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ABSTR/ CT

A series or lectures is presented on experimental studies of heavy-ion
Fusion reactions with emphasis on the role of nuclear structure in the fusion
mechanism. The experiments considered are of three types. The fusion of
lighter heavy ions (A < 20) at subcoulomb energies is studied with in-beam
‘r-ray techniques, the subbarrier fusion of 160 and 4OAr with the isotopcs of
samarium is detected out of beam by x-radiation from delayed activity, and
measurements at very high energies, again for the lighter ions, employ direct
particle identification of evaporation residues.

The cxperimental data are compared with predictions based on the fusion
aof two spherns with the only degree of freedom being the separation of the
centers, and which interact via potentials which vary smoothly with changes
in the mass and charge of the projectile and target. The data exhibit large
dcviations from these uystematic predicrions. (i) In the case of fusion with
the isotopes of samarium, a portion of these deviations can be understood in
terms of the changing deformation of the target nucleus, hit an additiona
degree of freedom such as neck formation appears necessary. (ii) The results

}DB + 160 and 12C + ]4N + 26A1 at high bombarding energies indicate a
maximum limiting angular momentum characteristic of the compound nucleus.
At lower encrgies the nuclear structure of the colliding ios .cems to affect
strongly the cross section for fusion. The relative importance of an entrance
channel versus a compound nucleus limitation is not always clear, howcver, an

effective or statistical Yrast line may limit the cross section in some _[a3es



(e.g. in 12C + 12C) but not in others (new data for 10B + 14N). (iii)

Measurements made at subbarrier energies for a varicty of projectile-target
combinations in the 1p and 2s - 1d shell also indicate that the valence
nucleons can affect the energy dependence for fusion. About half the
systems studied so far have structureless excitation functions which follow
a standard prediction. The other half exhibit large variations from this
prediction. The possible importance of neutron transfer is discussed. The
+wo center shell model appears as a promising approach for gaining a
qualitative understanding of these phenomena.

In summary, nuclear structure is seen to be an important factor governing

the cross section for fusion in the experiments considered here.
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I. Introduction

This series of lectures will cover three types of experiments on the
fusion of heavy ions. In each case it appears that the nuclear structure
of the projectile and target or the evolving compound system affects the
cross section for fusion in a different manner.

The remarkable feature of the fusion of heavy nuclei (indeed a
comp'rx process, from the microscopic point of view) is that we can
parametize its gross features rather simply. This fact, taken alone,
might suggest that fusion tells us little. However, measuremcnts have
been extended and refined in the past decade, and in almost every case,
have revealed deviations from the gross features which are sizeable and
have significant implications for nuclear structure. Our understanding
of nuclear sturcture's role in fusionm is still at a rather qualitative
level. We are far from the stage of measuring a fusion cross section
and deducing from it, through knowledge of the reaction mechanism,
quantitative information on nuclear structure. The objective is thus to
discover how nuclear structure affects a particular reaction mechanisim,
tfusion. 1In pursuit of this we will draw freely on the knowledge
obtained from the study of other types of reactions (elastic and inelastic
scattering, coulomb excitation, fission), from spectroscopy and, of
course, from theory.

There may also be a number of positive side effects accruing from
our efforts to understand the reaction mecaanism. Fusion is the sine
qua non for producing many heavy nuclei whose structure we wish to

study (sce the lcctures by R, M. Diamond, S. Vigdor, E. Rockel and



N. Cindro). 1In a broader sense, fusion is responsible for the generation
of energy in stars, has produced (in stellar explosions) the elements
which make up the solar system, and may even prove to be a controlled
source of energy in the next century. We hope that an eventual understand-
ing of the relationship of nuclear structure and heavy-ion fusion will make
contributions extending beyond the narrow limits confining these lectures.
The three types of experiments to be discussed are:+
(i) a series of fusion excitation functions for light ions
(e.g. Be, B, C, N, 0) fusing with comparable mass targets. The bombarding
energies extend as far as possible below the barrier.
(ii) mea-urements for a selected number of the above systems
(e.g. C+N, B+0, N+B) extended to enc- . ics as far as possible above the barrier.
(iii) a study of the fusion of l(:0 and 40Ar with the spherical and
deformed isotopes of a rare eavrth element, Sm.
A brief Jescription of the different experimental techniques used
in each type of measurement will be given. Before embzrking, hcwever,
it will be useful to consider scme general remarks on fusion, what we

mean by it, and how we can paranetrise and predict it.

IT. Models and Methods
A. Definitions
The term fusion is soumetimes nsed quite generally to mean any process
in which the projectile and target interact strongly such that some
degrees of freedom reach equilibrution. We wish to be more specific

here. TFusion means the complete amalgumation of the target and projectile

The manuscript is not intended to be a review article. With some notable
exceptions, the data presented hcere arc drawn mainly from the work of the
author and his colleagues (see acknowledgements). While frequent reference
is made to other authors, the references cannot be as comprehensive or
complete as in a review article.
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(i.e. full momentum transfer) to form a compound system which attains
complete equilibrium in all degrees of freedom. The only memory the
system retains of its formation is through conserved quantities such
as mass, charge, energy, angular momentum and, possibly, isospin.
Thus, we are talking about Niels Bohr's compound nucleus.

It is one thing to define fusion; it is another matter to verify
experimentally that the corditions of the definition have been satisfied.
Thus, the meaniang of fusiun becomes operational, and refers to inter-
actions whose products are consistent with the predictions of models
for the decay of equilibrated systems. The Hauser-Feshbach (or
statistical) theory of the formation and decay of the compound nucleus

is generzliy used for this purpose.

B. Partial Waves
The semiclassical nature of heavy ion reactions at non-relativistic
encrgies justifies the approximate classification of reaction mechanisms
according to impact parameter, as shown in Fig. 1. Since fuasion can
occur {classically) only at energi¢s and impact parameters for which the
nuclei overlap sufficiently fer the nuclear forces to overrome Coulomb
repulsion, fusion occurs for the smaller impact parameters.

For all reactions except elastic scattering, we may write

2
_ LES X
% T D (IS, ;; (23+107Ty 4 m
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Fig. 1. Schematic classification of nuclear reactions
according to the impact parameter h or orbital angular
momentum 1. The wave number is denored hy k.
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where x lables the reaction mechanism (fusion, deep inelastic scattering.
transfer etc.), S1 and 52 are the ground state spins of the projectile

and target which couple with the orbital angular momentum £ to prodice a
total angular momentum J. In most cases (spin zero reactants, lmax>> 51,52,

a negligitle spin orbit force) it is sufficient to write.

X

o =Y, (21T} (2
3

Models for fusion thus predict the quantify Tius, the probability that

a given partial wave or impact parameter will fuse.

C. Main Assumptions

The ingredients of any fusion model are the physical assumptions
and approximations which enabhle one to specify the interaction potential
as well as any additional criteria for fusion, if these are not already
contained in the potential. These approximations are (usually):

1) spherical symmetry, such that the interaction potential is
a function only of the radial separation of the centers of the nuclei.
The problem is thus reduced to one dimension. (Refer to Fig. 2. in the
following discussion.)

2) the mass parameter associated with the centrifugal degree of

AAz

+——= - Again, the internal degrees of freedom
A1+A2

2
freedom is pur where p =

of the reacting nuclei are suppressed.
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(a)

r =5

N4
%\\\’ Sotential

Fig. 2. Schematic illustration of the physical concepts determining
fusion cross sections. Fig. 2(a) shows the real nuclear potential
for several impact parameters (2)-%4). The Zntted line indicates
the Coulomb potential, the dashed lines the centrifugal poten.ials.
Partial wave &4 is reflected and does not fuse (orbit &). Partial
wave R3 is trapped and fuses in a model incu-porating dissipation
in the region hetween Rg and Rrp. This is indicated by orhit b.

If peretration to the critical distance Rep is required for fusion,
only the partial waves with ¢ < 23 will fuse. At low hombarding
energies, quantum mechanical penetration of the interaction barrier
V(Rg) will determine the fusion cross section. Another way of
effecting absorption is to replace the imaginary potential with an
incoming-waves-only boundary condition at r = Riwg. (Fig. 2(b)).
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D. Real Petentials and Dissipation

The potential describing the interaction of the nuclei is non-
conservative. Figure 1 implies that the greater the mass overlap, the
stronger the dissipative (or imaginary) portion of the potential. Both
the real and the imaginary part of the potential determine whether a
given pasrtial wave will fuse.

