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NEW ASPECTS OF HIG!H ENERGY HEAVY-ION TRANSFER RI:ACTIONS LBL~-3495

David K. Scott

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

1. Introduction

The sﬁudies of heavy;ion reactions at incideﬁt energies in the region‘
of 10 MeV/nucleon, though»relatively‘few, havé already led to a variety of new
.phenomena in nuclearvstructure and nuclear reaction mechanismg. In discuséing
. these new éspects é key roie is played by the peripherai-nature of the collisions,
which leads to Simpliciﬁies in the differential cross-sections. First we gain
insight intb these simplicities b; f&llowing complementary quantum_mechénical‘
and semi-classical approaches. The distortion of the peripherai distriﬁution
,thfough thé‘iﬂferfefence of direct and multistep procés§es“is used to illustraté
' aspects-bf high enérgy reactions unique td heavy-ions. The simplicities of the
distributions fdr reactions on lighter nuclei are exploited to give new inﬁofma—

tion about nuclear structure from direct and compound reactions at high energy.

2. Differential Cross Sections for Peripheral Reactions

In general the scattering amplitude can be writteh.o'l'2r3f4
| ' 248, | S
. R | % ' A
f(@).g i :z:(2£+1) ng e Pg(cos 0) e (D)

Assuming a peripheral éoliision, we can write the reaction.amplitude-(justified
by the output of "exact" DWBA calculations; see Fng 2(a)):

(2-%0) 2 . o - @

Ny = N
Lo ke (a2) 2
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where fo corresponds to the grazing trajectory, and AL is the range of contri-

buting partial waves. For 62 we make a Taylor expansibn:

as a%s

i ' 2
§ =§ '+.<—-—> (2-20) + 1/2 (—-—) G2 o) RS U, (3)
% Lo a4 Lo dlz Lo o . .

On account of the W.K.B. relationship between scattering angle @2 corresponding

to partial wave %,

as, S ' .
_ ..._:Q’.. ’ ' (4)
T -
we can write:
<@o> o dog 2 . '
(52, = 62«0 + :—Z— (-20) + 1/4 (EE— % (2-20)° +eeeeunnn . (5)

where OO is the angle of the grazing trajectory. Assuming a peripheral éollison
at high incident .energyr viz. 20 ~>> AL >> 1, we can use the asymptotic form for

Pl and convert the summation to an integral, to yiéld:*

1-0-0) -{0+0 ) .
g%—= |f<o>|? o EXP ~———9§— + EXP 02 INTigiﬁRENCE (6)
(AO) (AQ) '

" This equation Can be interpreted2 as the superposition of two classical distri-
butions pentered at OO and -Oo and a resultant interfegénce, which for high
energy reactions can often be iqhored, leaving usvto consider ﬁhe "physical"
distribution cente#éd-at Oo. This represents a syﬁﬁetric diséribﬁtion of width:

a0, \’ , A -
w12 | =2 aw | - o

2

(822

' Using the classical relation for Rutherford scattering,'2=n cot(0/2), gives

(de = 0.013 for the reaction of 78 MeV 12C ions on l44Nd, enabling

/a8 g0




00 ¢

s
5
-2:3.,
B

Y
&3
<o
<o

-3~ o LBL-3495

us to construct the AL vs. AO curve in Fig. 1. The curve has a minimum

at AUl = Vz(dq/dO)Qo m\fﬁ' cosec (00/2) é‘12 for the above ronct#on. For larger
AL wvalues we have a classical situation and AQ incfeases with AL, whereas for
small AL values the situation is quantum mechanical with AQ increasing as AR
decreases. Shown on'the figﬁre is the AL value derivedjfrom a quantum mechanical
DWBA calculation of the 144Nd(lzc,l3c)l43Nd reaction;‘and the resulting value

of AO = 9.2° is close to the observed half-width at 1/e of the maximum (See Fig.
2(a)). These one-nucleon trasfer data are therefore Wellvdeséribed by the.above
treatment. Because the data correspond to the minimum df the AL vs. AQ curve,
the width of the peripheral maximum 1is relatively stable against variations of
A%. This effect is illustrated in the figure by comparing calculations with

different optical potentials (see figure caption) which give almost identical

results for the classical maximum.

