + 2831 at E = 29,00 MeV. The data are identical

lab
to the E, = 20.30 MeV data from Fig. 9.

Fig. 11 Optical model and elastic transfer calculations (using S = 0.3)

12 28,

for "°C + “781 at Elab = 40.16 MeV. The back angle data correspond

to the E, = 28,11 MeV data from Fig. 9; the‘fdrwag& angle data

are from Ref, 16.

Fig. 12 Optical model and elastic transfer calculations (using S = 1)

12 28
or

£ ¢+ 2851 ar B, . = 49.3 MeV, compared with data from Ref. 17.

1lab
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Kinematics ;: -

Scattering Transfer
A+ (A+x) A+ ( A+x)
——A+(A"+x) —=A’+ (A+x)
A=A’
~ Example:

283i(160’160)2835 , 283i(160,285i)160
l . RBL761-2003a

Figure 1



Elastic transfer

A.  Elastic scattering amplitude

fy () =21iz 3 (20 + 1)1 - 2 Bg * 9ghy py (cos )
[]

B.  Transfer reaction amplitude
B {ba} A
fowsa (@) = S SE fa7, a7, x G vs ) Ve B v ) X ()
= S S35, Py (cos0)

Spectroscopic amplitudes

1 v/ 9, '
Sa/’=5|{’ =sh = < l‘bzaSi l¢roo®¢1zc>

C.  Cross section

49 = 15, (0) + €S fywna (- 8) 1
as el DwBA

XBL761 ~-2001A

Figure 2



I

W W W W
G m.(deg)

N W W W

XBL 7710-2081

Figure 3



-19-

%0+285;
Eign =55 MeV

0
10® .
u 1 i i 1 ] 1 1 1
e T W
8, n(deg)
XBL77iC-2087

Figure 4



-20-

T T T T
BT
" Eiap=S5 Mev

160 180

XBL77t0-2084



Po=h

%0 +78si
E\p=55 Mev

IO-G TSR N T TS S NN N N N
0 20 40 60 80 100
Eem.(deq)

Figure 6

i

i i
140

TS

XBL7710-2088



160428 |
, E o =38 MeV
10"
-2
!()r
&
® 3 [
v
1Y l‘lll’
]
10k |“| i
lul
sk .
'6 1 1 1 1 1 1 1 1 1 1 1 1 | S i 1 i
20 %0 & 8 00 @ @ &
6. m{deg)
XBL7710-2086

Figure 7



-23-
%0+28si
=8l MeV

—
Tiab

———

120

i -
ez
\‘l\ ]
-
7
7\A.\ p
S 1 1
= T 4
o X
+ Ay
@ Y 7
\,
w ! ]

100

I-4
"5

Yo/0

180
XBL 7710-2089

160

140

8. m{deg)

Figure 8

80

60



P : o o -éh;

T 1 T T T T .I T - T T T T
12¢.4285; ' RO
Elastic trc'r'\sfer.~ I 4
L (Crareoweay . o iy 2290
o A . \\‘ /‘.\ , \‘II
L - R RV W gy !
o' RRIREE s VL VAN B
2030 Mev ¢ Voo
S _IO-Z m;z_\' 24.00 /_
3 . AN aN Ao 0/‘"
(VAR /]
w3 3k Y Y
+ '
02 wek 2730 H
g N, ./\ . ” .\!’
g oL VAT
' '
102 e a
28l N llo
\/—'\t /\,: [' \
. b
. Io'-’) m‘S— \‘/ ‘\"h\ | ‘*”
. | RN
N . . i
'0-24/\ A0 s A
o fd ty P e AW AN
: * - t \ / '\' W ‘ '
LU f S N LY VA l!' 1
' L B O ?;
10'4 b Lot |‘ o |04 % : IJ
20 @ 10 . I80 010 & 180
' _(deg) v .
N . o - A o ¥BLTTO-2088




~25-

1 T T T T T T T T T T T T T

| 2(; 4 28g; i
Eigy =29 MeV
0
2|
Qcc 0
b
|0-3 —
0+
,05 T S VAN NS NN SOV RSN EE TN VU NN S N SRV SR N
0 20 40 60 80 100 120 140 160 180

6.m{deg)

XBLT77ID-2083

Figure 10



1 T T T T

T T T T {
- T 7
' i2g.285;
L '0_1 R E,ab=40.l6 MeV i
o
b
B0
03
. jm"“ -

s :0’50 § 2‘(? 1

PR SR TR DU . LU N R IR R
40 60 40 100 120 140 160 180
8, . (deg)
. XBL7710-2082
(i\f
S . .
Figure 11



-217-

T

L T T T T 1

180

[
2C+28g;
. E\ap=49.3 MeV
!O - ll_
CI2F+DWBA ol
'0'2__ ’-—/r\’, \\//’\\/ \\."‘\ /‘ ‘\.:‘, I:”’l'l
,’-\\.// ‘\" llvl I\,"
1 Y
e "/ ]
CloF
10t 1
l0_5 S I L l 1t 11 1 i 1 i
0 20 4 6 8 100 R 1%

6, . (deg)

Figure 12

XBL77I0-2080