‘There are many ways to calculate the nuclear part of the real
potential. ({This is onc avenu= by which nuclear structure enters the
problem).  ‘There are microscopic models (folding} two center shell
modclz’3 TDHF4) and macroscopic models (liquid drop5’6). Tn the casc of
microscopic models the irtcractions sometimes can be calculated from first
principles, i.c. from the nucleon-nucleon force.

The imaginary potrential is much more difficult to calculate or, in
other words, the approximations which must be made arc more severe.
Becausc of this the imaginary potential is nearly always treated
phenomenoiogically. TFurthermore, practical considerations such as
simplicity and computing costs have favored the replacement of the
imaginary potential with an ad hoc criterion for the fusion of nuclei
interacting only through conservative forces. This criterion can take
scveral forms such as an incoming wave boundary condition7, a critical
angular moantumS'S or penetration to a critical radius.g’l0
Onc may also solve the classical equations of motion for a potential

]1’]2, i.c. with radial and tangential frictionm.

with disipative terms
Those orbits which become trapped in the pocket of the real potential

are associated with fusion. (In the case of very heavy nuclei, this may
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not correspond to complete amalgamation of the target and projectile}.
The dissipative terms are usually phenomenological, although some

s _— 13
microscopic estimates of the frictional coefficients have been made.

E. Methods and Approximations for Calculating O rus*

Once the model has been specified, there still remain a pumber of¥
different methods or approximations for obtaining the transmission
coefficients, Tzus. The most complete way in which this might be done
is with thce method of coupled channels.l4 Interactions for all
processes except fusion would enter explicity into the Hamiltonian,
with fusion represcnted by the imaginary potential. This extreme is
not practical, of course, and t'2 degrees of freedom treated explicitly
are usually limite.' to low lying rotational15 or vibrationai excitations
and, possibly, giant resonances.

The next step in simplifying the problem is to integrate the
Schrodinger equation for a commlex potential with no coupled channels.
In this case the imaginary potential represents not all ineiastic
interactions but only those leading to fusion. Although "optical model"
codes perform this numerical task, one should not confuse this procedure
wi1*h “he optical model. The potentials in the latter case should
repreduce cla “ic scattering, and the absorption cross section is the
total reaction cross secticn, not necessarily Gfus'

Because of the additional frce parameters associated with a
phcnomenological representation of the imaginary potential, many authors

have chosen to localise the imaginary potential within the classically

forbidden sogion of the real potential (r < Ti» Fig. 3) and to assume
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Fig. 3.
The uransmi~sion coefficient Ty = (1 + tg)“ is obtained under the

assumption that complece absorption occurs in the interior
regicn, r 1. For energics near the barrier, the potential can be
apr ~oximatred by an inverted parabola, in which case the Hill-Wheeler

expression applies.

Tae JWKB approximation for the valculation of fusion cross sections.

-pL-
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complete absorption in this region. With this incoming-waves-only

boundary condition, the real potential completely specfies the problem.

Similar to this is the .JWKB approximation in which T;hs is given by.

Tfuq _ 1

o

2 ]+t2

r; (3)
Zu ] 1/2
= 2 -F
Ty eXp “f H |\/$L(r) l-'c.m.| dr
T

o

All of these approximations still involve an integral which must be
cvaluated in pencral by numerical methods. Tf the shape of the potential
can he anproximated by an inverted parabola, then the Hill-Wheeler
cxpression applies

(Vz(r S -E )

max c.m.
t, = cxp 27 —— R (4)
’ L
where 2 1
2dV,(r) 3
Mo, = | o 2 (P (s)
3 N dr2 max

Gften, the change in the location of the barrier with £ is neglected,

and Yoax T RB' As indicated qualitatively in Fig. 3 and quantatively

in Fig. 4 for & number of Systcms,m the parabolic approximation i1s good

in regions near and above the barrier. At subbarrier energies, it will
give transmission cocfficients (and hence crose sections) which are
relatively too large, since the purabolic barrier is too thin. C[Cquations
3 through 5 und Fig. 3 do illustrate that the fusion cross section in

the vicinity of the barricer can be parametrisced in terms of threce

independent quantities, the height of the S-wave barrier, the '"curvature”
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Fig., 3. Coulomh plus-nuciear notentials for # = 0 as eiven hy a modified
proximity formulation (solid lines) and the inverted-parabola approxi-
mation (dashed lines) for a variety of nuclear systems. The
approximation appears best for the heaviest systems, but in each case
the paraholic berrier is of a smaller (or at most equal) width than
the realistic barrier.



O_fUS {mb)

~17-

I 1 { 1 1 T T
BN Y

900K\, N

AN 0 1704271
800+ *\ \ —— A80427 _
700~ -
600~ -
500~ -

400+

200~

200

{00

/ 1 1 i L L 1
0038 0046 0054 0062

/Ecm (Mev™")

o - . . 16,1718 27

Iig. 5. Fusion cross sections for the systems (A N,
measpred in the ene gy vegion just above the S-wave barrier.
[n this region ~pye shows a classical 1/E behavior.



-18-

of the barrier as expressed by the oscillator energy hml, and the moment
of incrtia in the centrifugal term, 2p Trax’
In a classical approximation, TR is cither zero or unity depending on

whether | is less than or greater than Vv (r Y. In this case,
c.m. 2" max

(v
a = -nrz 1 (‘max)
fus max E
c.m

and only two parameters determine Oris” Figure 5 illustrates the applica-
e i 17
tion of this "1/E formula.

com.

The concepts of qrantum mechanical barrier penetration at tow
enerpies, the classical "1/E" behavior at energies not too far ahove the
barr:ier, and the requirement of penetration to a critical radius are

10

combined in the five parameter formula of Glas and Moscl. The inner

critical radius R~r defines a critical angular momentum % , given hy
< ¢

v~ ST fp v
e T s (Lc.m.\9.=o"{cr)>'

‘the height of the outer barrvier is specified as usuval by

nleca
Vo, T Vo (R el

BY f=0""l 2
ZuRB
and 1]
< 2v(Vo, ~ B V1\-1
. - 2 . B c.m. .
Tfus X E”‘l”)(l AR L B T E— )
¢=0
I'igure o illustrates the characteristic behavior of O eus in the different

Cnergy regions.,
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The dotted lines show the effect of the curvature of the
potential in the respective barrier regions.
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F. Nuclear Structure and Microscopic Effects.

The forecgoing discussicn has delt briefly with some of the methods
for describing the magnitude and energy dependence of fusion cross sections.
Should it prove possible to describe the experimental data with the one-
dimensional approximation, and with potentials, critical angular momenta
and critical radii which vary smoothly from one nuclear system to the next,
then our "zero order' description of fusion will contain all there is to
kinow. The 'nuclear struciture' in fusion will consist of radii varying as

A1/3

and other characteristics of a liquid drop. However, this is not what
e have in mind when we talk about nuclear structure or microscopic effects
in fusion., lere we are referring to the deviaticns from the zei: order
predictieons described above. (This is much the same as shell effects
represent deviations from liquid drop binding energies.) Do the data show

sinh nucler structure eoffects? That is the subject of th~ next three

sections.

111, Subbarrier Fusion Cross Sections for Light Systems.
A. Motivation

The motivation for measuring fusion cross sections for light systems

. 12, 12 12 16 -
such as C o+ C and C + 0 came first from the nuclear astro-

.o 1 . - .
phystcists. 8 Thes¢ reactions are of importance in the later stages of

nucleosynthesis when a star has exhausted its hydrogen fuel 1o yiela helium,
. . 8 8 12

and the triple alpha process (o + o >~ Be, a + "Be » "“C) h.s produced a
carbon vore.  The particular path that a star takes at this point is

poverned by its mass and the rate of the ]ZC + IZC reaction at = 1 MeV (c.m.)



-21-

Thus, the need to extrapolate this reaction cross section to low energies
has resnlted in much experimental work aimed at measuring small cross
secticns at the lowest possible energies.

The discovery of structure in the excitation function for 12C + 1:C
aroused interest in the reaction mechanism which continues unabated.
{N. Cindro, this conference.} Tt thus became imperative to extend the
measurements to other systems, even though they are not of equivalent
astrophysical impertance. Although a lot of work has been done in the
1970's, the fine art of measuring vanishingly small cross sections is
still practiced at a number of laboratories.18

Another reason for studying reactions at sub-Coulomb energies is the
high sensitivity of the cross section to small changes in the potential.
This sensitivity is explained in Eq. 3 where the integral of the wave
number over the classically forbidden region appears in the argument of
an exponential. The exploitation of this sensitivity requires the

measurement of small cross sections with high precision, a fact which

bears directly on the choice of the experimental method.

