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Prediction of Enhanced Large-Angle Scattering in Heavy-Ion Elastic Reactions
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Simple total-energy considerations allow an explanation for the nuclear surface trans-
parency in heavy-ion elastic scattering and hence a prediction of the reactions that pre-
sent a strong backward rise in the angular distributions.

PACS numbers: 25.70.Cd

The observation of large-angle enhanced cross
sections and resonancelike behavior in the elastic
scattering of some medium-heavy ions has been
the subject of various possible explanations, none
completely satisfactory.! We present here re-
sults based on energy considerations that give in-
dications as to which nuclear systems may exhib-
it this type of phenomena.

A common feature of most interpretations is
that they rely on the assumption of a certain de-
gree of transparency of the nuclear surface.
Hence, for instance, the orbiting of the colliding
systems in the mutual potential will remain unab-
sorbed or the nuclear surface waves undamped.
It will also be present as the basis for parity-de-
pendent optical potentials or the interference be-
tween the internal and barrier waves. We seek
then for an explanation of the said transparency
on the assumption that it is associated with the
number of channels available for decay and their
relative distance in energy to the elastic channel.

The total energy for a system of heavy ions
(2,4, + zA,) “orbiting” at a relative distance &,
is taken to be

E =B, +B, +Vyyc+Veou+i2 (1, +1)/2uR,, (1)

where B; is the binding energy of the nucleus
ZiAi and Vcour+Viauer the mutual Coulomb plus nu-
clear potential. The kinetic energy is supposed
to be just the centrifugal term. Whenever, for a
given incident energy, and consequent angular
momentum /., the value of the energy (1) is less
than for any other channel (partition of Z =2, +Z,,
A=A, +A,) we can expect a lowering of the ab-
sorption since the resonantlike state lacks other
states for its decay. This transparent window
should be more evident when the distances in en-
ergy between the elastic channel and the other
transfer channels are larger.

With the above picture in mind we compare the
values of E —=V,,a for the different partitions
leading to the same total Z and A. We subtract
the nuclear potential V. in order to make our
estimates independent of its choice. This is
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equivalent to assuming V.~ const for all the
partitions.

Once the pair ZlAl +2,4, of nuclear systems
that minimize (1) is found, the total energies for
other nonelastic channels are calculated with the
radius R, corresponding to the “orbiting” system.
In this way we obtain a lower limit for the gap
between the resonant state and the first open
channel, AFE, since the energy of these nonelastic
decaying modes should be calculated with an ex-
pression that adds to (1) a positive-definite term
corresponding to the energy carried by the radial
motion.

Table I contains the results for all possible re-
actions leading to total charge Z, +Z, greater
than 8 and smaller than 36. Only cases where a
minimum corresponds to stable fragments larger
than A =8 are explicitly given. The smaller pro-
jectiles (or targets) have been excluded since for
them it is not expected that the assumption of
Vaua ™ const is valid. We use?

R.=0.5+1.36(4,"% + A,'%) fm,

and though the total energies depend on the choice
of R,, in most cases the results about which pair
of nuclei can present the phenomenon remain un-
changed.

The experimental observations can now be ex-
plained in terms of the present interpretation.
From the vast amount of related data in the fol-
lowing we only consider a few illustrative exam-
ples and just one out of many papers is referred
to in each case.

The reactions between pairs of nxa ions are
candidates to present the effect due to the larger
binding energies of this type of nuclei. We can
verify in Table I that the reactions 2C +1¢0,% 12C
+ 2851,4-7 160+24Mg,8 120 +3zs’4.5,9 160+288i,6,7.10.11
12 +4OCa’4,6,10 12¢y +24Mg,12 lGO+20Ne,13 and 2°Ne
+24Mg!* correspond to “orbiting” systems with
minimum energies. Also some other cases where
the phenomenon has been observed (°B +'2C,}
1200 4 130,1 120 14N,15 160+ZQSi,7 160 4 3°Si,7 Be
+12Ca,'® and "'B+'2C'") coincide with the results
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TABLE 1. Predicted elastic reactions that present enhanced large-angle cross sections for angular momentum
l., total charge Z, and mass A. The number displayed below each reaction gives the difference in energy to the
first excited transfer channel AE. Asterisks indicate cases where inversion occurs.