144N 12 14C

a( ¢, )

Such is not the case for the two~neutron transfer reaction
142Nd illustrated inv2(b). Here a chanée in the radius éarémeter of the
imaginary potential from 1.26 ~> 1;36 fm changes the forward cross section by a
factor of 10. The corresponding reaction amplitudes fof these cases are shown
in Fig. 3(a). In neither case does the value of A §redict¢d from Fig. 1
approééh the observed width of'the‘two-neutron transfef distributibn. Further-
more the maximum for this case is.lessbwell-defined and has a pronouncea
asymmetry.l

This asymmetry can bé accounted for by carrying the éxpansion of

62 in Equ. 3 to the next orderz:

0 : _ _ _
- L -9 ' - 3
52 = GQQ + (2 (2 20) F oeeieaeaeas +1/3 B (2 Qo) g g8)



-4- LBL-3495

The resultant differential cross section becomes tipped to forward angles,
while the effect on the deflection function becomes :

as
0 L

ag

i.e. a "parébolic dip'is added. We illustrate this effect by compﬁting an
"optical-model deflection function" from the derivative with reséect'to L of:
the DWBA. phase shifts. As shown in Fig. 3(b), the potepﬁial which generates
thgqasymmetric‘disfribution has a dip‘in the center of thé £~window.  This dip
was not evident in the deflection function for ohe-nuciéon:transfer; Thése-
results reflect the sharper fall-off of the two-nucleon form factor énd the
greater sensitivitf of the fofward cross sectign to close trajectories in-éhe
semiclassical picture. A comparison of one- and fwo—nucleoq transfér can be
" used to probe the nuclear edge and the relationship of the reai and imaginary
potentials.5 b
This approach was used by Strutinskii a long‘timé agol as a guide to
the understanding of high energy heavy-ion angular distributions. In that
treatment the expansion in Equ. 3 was carried ou# to>first order so that the
increasing dispefsion in O with increasing A% was not accounted for, but the
evaluation of the diffefential»éross sections can be parameterised byvOg(AQ),
"as shown in.Fig.’4(af. The curves bear a striking resemblahée to the
experimental data for one-proton transfér induced by 389.MéV:Argon ions on  

232Th on the right,6 where there is a transition from the periphexal'maximum

at low excitation energy to the forward rising cross sections of the deeply o

inelastic region. This effect is currently being interpreted in terms of

s : 7 . . - .
frictional, transport or relaxation phenomena. It will be interesting to see

if these models relate to Ck}AQ)in the above way. So far it has proved difficult

to parameterize all the experimental distributions using only the Gaussian

22 20 4 i + B (8072 o o (9)
2 .o . °© '
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form for reaction amplitudes and the expansion of 624t0"2nd order.6 Howeve:,
as our discussion'of the Nd data for one- and two-nucleon transfer showed, it
may well be necessafy to carry out the éxpansion to higher orderé. A similar
conclusioﬁ may be implicit in the work of Kohno et al., discussed at this
conference.

Fig. 4(a) shows clearly that the differential crosé section evolves
from_bell-shgped seﬁiclassical maximum (for OgA,Q~z 5), to a monotoniéally
decreasing curve (OgAQ ~ 1) and fin;lly for AR =v0 to a l/sinG curve which is
characteriStic of the decay of a stationary state of the compound system with

high angular momentum oriented perpendicular to the reaction plane. The next

"three sections exploit the above three categories to reveal several new facets

of heavy-ion reactions.

3. Distortion of Peripheral Maximum by Multistep Interferences

' ) 3 . 18 16 16 18
We consider the two-neutron transfer reactions (70, 0), (70, 0)

on Sn isotopes at approximately 100 MeV. From the value of OgAQ & 5, we expect
the distributions to have a classical maximum with the possible asymmetry
discussed in the last section.  The differential cross sections for the