B. TExperimental Method
The Formation and decay of a compound nucleus may be detected in
scveral ways, Since fission is not a significant decay mode for the
light nuclei considered herc, one may observe either the promptly
cvaporatcd particles (protoms, neutrons, alpha particles), or detect
the residual heavy nucleus via its prompt gamma-ray emission or a
delayed activity. Small cross sections require both high efficiency and

high sclectivity in distinguishing background radiation originating
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Fig. 7. Thresholds for decay of stg relative to the separation
cnergy for 13c + 12¢, The locations of hombarding energies
of 2,4,6, MeV (c.m.) are indicated.
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with contaminants in the target. The Ge(Li) detector provides a very
effective compromise between these two usually conflicting reguirements,
It has the great advantage that y-rays produced by contaminants are
usually resolved from the transition of interest. This type of detector
is used frequently in such studies, and we will illustrate its operation
with the 120, 13C reaction.19

In general, the y-ray spectra taken with a Ge(Li) detector for low
enargy heavy-ion reactions reveal the lowest-lying transitions in the
heavy residual nuclei produced by p-, n-, and a-emission from the compound
system. Depending on the particular Q-values, one also observes transitions
for successive pn, na and pa emission as the bombarding energy is increased.

2
1‘C + ISC induced reactions.

Figurc 7 shows the relevant thresholds for
Becausc of the generally positive Q-values, a change of several MeV
excitation in the compound nucleus will not have a great effect on its
average decay into different channels. At the least, thesce changes will
be small compared with the order-of-magnitude changes occurring in the
cross section for formation of the compound nucleus hecausc of the
Coulomb barrier in the entrance channel. This is the crucial clement
which allows one to obtain total cross sections from measurcments of
y-ray yiclds for individual transitions in the heavy residual nuclei.

A typical y-ray spectrum is shown in Fig. 8. Prominent y-ray lines
are labeled by the cvaporated light particle or particles associated
with the residual nucleus having that y-ray transition. The absolute
cross sections for the production of individual evaporation residues

24 21
(c.q. Mg or " "Ne) can he deduccd through statistical model estimates
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of the relative populations of the levels in the residual nucleus, and
the known branching ratios of the low lying Ievels. Figure 9 shows the

cross sections so deduced for populating bound levels of 21Ne, 24N; and

24Mg. Note that the population of 24Na (curve b) could be determined in
two ways-~by the prompt 0.472 MeV y-ray in 24Na {solid points) and by the
delaycd decay of 24Na > ZaMg, measured out of beam (open triangles).

The two methods are in good agreement.

The desired quantity, of course, is the total fusion cross section,
and this may be obtained from the data in Fig. 9 by applying a corvection
for that fraction of compound nuclei which do not produce a particle-
bound nucleus of ZINC, 24Na or 24Mg. This correction is calculated with
the statistical model. The predictions of the statistical model for the
vields to the bound states themselves are compared with the data in Fig. 9.
The important point to note is that the correction factors change ratier
slowly with bombarding energy, whereas the cross section itself changes
5 orders of magnitude in 3 MeV. The total fusion cross section is shown
in Fig. 10, The cross scction at energies abcve 7 MeV is in the classical
region (i.e. linear with 1/E), while the subbarrier region and cxponential

variation of 0 is at the lower hombarding energies.

fus

C. Systcmatics
1. The Standard Prediction
12 13 : . .
These measurements of the C + C fusion rcaction illustrate one
of the main experimental techniques for determining fusion cross sections,
and give us a familiarity with the type of results which can be ohtained.

Now we want to return to the question of nuclear structure cffects,

hearing in mind our definition at the end of Section TT. To do this, we
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9
and l(’() + "Be (Ref. 23). Sece also Ref. 24.
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have to factor out the "“zero-order" dependence of Oeus OO the bombarding
energy, and look at the sysematics for a large number of reactions.
There are many ways in which one can eliminate the gross exponential

dependence of o on bombarding <.vrgy. It does not matter too much which

fus
metiued one chooses, so long as one is consistent in the treatment of the
diffcrent systems. Tn our case we will make a standard prcdiction based on

a complex potential (V = 50 MeV, W = 10 MeV, L 1.27 and a = 0.4 fm) in
which we have taken care that the imagirary potential is sufficiently strong
to prevent resonances in the pocket of the potential (sce Fig. 2). We divide
cach cross section by the U od given by the solution of the Schrodinger
squation.  This reduces the energy dependence from five orders of magnitude
to at most one arder of magnitude. Since the bharriers for the different

systems occur at different energies hecause of differences in the Coulomb

2
buarrier, we shift each energy scale by an amount E = Z]:,c"/R where

(Coul
1/3 1/3
1/ + A,,/’L

R=1.7 (A

-24

20 . .
/a for a number of systems inveiving the

The ratio R = g

fus’ "mod

fusion of boron is>topes is shownin Fig. 11. The ratiocs are near unity and
the standard, or zero order, calculation thus reproduces these data rather
well.  Given our operational definition of nuclear structure cffe-ts, we
wonld not cite any evidence for microscopic effects based on a comparison

of the lower six excitation functions shown in Fig. 11.

2. Neutron Transfer

a 2 . . .
The energy dependence for 160 + Be, however, is quite different

from that of the horon isotopes, with R rising by a factor of 2 from the

highest to the lowest bombarding energy. Although not shown in this

12

., 9 .. . 23,25
for ""C + "8e has a very similar hehavior.

figure, o .
& fus
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fus

in the text. {from Ref. 23).
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Now thesc reactions have in common the interesting feature that the kinematic

. . 9 7
conditions for neutron transfer in the reactions Bc(m(l‘1 0*) and

9 12,13, . 26 . . .
Be( "¢, "C*) are optimum™ and indced thesc reactions have larger cross

scetions au the lower bombarding energics than does fusion. This is
.
]60 LY

. 23
illustrated in Fig. 12 for the case of Be. Below 4 MeV c¢.m.,

. + .17
the cross section for neutron transfer to the 1/2, 0,871 MeV state in n
increasinpgly dominates the fusion cross scction.
1t is therefore tempting to speculate that the availability eof a

loasely hound valence neutron whose (inclastic) transfer is kinematically

favored may be influencing the cross section for fusion. This would be

an excellent example of a nuclear structure effect on fusion. There are
. o . . e 10 11

two other systems for which o single neutron transfer is favorsd, R+ B
12 b A - , .

and T . In these cases it is the transfer to the pround stat>, i.c.

clustic transfer, which has the eptimum Q-value. Figure 11 shows that

11 10 Lo . .
Lo+ B does not indicate any enhancement of the fusion cross section

. . 16 ')
at low energies.  Figure 13 compares the cnergy dependence of "0+ Be

12, 3.0 - . . ;
and o+ C. The formay of the comparison in this casc happens to 1¢

&
in teryms of the nuclear reaction S-factor defined by § = F-exp 2mM

3
fus
2 . . .

wh n = 21270 /hv.  Again, the rcaction involving clastic necutron

5 12, 13, . .
toanstfer, ¢+ (., docs not show a relative up-turn at low cnergies,
Thus, if our speculation is correct tha® a propensity for ncutron transfer
influences the energy dependence of the fusion cross scction, then it
appears that only jnelastic processes [and not clastic transfer) are
effective.  The speculative nature of these remarks need hardly be
"The S-wave Coulomb penctration Jactor « exp 27n, does not reproduce very
well the energy dependence of heavy ion fusion reactions. Its only

advantage in comparing different reactions is that it contains no ajust-
able parameters,



undertined; theoreticai calculations could contribute to a more quanta-

tive dizcussion of these possibilities.