15 20 30 40 15 20 10 40
z A z A
9 20 g 9pe 1g495e 1,95, 18 39 2294170 224e4170
1.0 2.7 1.2 0.0 0.8
12,9 129
10 21 C+"Be C+Be 18 40 26y0414¢ 22418
3.7 3.8 0.8 1.6
' 0
22 12,10, 12,10, 12,10, 19 38 Zuy 1oy
0.6 5.9 4.9 0.3
12,11
11 23 c+llp 12,11, 120,11, 19 39 Tt a2 23324160 2yaelby
2.8 8.9 10.6 0.5 0.6(*) 1.2 2.3
11 24 13C+11B 130+113 13(H'IIB 19 41 26Hg+15N 26Mg+15N
1.3 1.1 0.6 0.4 1.1
12 24 126,12¢ 126,12, 120,12, 120,12, 20 40 Bsitlc 28 12 2,16 24 16
3.9 7.4 14.8 15.5 S Mgt 0 Mgt 0
. . . . 2.6 0.8(*%) 2.7 0.7(%)
13,12 13,12 13,12 13,12
12 25 c+ C Cc+ C c+ °C c+ "C 20 41 2951+12C 2951+12C ZSMg"‘lGO 25Mg+160
5.2 7.7 9.9 11.2 2.7 1.8 1.9 0.6(*)
14,12 14,12 14,12 14,12
13 26 N+ C NMC N C N+ TC 20 42 3oSi‘*'lZC 3OSi"'lZC 26Mg+160 26Mg+160
5.4 5.3 4.9 4.3 1.9 1.2 3.2 0.7(%)
13 27 Byl2e BlZe Byel2e 1504120 21 42 22ye422ye
4.1 4.6 4.6 3.6 1.6
31,12 31,12
13 28 15.,13¢ 15,13, 15,13, 15,13, 21 43 p+l2c p+ic 27 14169 27 14164
2.5 2.4 2.1 1.7 2.4 0.7(%) 1.2 0.1(%)
30,,,15
14 28 164412, 164,12, 164,12, 164,12, 21 45 Si+°N 3051415y Byaslye
6.9 9.6 8.4 6.6 0.2 0.7 1.7
14 29 16,13, 164,13, 164,13, 160,13, 22 44 32,12¢ 28544160 28544169 g+ 20ye
1.9 1.9 1.7 1.3 0.1(%) 1.7 2.8 0.1
1714 17 .14 17,14 17,14
14 31 o+ ¢ o+ ¢
0.6 o 0; & 0“; 5C 22 45 334120 29514160 29514160 29544160
: . : 0.3(*) 1.6 2.9 0.5(%)
15 30 160414y 160414y 160414y 160, Loy 22 46 34412 30544164 30554169 Zhg+?2xe
3.3 4.0 44 4.0 1.0 0.8 3.0 0.0
26 21
s 31 160,15, 160,15, 160,15, 160,15, 22 47 Mg+ Ne
4.0 5.0 7.5 8.1 0.1(%)
15 32 170,15, 17,,15, 17,,15, 170,15, 22 48 365412¢ 365412¢ g+ 2ne
1.6 1.5 1.3 1.0 2.0 0.2(*) 2.5
36,13 36,13
15 33 180,15, 18,15, 180,15, 180,15, 22 49 s+7c s+°C
1.7 2.4 3.1 2.7 1.0 0.5
3512 31,16 31,16 24, 23
16 32 160+160 1604*160 160+160 160+160 23 47 cl+ "C P+ 0 P+ 0 Mg+~ "Na
3.2 4.3 7.6 11.9 0.5(%) 1.4 2.3 0.7
37,12
16 33 17,16, 17,,16, 170,16, 170,16, 23 49 c1+%c
0.8 2.1 4.8 7.4 1.2
36,15 36,15
23 51 S+ °N S+ N
16 34 22e+!2¢ 1804160 1804160 1854164 0.4 1.1
0.7 0.1 3.0 3.4
36, 12 32,16
22 13 1817 1817 24 48 Art C st 0 28514+%ne Phgs g
16 35 ?ET Cc Og 70 o+ 0 0.4(*) 1.5 0.0(*) 1.0
. . 1.1
18 18 24 49 33,16, 295,20, 25,2y
16 36 o+ %0 g+ Mg
i 1.4 0.1 0.2
38, .12 34,16 34,16 26 24
24 50 Ar+ C S+ 0
17 35 235a+12%¢ Byarl?e 20419y 195,164 0.9 o 5+0 g(*) Mgg 9Mg
0.9 0.2(*) 0.1(*) 0.7 : X .
29, .22 26 25
2 51
17 36 21Ne+15N Sig Ne Mg+ "Mg
o .3 0.2
36,16 26 .26 26, .26
24 52 S+ 0 Mg+  "Mg Mg+~ Mg
17 37 22ye415y 22ye415y 225410y 1.4 0.3 %0
1.1 2.2 1.2 w0 13
24 53 ar+!c
18 36 Ziyg!2c 204416 20464169 2044160 0.2(%)
0.6 0.1 4.7 11.0
39, 12 35 .16 27, .24 27,24
18 37 25Mg+12C 21Ne+160 21Ne+160 25 51 l;*'3 C gl'g 0 Al‘())' OMg Al':)- ZMg
0.3(*) 1.8 1.1 ' ' . .
40,12 29,23 27,..23
’ 2
18 38 26Mg+12C 22Ne+160 22Ne+160 5 52 lé+5(g) Si:)‘ 6Na Al'g 4Na
0.9(*) 3.4 2.2 ' : '
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TABLE 1. (Continued).