160 18 ,120

12 8 12 ' . .
Og (L 0 16 2Sn 122 ;- 0) Sn reactions are shown in Fig. 5 for

sn(”0,70) and sn (
the‘g.s and 27 vibrational states.8 The distributions for the ground states
are almost identical and have a bell-shaped maximum as does the disﬁribution
for the 2+ state in-the pick-up reaction. The 2+ distribution in stripping
however is anomalous, becoming almost flat at forward angles. This effect
cannot be reproduced by adjustment of the optical potential as discussed in

the previous section, while obtaining a fit to the other distributionsfSimultaneously.
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‘The origin of the anomaly in this case lies in‘interferences betweén
"direct and indirect routés,10 illustrated in Fig. 6. 1In the production of
~ the 2* state, transitions 1 and 4 are segments of indifect paths and are
common to both the stripping and pick-up processes, while 2 is the direct
transition for pick-up and 3 for stripping, Thg amplitudes for these laSt

two transitions have opposite sign according to the microscopic theory of

vibrational states. The opposite sign leads to constructive -interference

i . N 8
between direct and indirect modes for the pick-up reaction (016,0l ) and

180,160) reaction. The destructive

destructive interference in the stripping (
interference between two amplitudes, both peaked near thé grazing angle, leads
to distortion of the bell-shaped distfibution While—a cbnétructive interferenCe,
retains the charaqteristic peak. . That the two ground state cross sectiéns aré
similar follows from the fact thaﬁ these are‘time-reyersed'reactibns (the center
of mass energies béing almost equal in the experiments)}' That they also retain
the characteristic peripheral maximum, unaistorted by higher order procesges,
can be understood from Fig. 6. In this case for either ground state transitioﬁ 
both 2 and 3 enter the two léWest order indirect modes. Since they have opposite
signs they tend to éancél each éther resulting in negligible higher order’
contributions. | |

For éhe'quantitative analysis of the effect.with_the coupled cﬁannels
Born approximation (CCBA) we have derived the relevant Sétical model andv'
deformation parametefé from,theAelastic and inelastic (2+) scattering of
l60 on 1'zzsn. The theoretical fit gb this data shown in Fig. 7 used optical
model parameters V = 87.9 MeV, W = 24.24 MeV, r_ = 1.203, r,=1.19,r =1.20,

aV = 0.502, a = 0.67, together with nuclear and charge deformations ﬁér lzzSn'

/

of BN = 0.124 (RN = 1.12(122)l 3) and BC = O.O95(RC = 1.2(122)1/3)., Here BN
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is close to the value obtained in proton inelastic scatteringll, and BC is ‘
slightly reduced from the valué 0.118 derived from the measured B(E2, O ~ 2).12
For 120Sn we folloQ a similar prescription, viz. BN = 0.13 and Bclréduced from
0.112 (Ref. 12) to 0.09.

fhe theoretical predictions of CCBA theory for the stripping and pick-up
reactibns are shown in Fig. 5;‘whi¢h-successfully reproauce the main featuresi
of the daﬁa discussed earlier. The absolute theoretical crosé sections are
also in remarkably,good agreement with experiment sihce a‘factOr of only 2.5
was required to normalize the theory to the data for thé ground states. Heavy-
ion reactions are rich in possibilities for studying the phenomenon not only
in neutron transfers, but also in time-revefsed proton transfers. These
reactions may prove to be a sensitive means of probing inelastic modes, not
directly observable, and ultimately of deformations and nuclear structure.“

The simplicity of the unperturbed differential cross section makes the effect

. N . 1
particularly transparent in heavy-ion reactions.

4. Reactions with Small OgAR

For reactions between "light" heavy-ions at.high energy, e.g. 12C + 12C
a; 10 - 15 MeV/nucleon,véﬁall values of GgAl ~ 1 are encountered, leading as
Fig. 4 shows to créss sections which fall monotonically'with angle on the ;verage.
In certain cases, dscillations can be present and in fact the recent rediscoVery
of these oscillations has led to the widespread use in supplehenting‘our knowlédge
of nuciearvstructure derived from light-ion reactions.14 :FOI multinuclean
transfer, the differential cross sections often have the above:feature1ess form,

15,16

as illustrated by the collection of data in Fig. 8, and serve as_pbor_
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signatures of J-value, although potentially it is just these reactions which are
éapable of yielding information on new types of correlation inaccéssibie in con-
ventional light-ion reactions. For example it was recently shown that ﬁwo and
three-nucleon transfer reactions with heavy-ion beams‘of =~ 10 MeV/nucleon are highly —
selective in exéiting simple cluster configurations in light nuclei{l6 .The

discovery of these states is currently of interest to qalculations using a folding

model for three and four nucleong outside a core to predict cluster rétational

bands.18 This approach appears highly successful for light nuclei and could open '

up an interesting area of reseqrch with heavy-ion beams.