3. Energy-averaged Structure

Ihe values of R = ”f‘u.'/q

for systems involvi yrojectiles g c 5
s/ Omoa O 3 m: volving projectiles and targets

hoth with masses = 12 are shown in Fig. 1. Th~ difference hetween the
spooth curves in Fig. 11 and the structure shown in Fig. 14 is striking.
. R P 12, P 12,
("The narrow resonances in ¢+ (C and to a lesser extent in 0+ [
are noteworthy, but that is in Dr. Cindro's domain; we arc concerned
here with e energy -averagea behavior of the data.) A general feature
for the systems in Fig. 13 is that R decreases at lower cnergies. (Recent

8

5
measurements by Ketrner et. al. do not confirm the upward trend

1.2 12 - .
in Co ¢ at the lowest energies observed by Mazarakis and Stephens

and shown in Fig. 14,0 Apart from this .imilarity, the behavior of the

tndividual systems shown in Fig. 14 is varied. TFor example, the average

cneryy dependence of R for l()() + MN is quite different from that of
y 6 2. 13, 2. 2. 2.
“(1 + ! 0. the systems MN + ! C, l C o+ ! . and ! ¢+ ! C are all

diffesent and the differences can he yuite large, up to fuctors

ol two,
Figures 11-14 also contain i number of cases in which the same

compound system (i.c. same charge and mass) is reached via two different

2 ]
entrance channcls These cases arc: ZINO(]“C + " Be, llli + ]()B];

). y 5 5
e My o g 20 e

M\, . HN

2 1 9 2 3 28 . 2.
e me% « Tee, M0 Py 28si (10 4 e
). Only ir the last case does there appeur to be a similarity:

. .16 12..
1 the structure in 0+ C

. 14 14
similar to that of N + N.

is averaged, its overall behaviour is

“ote added in prouf:  See M. L. Chatterjee, L. Potvin and B. Cujec,
Nuch. Phys. A333, 273 (1980) for a comparison of 120+12¢, 1204+135¢
and Diead 3¢ '
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Recently, measurements of % tus for 16O + 16O and 12C + 20Ne have been

made by Hulke et, 31.33, permitting a comparison of two reactions which

produce the same compound system at similar excitation energies (AQv2.4 MeV).

These results, shown in Fig. 15a have a number of interesting features. First

. . 16 16, .. 12 20
at energies well above the barrier, O rus ("70+ T0) =2 x % us ("°C + "Ne).
Hulke ct. 31.33 confirm the measurements of Spinka and Winkler32 for ]60 + ]60

thus apparently setting this system apart from all others in Figs. 11 and 14

/o > 2 at above the barrier (!) whereas all other

as one for which o
mod

Fus/cmod + 1, This appears rcmarkable in that the region just

. . . s e 34
above the barrier is otherwise much less sensitive to structure effects.

fus

systems have o

There are scveral experiments, however, using charged particle detection
of the residues which are in disagreement with the results obtained by the
¥ ray method. The discrepancy is about a factor of two. The different results
ure summariscd in Table 1 (from Ref. 33). It is particularly distrubing that
the larger value of the cross section is inconsistent with an analysis of

the clastic scattcring.7 Before citing 16O + J60 as thc exception to the rule,

(JFU"/G

‘crations for this particular case will have to be removed

mod ~ 1 for E 2‘EB, the experimental discrepancy in the absolute noramal-

The relative energy dependence of the two systems is Iess dependent on the

overall normalization and these arc seen to be different. At cnergics bhelow

the barrier, o (C + Ne) >0 (0 + 0) at the same center of mass cnergy as
fus fus d

vxpected because of the lower Coulomb barrier for € + Ne. lowever, if a simple

encrgy sihirt for the difference in Coulomb barriers is made, the O + O cross
sectior exceeds that for Ne + C. This is true even when the shift in Coulomb
barriers is minimized by taking a radius paramcter L 1.9 fm. (Fig. 1Sb}.

This excess fusion cross section for O + O (after a correction for the Coulomb
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Table 1.

Comparison of experimental total fusion cross sections
16

for the

0 + 16O reaction. (From Hulke et. al. 33).

Reference DS;:;:;OH Er.m. qus(mh) Gfus(mb
(MeV) at Fc.m.=
11.85 Mev®
ApinkasWinkler 47 light " 11.85 4002100 400%)
particles
Tserruya et al. 40! heavy 13.50 410+40 205
residues
Kovar ct.al. i3] heavy 14.92 435+30 145
residues
PN 1
Kolsta ctonl. %1 -ravs 12,28 2704209 2109
Chene et.al. Y Y-rays 12.25 JOD'ISd) ]55d)
Wu+Barnes gl Y-rays 12.00 138460 300
Hulke et.atl. P43 Y-rays 11.85 4504100 450
“)hxtrupolatcd values from the observed (v-ray) encrgy dependence of o

b
"Otiier techniques also used

) P . < P
Lower limit is 328 wh, upper limit

(l
summing cffects.

476 mh: the average value is given.

fower limit, since no c¢orrections were applied for missing viclds and
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barrier is made) is also in a direction opposite to that expected on the basis

12 20 : 16 .
of the deformed nature of ““C and "~ 'Ne and spherical character of ~ 0. (This
point will be discussed in Section V).

The message of Figs. 11-14 is clear. The addition or removal of one or
two nucleons from the projectile or target can have a profound effect upon the
cnergy dependence for fusion. This is a strong indication that the valence
nucleons play an important role in the mechanisms leading to fusion, i.e. that

nuclear structure is affecting the fusion process.

D. Theoretical Approaches.
1. The Entrance Channel

There is at present no theoretical explanation for the different bchavior
shown by these systems. Several ways in which nuclear structure enters into
the detemination of nuclear potentials have heen mentioned in the previous
section, however, and it is useful to speculate on the types of calculation
which might yicld an explanation.

A first avenue to cxplore is the effect of valence nucl!cons on the nucleus-
nucleus real potential. One way this can be done is in the context of a folding
moclc].1 This model makes the assumption that the nuclear densities are frozen
during the interaction, an assumption which is better at higher bombarding
cnergies.  Nevertheless, it is of interest to see what happens when the contribu-
tions of individual nucleons to the overall potential are estimated. This has
been done hy Wieland and Satchler,39 who used, in addition to the folded
potential, the same imaginary potential as in the standard model calculations
fiLe. W= 10 MeV, Lo 1.27, a; = 0.4)Y. The results of these calculations
were nearly indistinguishable from standard calculations. Other ways in which

the shell structure of nuclei can be incorporated in the real interaction
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potential are the TDHF approximationa’40 and the two-center shell model.2

In view of the results obtained with the folding model ana with the TDHF

(Ref. 40), however, a microscopic explanation of the data would seem to require
a consideration of nuclear structure effects on the imaginary potential.

In the two center shell model, inelastic processes can occur at internuclear
scparations where the levels of the system cross. The two center shell model
ievels for the reactions 12C + 170 and ISC + 160, calculated by Park et. al..4l
are shown in Fig. 16. In this case one can see that the probability for a
neutron transfer (at either a real or an avoided level crossing), will he
di fferent for cach of these systems. (In one case the loosely bound neutron
is in the p]/2 shell, in the other case, in the (]5/2 shell.} The likelihood of
an inclastic process as the nuclei approach could naturally influence ~he
probahility for fusion, since the latter can he viewed as the culmination of
many successive inelastic processes. (In this context, the speculations made
ecarlier on the I()O + 9Be and 12( + gBe fusion reactions secem plausible.)  What
is needed, of course, are calculations in which the dynmamical aspects of the
recaction are included.

The methods of calculating the imaginary potenial within the context of
the two center shell model should be mentioned at this point. The first is
the use of the Landau-Zener approximation by Glas and Mosel to estimate the
probability of inclastic processes at level crossings.3 and the level-density
approach of von Charzewski et. 31.42 In these cases the two center shell model
cnters through the specificaticn of the location of the level crossings and the

number of accessible 1 particle-1 hole states (i.e. precompound states),

respectively.
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2. Thu Compound Nucleus

The compound nuclei formed in the above reactions are generally at
cxcitation energies greater than 15 MeV and, because of the low bombarding
energies, have angular momenta well above the yrast line. The densities
of levels or number of channels open for decay are thus large.
Nevertheless, some systems will have, because of differences in Q-value,
densitics of levels much hicher than others. Systems with larger Q-
vilues and this high densities of levels have a tendency to exhibit smooth
fusion cxcitation functions, devoid of intermediate structurc resonances.
A classic example is given by the ]4N + IOB and 12C + lzC systems
(AQ v 10 MeV).

Beyond the question of intermediate structure, its presence and
ahsense, there does not appear to be any noticeable correlation between
the energy-averaged behavior of the sysrems shown in Figs. 11 and 14
with the number of open channels fr decay of the compound nucleus
given in Tahle T of Ref. 43.