1 1
€ 15 20 30 40 ¢ 15 20 30 40
Z A z A
5312
25 53 37614160 30514%35a 27514%0yg 30 65 cetle
1.0 0.2 0.3 1.2
0 36,30
26 52 4004412¢ 36,4169 28514%%g 2855424 30 66 Sherellc 3654304 S+7°81
1.4 0.4(%) 3.1 4.6 1.6 0.9 0.7
35, 28 32,31
26 53 285142 285542 31 63 C1+°°s1 s+Pp
3.1 4.6 0.0 0.3
38, 16 30,24 28,26
26 54 Art+ 0 Si+” Mg Si+ Mg 31 64 33,31, 33¢,31,
1.3 0.2 0.1 0.0 0.2
26 55 43,120 295,26y, 295,26y,
0.2(%) 0.7 0.8 31 65 344,31, 34g,31p
0.7 0.8
26 56 44cat100 3054426y 3054426y
0.9(%) 2.9 3.6 31 67 S5t 2c
46, 12 1.8
26 58 Cat °C
0.3(%) 32 64 324325 325,32
39 .16 28,27 28 .2 0.1 0.3
27 55 K+ 00 si+°/A1 si+27a1
1.3(%) 0.6 1.0
40,16 29, 27 29, .27 32 63 P25 T54%
27 56 K+ 0 si+" /AL si+"’ a1 0.1 0.4
0.4(*) 0.7 0.7
32 66 S4per!?c 3802854 34g432g
2.8 0.3 0.2
27 57 A3+ 2c 30554271 305542741
*
0.7(*) 0.8 1.0 32 67 Bars9ss Mg
27 58 305542841 30554284, 0.2 0.1
N 0.8 \ 1.0 32 68 5654120 34, 34g g, 34
28 56 Si+°"si 28542855 285142855 2.0 0.0 0.7
1.1 3.1 3.7
32 69 STper!Zc 33¢cr160
1.3 0.8(%)
28 57 295142855 295142854 295542855
1.4 3.1 3.8 32 70 58Fe+120 SACr-rléo 36s+34s
*
28 58 4605,120 30542865 30g,,28¢, 2.0 0.5(%) 1.4
0.6(%) 2.1 2.1 12 72 36,365 36,36
28 59 4pi4l2e 305342954 305442951 0.7 2.1
0.9(*) 2.0 2.0
33 67 3942854 35014325
0.5 0.0
28 60 4805412¢ 305443055 30534305
0.9(%) 2.7 3.1 33 68 394,291
*
28 61 49r4412¢ 0.0(%)
1.7 33 69 38,re3lp
*
28 62 5005412¢ 0.1%)
2.9 33 71 cort2e 5Syn+160 3701434
1.5 0.9(%) 0.5
29 59 31p 284 31,2855 31py 28y
. 2.6 2.7
0-3 3129 31 29 3373 38per IOy 371435
29 60 P+77Si P+77S1 0.8(*) 1.1
0.6 0.7
30 31,30 3470 aart?e Pl pest6o 38,0432
29 61 315,304 p+20s1 1.3 L.4(%) 2.3(%) 0.3
1.2 1.4
o 12 37 38,4335
29 62 SOpl2e 0.3
1.7
o1 34 72 50y1412¢ 60y1412¢ 56pe+160 384434
29 63 v+ °C 0.7 1.3(%) 2.3(*) 1.5
2.5
32,28 32,28,
30 60 S+0si s+°081
- s 34 74 621412¢ 62,12, 58504160 bh 43054
12 29 0.1 2.0 1.8(%) 0.3(%)
33,28, 2 .
30 61 S+7Ssi S+77Si
0.005) 1 34 76 Bhyi+t2c 5075+26yg 460443054
0.9 1.1 0.0
30 62 30¢r4!2c 3454284 34542855 35 73 58y54+15y 420,431p
1.7 0.7 0.5 0.1(*%) 0.9
30 63 3l‘s+zgsi 31‘s+2951 35 75 63Cu+12C 63Cu+12C 59Co+160 38Anr+37cl
0.7 0.6 0.6 1.1(%) 1.2(*) 0.8
30 64 SZCP*'IZC 3AS+3OSi 31'5-0-3051 35 77 65Cu+12C 51V+26Mg
2.4 2.6 2.8 0.8(*) 0.2
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of Table I.

As a result of the many possible refinements
left aside in the calculations it is not possible to
claim that systems that do not appear in Table I
will not present resonance behavior. Neverthe-
less, we can note that cases where the effect is
found to be much smaller or barely observed at
all (LoB +13C,” 9Be+288i,1 130 +2881,4 180+288i,1.4
1B +%°Ca,'® or *0+*Ni'°) do not correspond to
minima (Table I).

Two cases have been found that exhibit the ef-
fect and do not appear in Table I: '2C + ?*°Ne (Ref.
5) and *0 +%°Ca (Ref. 10 and Kubono ef al.'®).
They come, respectively, second to the reactions
160+ 150 and 288i + 28Si which are then the only
open transfer channels for each case.

More interesting and challenging is the predic-
tion of many reactions still not studied experimen-
tally that according to Table I should present
“orbiting.” It is even possible that some related
observations, as the resonant structures in alpha
transfer reactions and the absence of effects in
two-nucleon transfer reactions, could be also un-
derstood on the basis of similar total-energy con-
siderations.

Helpful discussions with Professor B. Bayman,
Dr. D. DiGregorio, and D. A. Pacheco are grate-
fully acknowledged.
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