I now Qish to discuss a method of combining the high seledtivity'of the
heavy~ion reaction, with the simplicity of the differéntiai cross sections and
with a study ﬁf the energy variation over a wide range to select systematically
states of progressively higher spin in the rotational band. A good example is

12C(lzc,gBe)lSO reaction19 for which we show a.spectrhm at 187 MeV -in Fig. 9.

the
The pronounced excitation of states ét 12.87 and:15.68'MéVvis reminiSceqt of single
particle stétes in a(d,p)'spectrum. The JTT values for these states have been
assigned tentatively from various systematiés.16 The energy variation of the
" cross sections in Fig. 10 shows ﬁhat at the lowest énergy of 78 MeV. the cross .
section for states éf JTT = 1/2_, 5/2+'and‘l3/2+ are comparable, whereas ét

187 Mév, there is a ratio = lO3 between 13/2+ ana 1/2—_éfétes. This'observatioh,
if accounted for by reaction dynamics, can be used to infer J“_values.

The full quantum mechanical calculation of three nucleon_tfansfer at high

energies, dominated as it is by recoil effects, is difficult. Here we.use a

. . . s . | C s ’
semiclassical expression for the transition probabllltyv6 from an initial state

with orbital and magnetic quantum numbers (Qlkl) to a final state (22A2):
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AL A 2 A o
P a IYQI (’—2—,0) Yﬂz (%,o> 1? Exe|- (Rﬁk —,(éi‘—- - (10)

“1 2 _ v YR ' '

A o o
where Ak = k- L. —2', k = mvkh (11)
[o] R (o]} :
1 2

AL = (A2—>\l) + 1/2 kO (lekz) + QR/flv | : . (.12)

Hére R = Rl+R2, Y. is related to an average of the binding energies € of the

initial and final states by Y2 = i%g , and m is the tfansferréd mass. The trans-
fer probability is large only if Ak, AL ~ 0, and the expressions 11, lZﬁrélgte
the energy dependence to the J-value of the state via the magnetié substates.
Total transition.prbbabilities between states (jlli) and szlz) are calculated
by summing over A2 and averaging over Al.‘ The comparison of P with the experi-

mental cross sections is made by observing that:

o=omf (£L)sinow= =L [ p) ra | (13)
an 27

The main contribufignvto the first integral comes from thg.maximum.of (do/dQ)sin C]
(remembering that (dﬁ/dQ decreases monotonical;y) ana to the second‘from :

P(L) for the grazing orbit. These considerations form the basis for our
comparison of P and d0/,, in Fig. 10.

The thebry provides confirmatory evidence for the high spin assignment
of the 13/2+ state and also (not shown) for the ll/2— state. The‘folding |
potential model;a'for the motion of 3He outside the 12C..core prediéts 13/2+ and
11/2° states (which are the upper members of "rotationql baﬁds" witﬁ'2N + L =6
_and 5 respectively) at excitations close to the observed Statés. A further
interésting case, beyond .the range of the present experiment,‘is the ll/2+ and-
9/2  members of fhe fotational bands, which are the componénts of the 13/2+ and

ll/Zj states, raised by the 3He spin-orbit potential to over 20 MeV in excitation.
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The folding potential model for a rotational band is more transparent

' i . . 20 - 16
in the absence of the spin-orbit potential, eg. for Ne - O + 0, when we

can write18

2 _
_ 27h -Jf 3, o . . ‘
V(r) =" N £ d'r p160 (x - r') p, (') dr' | (14)

In Fig. 11 fhis po#ential is compared with the conventional Saxon-Woods potentiél
for the g.s. rotational band of 20Ne, whose depthvmust'be édjusted to fit the
binding energy of each state. The one-particle Shroedinger equation in V(r) is
solved for the states specified by N and L, which are reiated to the nivand

-

li of the particlés making up the cluster by:
n
7 c . _ o
2N + L = 2:2n.+2. ' : (15)
. 1 ki ' : .
5 ‘

whefe n, is the number of particles in the cluster. On.the right ovaig. 11
are the predicted 2N + L = 8 and 9 rotétional bands 6f 16O coméared wiﬁh. |
experiment.18 The 8" and 9 membérs of these bands have not so far beéh.dis;
covered, but a promissing line of attack might be the energy variation of tﬁé
16O(ZONe,160)16O.réaction. The predicted variation forbthese bands is shown
in Fig. 12, and at the highest energy the states separaté in order'bf increasing
J-values.