The best prospects for understanding the nnclear structure cffects
in the experimental data for light systems at subbarrier encrgies
appear to lic with the role which valence nucleons play in various
inclastic processes in the entrance channel. Progress over the vears

has been wlow, but the ourlook 15 encouraging.
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IV. The Fusion of Light Systems at High Energies

A. Motivation

The pronounced differences in the energy dependence of Gfus at sub-
barrier energies scem to disappear above the barrier. Thus, with the possible
exception of 160 + 16O, all of the systcems examined in Section IIT followed
the standard prediction in the energy region where Gfus aﬂRZ(l-V/E) (see Tig. 5).
A systematic study34 of many systems in this energy region indicates that the
parameters R nd V vary rather smoothly from one system to the next. This
fact by itself offers little motivation to extend measurements of 9 s to
cven higher cnergies, at least .'rom the point of view of nuclear structure
cffects.  Fortunately there were a number of other reasons for pushing to
higher cnergies. These included the study of the compound nucleus at high
cxcitation and high angular momentum, the question of the liquid drop limit,
and the competition between fusion and direct reaction channels. The measurements
revealed the unexpected, of course, and marked differerces were found in the
behaviour of systems varying by only a few nucleons. Energy-averaged
structure, often referred to «s oscillations and reminiscent of that secn in
e ]:C and 2, 160, was found to persist in these systems at energies
where reaction channels other than fusion begin to complete. Tn most other
systems this structure is absent or much attenuated. The maximum fusion
cross scetion, defined simply as the largest value of T rus measured ut any

bombarding energy, was seen to vary by several hundred millibarns from system

34,45 ,46 34,45,46

o system. The studies refcerred to here have been made with

tandem Van de Graff accelcrators and, therefore, are limited to the energy
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region above the barrier where direct reactions first become significant.
Beyond this lies a vast energy region in which the coellision becomes
progressively more violent. Cyclotrons are needed to provide the required
bombarding energies, and finely stepped excitation functions are replaced
by measurement intervals of twenty to fifty MeV. It is on this type of
study that T want to concentrate. As might be expected, the cxperimental
methods and the problems encountered in analysing the data are quite

different from those of the subbarrier region.

B, Experimental Method
At high hombarding energies the evaporation residues have a kinetic

cnergy sufficient to permit their Z-identification by the standard Al
telescope.  In our work47-50 (most of which has been done .t ORNL) we
have used a gas ionization chamber in conjunction with a position sensitive
solid state dctettor.51 This system, which can also be used with a qgas
cell target_52 enables the rapid acquisition of data simultancousiv over
an angular range of 9 degrees.

In contrast to measurements at low energies or with heavier targets,
the evaporation residuc cannot be identified on the basis of its mass or
charge alone. Figure 17, which shows a two dimensional AE-E spectrum,
illustrates this for the highest bombarding encrgy uscd, the 248 br\'lJN
beam from the LBL 88-inch cyclotron. A continuous distribution of rcaction
products from a-particles through neon is observed. Even though the compound
nucleus is aluminum, the products Na and Mg are absent. This is a simple

consequence of the high excitation energy (% 130 MeV) and angular momentum

(26N} which must be dissipated by the rather light (A = 26) compound nucleus.,
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The average kinetic energies of an evaporation residue with Z = 7 and of an
inelasticall; scattered nitrogenion are quite different, ho.~ver, as shown
in Fig., 18. Thus, the kinematics of full momentum transfer associated with
formation of a compound nucleus enable the separation of evaporatinn residues
from products of peripheral collisions. That this is indeed the case has
been demonstrated in detail in Ref. 49. The following discussion associated
with Figs. 18-23 provides a brief illustration of the characteristic fcatures
of the data and the method for deducing O eus

Providing the compound nucleus attains thermal equilibrinm, its decav
cun be predicted with the statistical model. The combination of the Hauscer-
Feshbach formula with multi-step evaporation and a center-of-mass to
laboratory transformation is accomplished by Monte Carlo techniques. The
predictions of the energy-, and angle-, and Z-distributions ¢f the
residues shown in Figs. 18 and 20-24 have heen made with the Code LILITA.SS
The generally good agreement between these predictions and the exnerimental
data shows that the residues are properly identified and sugpgests that the
¢ompound nucleus attains equilibrium.

Figure 19 fa, hottom) displays a singles spectrum of carhon ions

® for a beam energy aof 183 MeV. The unfolling of the

ohscrved at 4 8
twe components of the spectrum is indicated. Peripheral reactions shonld
produce two fragments (plus perhaps an ~-particle or nroton) whercas compound
nucleus formation should produce only one fragment (the cvaporation residue)
which is in coincidence with many a-particles, protons and neutrons. Figure !9
showns the spectrum of carbon ions in coincidence with other fragments of

2= 5,6, and 7. The cvaporation residun partion is ahsent. Tt a coincidence
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with ~w-particles (not shown) is required, the residue portion is enhanced
relative to the direct reaction portion. While these observations are
consistent with our expectations for compound and peripheral reactions,
a4 more stringent test is made by obsciving the angular correlations of
c-particles in coincidence with the residues. Figure 20 shows a comparison
of wuch data and the Monte Carlo pred ction (histogram). Morc extensive
coinvidence measurements, in which the energy spectra of «-particles at
very torward angles will he studied, are in progress 54 These should provide
confirmation of the conclusion drawn from the analysis of the singles
spectra, viz., that the residues are the 1csult of the complete amalgamation
of the projectile with the target.

The angular distributions of cvaporation residues and direct reaction
products are compared in Fig. 21.  The former are broad hecause of the
revol]l imparted through the evaporation of typically two alpha particles
The Tatrer exhibit the sharp forward peaking consistert with diffractive
scattering at energies well above the Coulomb harrier. The slope of the
diffraction model prediction is based ona fit to the elastic scattering.  The
statistical nodel reproduces the angular distribution of residues quite well.

The T-distribution of cvaporation residuc products is obtained by
inteprating *he respective angular distributions. A comparison of
Z-distriburions obtained at Eluh = 158 MeV and 248 MeV is given in Fig. 22,
Nate how the centroid of the Z-distribution shifts toward lower values as
the excitation energy increases.  The statistical model reproduces the
cxperimental vields for residues of horon and heavier. 1t is not possihle

to unfold the spectra of lithium and berillium ions because the direct
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reaction products and residues are not clearly separated in two peaks
The statistical sodel is thus used to predict the small percentage of
residues with Z < §.

Additional information may be obtained by measuring the mass as well
as the charge of a residue. Since the evaporation chains leading to
different isotopes are different, differences in the shape of the energy
spectra for the various isotopes are expected. Figure 23 shows the
variation in shape for 12C and 13C residues. The slightly narrower
distribution for 13C is reproduced by the calculation. Angle integrated

11
distributions are shown in Fig. 24, Only for the relative amormcs of ~'B

and IZC is there a significant discrepancy in the angle-integrated yeilds.

The predicted amounts of 1lB and 12C depenc critically upo. the treatment
of proton emission just ahove the threshold. Since the predicted vield of
12C is too high by the same amount the llB vield is too low, we expect
that this does not represent a serious discrepancy with the cvaporation
code and could he removed hy a reasonahle adjustment of the parameters
affecting the prcton decay of 12C.

It is possible to test the assumption of equilibrium without resort
to a statistical model calculation by involving the independence hypothesis.
Except for conserved quantum numbers such energy, angular momentum and
possibly isospir, the decay of the compound nuclcus should be independent
of it+ formation. A comparison of the Z-distribution from the decay of
2h!\] formed via ]ZC + ldN and 1(’B + l60 (Ref. 50) at two different energies
is shown in Fig. 25. Note in each case that the excitation energies and

an_ular momentum distributions (characterized by a maximum angular momentum

JC] are the same. The similarity of the Z-distributions is remarkable.
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The double-peaked shape of the energy spectra observed at forward
angles ( Fig. 18) has naturally lead to the classification of the reaction
products inio two categories - evaporation residues and direct reaction
products. The sum of these two cross sections should give the total
reaction cross section, provided no products have been lost (e.g. through
detection thresholds) and there has been no double-counting of fragments.
The total reaction cross section can be obtained through an optical model
analysis of the elastic scattering. An example of this is shown in Fig. 26.

The optical model fit to the data is excellent and yields a total reaction

cross sectior GR = 1400 mb. The energy dependence of T May be determined
by an analysis a* several energies and by comparision with a series of

. - 12 12, 55
extensive measurements made on a similar system, C + C.