Although‘thé semiclassical anaiysis presented here represents an
extreme oversimplification it is‘valuable for making wide and‘raﬁid'surveys ih
order to see where lie the interesting areas for experimental inQestigation.
It is worfh noting however that manj of the interesting states discovered, and
awaiting discovery, are high spin states of small binding energy, or even

unbound. In the limit of small binding energy, defined by X2R1‘<'< 1, where
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2m€2 = _ ' '
X, =V "3 & being the binding energy of m in the.final 'state and Ry the
rl. * : ' ) .

. 20 .
radius of the projectile, Nagarajan has shown that the reaction proceeds
almost entirely via the recoil momentum transfer, and that the 6D- integration

of finite-range DWBA approximates to:

'fER.Ei | | iq-r.
Jaz e F T vy . (gl)fag JATE

where Uy (rl) is the initial radial wave function and the final weakly bound
e - , . , .
wave function is approximated by a Hankel function. O(r) is an amplitude

(ix,¥) x O(x) (16)
2. S

modulation of the plane wdves to simulate distorted waves. Furfher q ='§a_; Ef
is-related to the réaction Q-value of Equ. 12, and.ﬁg ;s pr0portion;l td 50, thg '
recoil momentum‘trénsfgr, so the approximation represented by Equ. 16 has a
‘structure pérallelingvthe expréssion for the semiclassical transitiﬁn éroba4

bility of Equ. 10, both justifying the use, and possibly accounting for the

success,. of the semi-classical theory.

5. Compound or Direct Multinucleon Transfer?

The desirability of extending the above studies to more massive transfers
and to more exotic nuclear structures is obvious. There is however overwhelming

evidence that even at the highest energy, reactions involving the transfer of

" more than four nucleons proceed by compound nuclear formationzl, with angular

distributions corresponding to the limit GgAl + 0 of Fig.'d. This diStribution

is of the form 1/sin@ characteristic of the decay of a high spin compound nuclcus.
12,14 6_.. 20 ‘ o . ]

The example of (o] { N, Li)“""Ne at 76 MeV in Fig. 13 represents the highest

energy studied and also the first data for which complete angular distributions’

Were.meésured.22 The theoretical curves are Hauser-Feshbach calculatibns.23
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The comparison of'énergy spectra for this reaction at 76 and'l2Q MeV in Fig. 14
shows that the compound nuclear reaction selectively excites high spin states

at the lower energy, whereas at 120 MeV no pronounced gxcitations are obsérved
at all above the continuum. Thié feature has been accounted for in the Hauser-

. 24
Feshbach calculations of Klapdor et al. 123

Physically the reasons are as follows. The most likely spin I to be’
populated in the final nucleus is the difference between Ji, the maximum

angular momentum in the entrance channel for which compound nuclear formation

can occur, and Jf

_the grazing angular momentum carried off for residual
excitation Ex' If we estimate the density of levels p with J >‘Ji - Jf; then
(1) if no levels of spin J are present at Ex' the cross section will be
vanishingly %mall, but (ii) if the density is small but finite a selective
population Qill be observed and (iii) if the aensiti is very large, the reaction
will exhibit no seiectivity. These conditions can account quantitatively for
the differences in the spectra of Fig. 14.

These compound reactions are of course interesting forvspectroscopy
in their own right. For exaﬁple, aﬁ importan£ ingredient in the Hauser-Feshbach
calculation is the cut—off angular momentum in the compéund nucleuszG, since"
frequently the heavy-ions bring‘in more angulér momen tum than the compoﬁnd
system can suppoft before fission.27 In the (14N,6Li) reaction at 76 MeV the
best agreement wiﬁh'the magnitude of the experimenﬁal cross sections was

achieved21’23

, when the total angular momentum was limitedvto 18h compared to
the grazing angular momentum of 21h. Although the value of 1gh agrees with

, N 21 T
some theoretical models for limiting angular momenta , there is also the

possibility that the yrast line in the compound nucleus is the limiting factor.
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The'interesting question now is whether we can marshall the above -
criteria to help us choose a multinucleon transfer reaction, in which the

direct amplitude might again be large. An idea of the sélectivity expected

N in the l2C(20Ne,a)285i reaction at 100 MeV is conveyed by Fig. 15, adapted from

- the approach of Klapdor et al. = It shows the locus of preferred excitations
in the residual nucleus, computed from the difference-betwéen the angular

momentum carried into the compouhd nucleus in a grazing collision,
i
\' 1/2
c /

Ve

of 22h,‘and the angular momentum removed by the outgoing 0 of energy Ef =

(ECM +Q -Ex). This curve has a vertex corresponding to a final energy equal

to the Coulomb barrier in the exit channel, i.e. at:

! 3

! ' - _ £ : . : .
| .Ex =Eg * Q- V. | | | . . _ (18)

The density of levels in the residual nucleus'zssi is shown on the

figure, calculated from the formula28

(2I+1)

p(UII) = -
12v2 a4 v a0

3 EXP (2/aU) EXP [—(If;/z) /2o?J

where suitable values of the level density parameter "a" and the spin cut-off

parametef_"c“ are discussed in Refs. 21,25. Also shown is the yrast line for

. 288i, obtained from the expression:
2.2 .
: . h .
- | E = —i- (21)
y 24
v ér . ‘ L . Cl - 2
where ¢ was taken as 0.5 times the rigid body moment of inertia (2/5 m R,
1/3 : ' el . . . :
R = RbA / with Rb = 1.4 fm) at low excitations, increasing to the rigid body

value at high excitation.
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The locus of preferred excitations in the region of iS - 30 MéV
excitation lies well above the yrast liné, cutting through a région of. high
level density. It should be noted thét if the effect of nuclear deformation
is taken into account the yrast line will be lower on the diagram. On account of -
the arguments above, this reaction would not be expectéavto be selective from
a compound huclear mechanism. A spectrum for this reaction is given in Fig. 16,
in which we dé See éelective excitation éf states wit-h.’d.o/dQ ~ 100 ub|sr.
Since 2ONe has a large spectroscopic Probability for dissociétion.into l-60 + &,
it is possible that these states are formed by direct trénsfér of_the.l6o..

nucleus, and the residual states could be candidatesifor-quasimolecular

. . . 28_. -
configurations in Si. So far such states have been observed as resonances

L . . . . ‘ . 12 16
in the excitation functions for elastic scatterlng29 of C on 6Oor of

30,31

related transfer reactions, which generallybspan a'higher region of

excitation than is covered in the present experiment. However, the two states
. 161 8. . 3 : . -
observed strongly in = O( 6O,OL)2 Si reaction 2 do not agree precisely with

any of our observed excitations. If guasimolecular states can be observed as

residual states in transfer reactions, we have at our disposal a flexible

technique for studying their properties in much the same way that the study
of doorway states was transformed by observing them as residual three quasi-
particle states in transfer reactions rather than intermediate resonances in

excitation functions. Further work is required on the (20

Ne,®) reaction to
rule out definitively the possibility of compound-nucleaf'contributions by ' _ !

measuring angular distributions and calculating Hauser-Feshbach cross sections.
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" 6. Conclusion

In this taik I have uged some simple propertiesnof differentiél cross
sections in higﬁvenergyvheavy-ion reactiéhsvto focus on éo;sible new asp;cts
of reagtion mechanisms and nuclear structure.. Inevitgbly in any field in which
there was anotﬁef peak of_activity almost twenty years aéo, thére is a
tendency to rediscover old ideas. Some of my talk mgy'be summarized in the old -
p;overb about "serving new wine in old bottles" or-moré appropriately of
serving old wine ih_new bottles;" Nevertheleés it is fhe impetus of'the new
‘wave of research résults from Cyclotrons and hiéh energy Tapdems that have
sharpéned and focussed these'ideas. The data éven.at thié stage are étill
rafher crude and sparse but they are certainly sugéestive of a_promissing

future for heavy-ion reactions on the machines under construction.
b
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FIGURE CAPTIONS

The relation between A6 and ALl predicted from equ. 7. The curve labelled
Qu. Mech. is obtained by setting the second dispersive term in egu. 7 to
zero. For small A% values the curves coincide, but for large AL (the
classical region) they diverge.