A comparison of OR obtained by adding Ofus and O girect with OR {optical

model) is made in Fig. 27. The system 10B + 16O is included in this

comparison. Note the good agreement and, in particular, the relatively
smooth behaviour of T in the high energy regior. This is important in
that it shows that reaction products are not escaping detection.

The above Jiscussion has had two objectives. First to provide
familiarity with the experimental data and method of determining T s
Second, and perhaps most importantly, to give confidence that fusion cross
sections can be reliably measured at such high energies. This confidence

is indeed prerequisite for a discussion of the physical significance of

the energy dependence of %eus”
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C. Experimental Results

12 14, 10 16
Measurements of ofus have been made for ~"C + N, B + 70 and, most

14 p
recently, for IOB + N (Ref. 56). The results of thes: measurcments are
shown in Figs. 28-32. 1In cases where a critical angular momcntum is shown,

the value of J was determined with the sharp cutoff approximation {See Eq. 1)
? =
(r+1n"= C[{"us/v

and the excitation energy by

where Q represents the (positive) difference in bindiag energies between

the entrance channel and the ground state of the compound nucleus.

IZC 14 46 34

kesults for + N reported by Conjeaud et.al. and Kovar et.al

arc in good agreement with the present results in the lower energy region
where a comparision is possible. A Saclay-Grenoble Collahoration57 has
extended the Saclay measurements to higher energies and has obtained
results in excellent agreement at E]4 =~ 100 MeV.

A similar comparison with results from other laloratories is not

lOB 160'

+ These results were obtained using

"
the samc methods and techniques as in the case of 1"C + 14N, however.

= 41.2 MeV, a ‘"B beam and %0

»ossible in the casc of

At one particular bombarding energy, EC n
gas target were used. The kinematical propertics of the evaporation
residues in the lab system, as well as the method for determining the target

thickness, are quite different. The consistency of this result with

measurements at adjacent energies provides a valuable check.
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The range of 14N energy from 27-75Mev has been covered by Parks et.al.58
for the reaction 14+ 1% uhile the present work56 ranges from 86 MeV to
18C MeV. The trends established by the data in these two regions appear
-onsistent with one another. (See Figs. 31,32). Experimental data for the

12

fusion of ~°C + 12C (Refs. 34, 59) are also shown for comparison in

Figs. 31 and 32.

D. Discussion

Attempts to understand the behavior of fusion cross sections in light
systems fall genecrally into two categorics - those which emphasize cither
the properties of the projectile and target (the entrance channel) or those
based on the properties of the compound nucleus. Tt should be clear that
there is no physical reason why it must be an either/or situtation. The
path from entrance channel to compound nucleus is continuous and the
properties of the intermediate stages must aiso be important. (The two
center shell model is a way of brideing the gap). Nevertheless the sharp
scparation of the two extremes has the great advantage of being convenient,
not to mention possible, and it may provide esscntial clues.

The discussion of fusion reactions is often couched in terms of
limitations on the fusion cross section or limitations on the critical
angular momentum for fusion. Both the entrance channc! and the compound nu-~
cleus place limits on fusion. At energies near the Coulomb barrier there are
plenty of compound nuclecar states available if they can be populated through
the entrance channel. At very high cnergies the entrance channel mav bring

in an angular momentum larger than the compound nucleus can support, i.e.
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the compound nucleus does not exist and therefore is not formed. At
intermecdiate energies there must be a transition from one form of limit
to the other. The questions are (i) which mechanism imposes the lower
or more restrictive limit and (ii) what is the element of nuclear

structure responsible for the limit.

D. 1. Entrance Channel Models

The curved solid and dashed lines in Fig. 28 are fits to the data

. . X : 12, a,
using Glas and Moscl's parametrisation. Tne parameters are [ "€ + ! N,

10, 16 _ . e = .
Boe 10) mpo= (1.5, L.S); V(R = (6.7,0.7);5 r = (1.11,1.3

V(Rcr) = {-1.9,2.5), hw = (2,2). Note the large difference in the reduced

5)

14

parameters describing the location of, and potential at, the inner critical
radius. These parameter differences reflect the large differences for
these two systems alrcady apparent in Fig. 28 to the naked cye. Clearly,
P . .. . 1/3
the large variation in the cross scctions are not eaplained by an A
variation in nuclear radii.
12

Birkelund et, ual. have studied the systematics of fusion cross
sections in the context of an entrance channel model, They solve the
classical equations of motion for a real proximity potential and
proximity onc-body frictional force. Without an ad hoc adjustment of

. 2. 14
piarameters, they obtain reasonably good agrecment for i C o+ N.

R . 10 lo . L 12, 14,
The prediction for B + 0 is very similar to that for “C + N and
therefore does not reproduce the datua.  This is not surprising since the

global upproach of their analysis excludes the variation of puarameters to

fit cach case.
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/3

s s 1
Nuclear radii do not vary exactly as A , however, and the effects on

. : R . s ; 1
this on the fusion cross section can be estimated. Folding model calculations,

which incorporate mean-square radii determined by electron scattering, indicate

that 12C + 14N and IOB + 16O have the same mass overlap at radii of 1.11 and

I
1.15 times (Ai/3+A;’3), respectively. Incorporating this in the Glas and Mosel

23
6.

formulation produces a maximum predicted difference in the cross section of 7
While ir the right direction, this accounts for ahout only onec-fifth of the
. 50
observed difference.
60 . . . .
Vandenbesch has calculated fusion cross sections with a classical

trajectory model incorporating the proximity potential and one-bodyv friction

Lo . 12 . N
(similar to Birkelund et. al, 7) but has used radii and diffusness parameters

taken from elcctron scattering results. These calculations predict differences

10 16 12 4 . . I
between B+ 0 and C o+ ! N which ure from one-third to one-haif o€ the

ohserved differences. However, the overall energy dependence is not well

reproduced.

From the above we miay coaclude (for ! C o+ “N and ml% + ](‘0) that cither
the entrance channel is not the most important limitineg factor for fusion in
the regpion of Fc_m. 20-70 MeV, or, if the entrance channel i< the imnortant
fuctor, then individunl nucleons may be plaving a critical role in o oway not

deseribed by macrosopic calculutions.,

12 l:(‘ 34,59 I IR LR

fhe experimental dJata compared for TC + T and I+ N in

16

" 2 S . n 12, .
Fig. 31 appear to hehave gqualitively di fferently than the R 0 and [ N
systems in Fig. 28, In this case [Fig. 311, the cross sections for the *wo
systems are comparable at the same center of mass energies. ne must realbicfe

12 12

that there are some discrepancies in the data (e.g. for (G oat I\_'”‘. =
((),1)45)-l Mev) and that four different groups at as many different luhoritories
have contributed results.  Furthermore, the methods employed in unfolding

the datu to determine T pae ATC not identical. With this important caveat, nowever
at the same

the combined results presently available suggest that difference in “fus
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24 . .
E for these two systems, both leading to = Mg, are small, in spite of

c.m.
0B 12 14

1
the markedly different structures of N C, and N. Entrance channel

inodels would be able to explain this particular behavior (Fig. 31) without

recourse to nuclear scructure effects.

D. 2. Compound Nucleus Models
Just as the entrance channel is characterized by the hombarding energy

E . and 7 eus the compound nucleus is described by its excitation cnergy

Ex and its maximum angular momentum .J. Figures 30 and 32 show Ex vs J(J+1)
26 2 .
for the compound nuclei Al and 4Mg, respectively. [f, for example, the

compound nucleus were the limiting facter on ~ at all energies (and for
- fus

all entrance channels), then all the data points in Figs 30 apd 32 should

determine a single locus. This is clearly not the ase. ar Jow excitation
crergies we expect differences because the Coulomb barrier {or outer

iyreraction barvierj is the important factor. At hipgh energirs, the ligonid

. c AR S . . R
drop limit should set in . and this is apparent in Figs. 29 and S0 bhut not

in Fip. 32, ] will come back ro this "ultimate" limiting angnlar momentum

tater, and want to discuss now the intermediate energy region.