Différential cross sections for_one- and two—neutron'pick-up induced by
12¢ 6n 144Nd at 78 Mev. For (1 C_,1 C) two sets of DWBA calculations are
shown; the solid line is for Vv = -40, W = -15, r, = 1.31, ag = 0.45, and
the dotted line is for v = -100, W = =40, rg = 1.22, ay, = 0.49, a, = 0.6.
The classical maximum is stable against this variation. For ( 12¢,14¢) we

compare two calculations with the V = -40 MeV potential with rg = 1.36 fm

(dotted) and 1.26 fm (solid). The cross section is highly sensitive to
this variation.

The reaction amplitude for (lZC,l4C) reaction on 149Nd is shown on the
left for the two potentials discussed in Fig. 2. On the right are shown
the corresponding optical model deflection functions obtained by
differentiating the DWBA phase shifts.

On the left are shown the universal distribution curves for a peripheral

reaction, based on the complete form of equ. 6 (see ref. 1), illustrating
the transition from bell-shape to monotonic decrease. This trend closely
resembles the experimental data for reactions of 4 Ar + 232Th at 389 Mev
on the right (ref 6). R '

Differential cross sections for the reactions 12 Sn(18 160)1228n at

99 MeV ahd 122Sn(160 185)1205, 4t 104 Mev. The solid lines are the _
CCBA predlctlons for (180 16O) and the dashed lines for (160,l 0). For
the ( 16O) reaction the open symbols- represent counter telescope data
of ref. 9.

Illustration of the amplitudes relevant to two-neutron transfer involving
direct and indirect modes, as discussed in the text.

The differential cross sections for elastic. and 1ne1ast1c scatterlng (2 )
of 180 on 122gh at 104 MeV. The curves are the predictions of coupled
channels theory. ‘

Collected differential cross sections for one, two, and three-nucleon
transfer reactions on light nuclei induced by heavy-ion beams of
approximately 10 MeV/nucleon. The data are plotted against the square
of the linear momentum transfer g to remove kinematic differences. The
theoretical lines q~3 and g4 are based on an approximate recoil DWBA
calculation (ref. 17).

Energy spectra for the 12C(12C,9Be)150 reaction at 187 MeV showing the
selective excitation of postulated high-spin states 13/2% and 11/27
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The energy variation of the cross section for states excited in the .
12¢(12¢, Be) 150 reaction. The solid curves are the predictions of semi-
classical theory (no spectroscopic factors 1ncluded)

Single particle Saxon-Woods gotentials appropriate to the ground state
band of 20Ne, viewed as o + The depth was adjusted separately for
for each state to fit the binding energy. The dashed curve represents
the folded potential of equ. 14 with ¥ = 1.237 fm. At the right are the
KTT = 0 and 0 rotational bands in l60, where the theoretlcal energies
were obtained as bound states and resonances of the o'+ 12C folded
potential with T = 1.425 fm for® the O band and 1.55 fm for the 0~

The energy varlatlon gredlcted by the semiclassical model (equ. 10),
for the reaction 2C( O) 165 to the KT = 0% and 0~ rotational bands.

leferentlal cross sections for selectivily exc1ted ‘states 'in the

12¢¢ 4N 6L1)20Ne reaction at 76 MeV. The distributions follow .
approximately a 1/sin 6 form, which is reproduced by the Hauser-Feshbach
calculations (ref. 23).

Energy spéctra for the 12C(14N,6Li)2oNe reaction at 76 Mev (top) and
120 MeV(bottom), showing the loss of selectivity at the higher energy.

Preferred locus of excitation in the 12¢(20Ne,a)28si reaction calculated
as the difference (Ljpq e Ly) for grazing collisions. For comparison the
level density in 28gi is shown, and also the yrast line.

Energy spectrum'for the 12C(20Ne,0L)2SSi reaction at 100 MeV and 89,
showing  the selective excitation of states between 16 and 30 MeV.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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