, P 2. 11
It is clear that the limiting angular momenta for ¢+ N and

10 10 2 12 .
R o+ |60, and also for B + IJN and ! C + 7C each determine separate

loci. In Fig. 30 the lezi cross: in Fig. 32 they scem parallel.  Thus,

strictly speaking, the compound nucleus cannot be the limiting factor

N
2 E ) .
for both ! C + IIN and I(B + lbﬂ. A similar statement holds for

10 14 2 12 . S
B+ xoand Poos C. The compcund nucleus could he the limiting

2 2 i R
factor when ! C o+ ! ¢ is the entrance channel, but not for 1, + llN.
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It is truc that the differences between 10B + 160 and uC + 14N shown

in Fig. 28 appear smaller when the data are plotted as Ex vs. J(J + 1).
A contributing factor to this is the ~ 4 MeV difference in Q values for
the two reactionsj- The Saclay group61 has examined a number of different
reactions leading to the same compound nucleus and finds, in general, that

2

the differences in Q-value are in the direction such that an Ex vs. J

piot prodnuces loci closer to each other than in the case when the data

are plotted as Tens V3 EC m This trend has been noted in another form,
: e max 62
viz., the variation of O s from :ystem to system, by Lec et.al.

While it is generally nseful to search for quantities which
corrclate the trends of many results, at least two serious problems
confront this approach. The first is the crossing (or different
slopes) of the loci shown in Fig. 30, for no Q-value shift can

eliminate that and, second,the shifted loci shown in Fig. 32 for lnB + 14N,

2
and ]'C + 12C. Here, the effect of the Q-value difference is to move

apart the loci which are similar in the Tegs VS EC - plot.

us
If it were possible to know independently the location of the Yrast
line, then it would be obvious whether the entrance channel or the compound
nucleus is the limiting factor. To obtain guidance from theory is a step
in this direction. Glas and Mosel(Jz have used the Strutinsky mcthed for
rota~ing nuclei to calceulate Yrast lines in the mass region from A = 24-60,
Their results for A = 26 and A = 24 are indicated in Figs. 30 and 32. It is
thus c¢lear that fusion rcactions do not populate (and thercfore arc not
lTimited by) the Yrast line of « rvapidly rotating, highly deformed, but
otherwise "cold" nucleus. The nuclear system produced in a high energy

< N . . -~ . s
A mathematical {as oppused to a physical) factor making the differences shown
in Fig. 30 appear smaller is the syuare-root dependence of J on PN
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collision will have some thermal excitation and therefore be removed from

the cold Yrast line. It appears reasonable that the structure of the cold
Yrast line is carried over to an effective Yrast line relevant for fusion.
This approach has been followed by Lee et. 31.62 who assume that the effective
Yrast line lies parallel to the cold Y-ast line. A fit to a number of data
suggests that the shift is ~ 10 MeV if the cold Yrast line is calculated

with a right body moment of inertia having a radius parameter Ty = 1.2 fm.
However, there are significant deviations between experiment and this

parametrisation, and the measured slopes of o are not always reproduced.

fus
Another method of defining an effective Yrast line has heen proposed

by Vandonhosch.64 The argument is made that fusion will occur when the

compound nucleus is far enough above the Yrast line such that the average

width of levels T divided by the average spacing is the order of unity.

The value of T is obtained from the empirical correlation of experimental

values given hy Shapira et. a1.65 and the spacing of levels from the

compilation of Gilbert and Cameron.()fJ The location of the effective Yrast

line determined this way and the fusion cross sections determined hy it

are shown in Fig. 33 a,b. (There is an uncertainty in the location of this

line connected with the uncertainty in the density of levels). The comparision

with cxperiment is favorable. particularly for the higher .J valucs. At

lower J-values, J < 20, the data lie further above the Yrast line. As noted

by the :mtlmrs,()4 this suggests that the properties of the entrance channel

arc the more stringent limiting factor ~ombarding energics just ahove

the break in QfUS(E). This interpretation may be contrasted with that of

Lec et. u].ﬁé who wouid extend the validity of their statistical Yrast
10B 14

max N N

is reached. The data for
fus

limitation down to energies at which o

would be in strong disagrecement with such a prediction.
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D. 3. Synthesis
The question "limitations to fusion -- entrance channel or compound
nucleus?" thus may have no simple answer in the intermediate encrgy region.
The variety of experimental data available, particularly for systems leading
to the same compound tystem, has increased rapidly in the last five years.
With this have come significant improvements in our understanding of and
appreciation for the complexity of the situation. Given the data shown in

Fig. 32, it is apparent that mB + 14N

cannot be limited by the Yrast line
of the compound nucleus. 0On the other hand, the general success with which
trends in maximum fusion cross sections and variations in energy dependence
correlate with the Q-value for compound nucleus formation suggests that an
effective Yrast line may be an important factor in entrance channels having
tightly bhound nuclei.

The above discussion has focussed on fusion and has neglected the process
which competes with it for the flux making up the total reaction cross section.
This process is the direct or peripheral reaction. The elements of naclear
structure (presense of collective levels, etc.) and reaction mechanism govern-
ing the strength of the direct reaction channels are of equal importance in
understanding fusion cross sections. Efforts to approach the question of
fusion from this point of view are promising.ls’67’68

It seems likely that a future understanding of the fusion cross sections
for tight sysitems will have to encompass both the entrance channel (including

competition with the direct reactions) and the properties of the compound

and pre-compound states.



To conclude this section I would like to come back to the matter of
the rotating liquid drop Ilimit - the colloquial name for the maximum
angular momentum a nucleus can have without fissioning. This is in a
real sense a fundamental quantity. The data for 1ZC : 144\' and lOB + ]60
exhibit such a maximum angular momentum.+ The valuc48 of this ungular momentum
{see Fig. 29) is consistent with that of the rotating liquid drop model.;1
It is interesting to consider the predicted shape of the 26.1\1 nucleus
at this limit. The dashed line in Fig. 34 shows the shapc of the saddle
point configuration and the soiid line that of the ground state configuration
At 26 N the shapes arc nearly identical. (At 26.6 h they are identical).
The cenfiguration at the liquid drop limit is very simila: to that of a

carbon and nitrogen ion in close contact. Thus in this limit the concept

of compound nucleus and entrance channel merge.

D, 4. The Low-2 Window

An interesting feature in the mechanism for fusion has been predicted

. . 4 .
by time dependent Hartrece-Fock calcualtions.’ Above a certain energy
threshold, ions colliding with a small impact parameter do nat lead to
fusion. TInstead, the ions (or fragments with nearly the same rass) reemerse
with a reduced relative kinetic energy. The maintainance of coherence of
the nuclear wave functions, which allows the system to come apart,is a

conscquence of the mean field approximationand the absence in the caclceulation

T 12 1 1 1

. 2. 0 4 c s Lo

€+ C and B + N do not indicate a common liguid drop
limit. Tt is important to cxtend mcasurements for hoth systems to higher
energics and to perform similar measurements and analyses on cach system,
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Fig. 34. The shapes of a nucleus with A N 26 as predicted by
the rotating liquid drop mode 1, 4+
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of two-body nucleon-nucleon collisions. At larger impact parameters,
initial relative kinetic energy can le converted into rotational energy
and fusion is possible. At still larger impact parameters, centrifugal
forces prevent fusion. Thus a window in ? space arises, having a low
f-cut off and high 2 cutoff.

The Z and A distribution of the cvaporation residues is sensitive
to the distribution of angular momenta in the compound nucleus. High
angular momenta favor a-emission and consequently lighter residues.
low -7 values preferentially populate the heavier residues through nucleon
emission. This fact has been cxploited by a number of workers to search
for the presense of a low-% window. To date all searches have yielded

. . . 16 16
negative results. Some of the svstems which have been studied arc 00+0

2n >
(Refs. 69-71) and = Al + =8¢ (Ref. 72). The analysis of evaporation

. 10 L6 12. 14 ; R .
residues from B+ 0 and U+ N described in section B extends over
4 wide range of bombarding encrgies above and below the predicted
threshold for the low-£ cutotf. The analysis was done with a triangnlar

29+1) distribution extending from ¢ = 0 to fm)\ and it reproduced the data
S X N

. 47250 . . . PR
quite well. An analysis of these data in terms of 0 > 0 (similar
S

to that of Refs. 69, 720 15 in progress.

Coincidence measurements designed to detect the low energy fragments
from a non-fusing central collisiion may prove to be more sensitive ta the
presense of o low -7 window.  Several experiments and analvses are in

1 1¢ . 12 14 -
prog-ess at the moment on 0o 0 (Refs. “4-75) and on o+ N e
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V. The Effect of Nuclear Deformation
A. Motivation

The static or equilibrium shapes possessed by nuclei as well as the
collective motions they undergo are major subjects in t he study of nuclear
structure. A variety of experimental techniques using different nuclear
probes has resulted in a detailed knowledge of the quadrupole and
hexadecapole moments and quadrupole vibrational strengths of nuclei
throughout the periodic table. The isotopes of Sm provide a particularly
interesting opportunity for the study of nuclear structure and how this
structure is reflected in various reaction mechanisms. Figure 35 shows
the energies of the first 2% states and the quadrupole transition strengths
connecting these states to the ground state. The Sm isotopes thus undergo
a transition from spherical (vibrational) to deformed (rotational) behavior.
The effect of nuclear deformation on heavy-ion fusion can thus he studied
hy measuring an excitation function for T us for the .ame projectile and
the different isotopes. This has been done for ]60 (Ref. 77,78) at the
Weizmann Institute and for dOAr projocti]es79 at GSI. The results exhibit
the effect of nuclear deformation on fusion, but 2 quantitative analysis
shows the current theoretical methods for describing the reaction mechanism
are not entirely adequate, and, furthermore, suggests tbhat other dJdegrees

of freedom (e.g. neck formation) are important.
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ENERGIES AND COLLECTIVE STRENGTHS OF THE
2* STATES OF Sm ISOTOPES

| T | { 1 1

- 2+ b
1.5 ! — 03

T~ T 771
™
A
N |
m
b))
a|
1 1

. 1o+ R — o2
ERY | 4 8
(MeV) L o+ ]

) by z
0.5 — o

fee 2+ -
. -
- + T
- e

0 s ] l 1 0

144 146 148 150 152 154
Asm

Fie. 35. The energies of the first cxcited states of the cien-even

Sm onuclel and the parameter - describing the quadrupole collectivity.
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B. Experimental Method

Since cross sections at energies well below the barrier are very small,
the experimental method must be capable of detecting with good precision
small quantities of evaporation residues. Since an in-beam measurement
would he complicated by y-rays from Coulomb excitation and from contaminants it
was decided to make an off-line ohservation of the x-rays from the radioactive
evaporation residues trapped in the cutcher foil., A schematic of the cxperi-
mental apparatus is shown in Fig. 36. ‘The surface barrier detectors monitored
the beam during the irradiation so that an absolute normalization could
be obtained without having to make an independent measurement of the target
thickness., The catcher foils located downstrcam from the target were made
of carbon for 16O bombardment ,f Al in the case of 4n!\r. The thicknesses
were chosen just adequate to stop all the desirved residues. Tn this way
radioactive products from reactions with light contaminants in the target,
and with the atoms of the catcher foil itself, were not retained.  This
preaduced o low background, as shown in Figure 37. This particular <pectrum

wis obtained in 1D minutes of counting after o one-hour long hombuardment .

. - . - e 150, , .
The ¢rass section for fusion of 0« Sm oat 60 MeV (lab) its about Snn
mivrobarns.  The smallest cross section measured was = 100 microbharns

In order to ohtain absolute cross sections, it is necessary ta know
the number of x-rays emitted per disintegration by each of the various
isotopes contributing to the measured yield.  Such values can be obrained
il the decay scheme has heen studied previously and an ahsolute normaliza-

tion has been determined. Much work has heen done on decay schemes for
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Schematic diagram of the apparatus used for producing

Fip. 36.
cvaporation residues and trapping them in catcher foils,
The latter are indicared by the diagonal lines shown next to

the water-cooled surface.
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.eutton deficient isotopes in the last decade and evaluated level schemes
have been prepared by the Nuclear Data Project at Oak Ridge National
lLaborator. From this information it is possible to calculate the number
of x-rays originating from electron capture (the shaded areas in Fig. 38)
and from the subsequent internal conversion of nuclear transitions (unshaded
areas). The inividual values shown in Fig. 38 for the decay of :sotopes
produced b» the fusion of ]60 + Sm are estimated to have an accuracy of
+*10%. Note that typically B0 l'(,l x-rays are obtained per 100 decays of an
isotope. Similar information has becen compiled for the decay of the lig
isotopes produced by Ar + Sm  Since this relatively high vield can he

jet~ 'ed with ~5-10% efficiency with a Ge spectrometer, the method is ideal
for measuring small cross sections.

Information on the distribution of isotopes produced inthe fusica
reactions is contained in the time dependence of the delaved x-ray vield.
Figures 39 and 40 show a tyvpical case. Parent, daughter and pramidiughter
activitics are observed. The full curves are fits to the data in which
the know hulf-Tives and ab.olute x-ray intensities of euch isotepe were
incorporated.  The contributions of the individual isotopes. produced
hy the evaporation of 2, 3, or ! ncutrons from the lthb compoun.d nicleus,
are indicated in Fig.o 400 From analyses such as this the isoropic
Jdistrihutions shown in Fig. 1l were obtained Fhey exbabat the behavioy
expected for evaporation of neutrons from an equilibrated compound nicleos
ceharged nparticle emission in these cases is fairly small) SOME A parisons
with stutistical model calculatrons have been made and they show reasonas !y

pood agreement with experiment .
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The cross sections for the production of evaporation residues are
shown in Figs. 42, and 43. The error (random plus systematic) on a data
point is typically *10% in Fig. 42 and *15% in Fig. 43. Since fission
competition is negligible for the Yb residues produced at the relatively
low bombarding energies here, the evaporation residue cross sections in
Fig. 42 (160 + 5m) are equivalent to the fusion cross section. This is
not the case for 4oAr + Sm and it was necessary to measure the fusion-
fission yield in a separatc experiment using a AE-E counter telescope.
When this contribution is added to the cvaporation residuce vield, the

fusion cross sections shown in Fig. 44 are obtained.

C. Results

The fusion cross sections shown in Figs. 42 and 44 exhibit variations
which become relatively larger as the bombarding cnergy is lowered. These
variations, we shall sec, are far in excess of the changes expected for

. . L. . 1/3
spherical, structureless nuclei whose radii increase simply as A

D. Discussion

Since the motivation of these experiments was to study the offect
of nuclear structure on the fusion of heavy ions, let us consider in
more detail the structural aspects of the cven-even Sm isotopes shown in
Fig. 35. The energy of the first 27 state drops rapidly from its value

. - 144 - -
ot 1.65 MeV at the N = 82 closed neutron shell of Sm to a minimum of

82 keV for 1545

m. Accompanying this rapid change is a strong incre-se
in the quadrupote deformation parameter £, which has been evatuated from

the vlecerric quadrupole transition matrix clement connecting the groumd
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Fig. 42, The fusion cross scections as a function f bombarding en
The fusion cross sections, similar at energies well above the fusion
barrier, vary markedly at low cnergics with the more deformed isoropes
naving the larger cross scetions.  The lines are to guide the ove.
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2+] 6+,etc.]

and first 2" states. The pattern of the higher energy levels [4+,

also changes from vibrational to rotational as neutron number increases, with

. 152 .
the most rapid change occuring at N = 90 wherve Sm takes on a recognizably

rotational level structure. The parameter HZ defined in a rotational model by

-1

lr2 [32R§/4n] i

v = [B(E2,0-2)]
where R = l.ZAl/j tm, corresponds approximately to an equilibrium deformation

for 152’154Sm and to a root mean square vibrational amplitude for 144Sm -

RION ; A . s s
! (Sm, The deviations of the shape of the nuclear surface from sphericity,

the motions of the nuclear surface, and the energy and angular momentum which

are vemoved from the relative kinetic ene v of rarzet und
these modes hecome excited - all Jhese Tactors will influence the fusion

1/3

cross scotion above and bheyond its dependence on the A variation of the
nuclear radius.  The problem, then, is how to isolate those factors which

are wost important in explaining the clear correlation of the fusion cross
sections (at subthreshold energies) withthe nuclear structure characteristics
shown in Fig. 35.

Ihe inclusion of structure effects in the calcualation of fusion cross
sections presupposes that the fusion of a spherical projectile with a
spherreal, structureless target can be calceulated sufficiently accurately.
This. however, cannot be done on an apriori basis. The reason is that at
low energics, the barrier penctrability is extremely sensitive to the
nuclear radius (more generally, to the heigat and shape of the barrier) and
this cannot be predicted with sufficient accuravy. Thus, onc is forced to
make o phenomenological determination from fitting experimental data, and,

as Fig. 35 shows,a completely structureless target is not availahle.
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The first approximation which we make in examining the experimental
16 . 148 . . .
data for ~ O + Sm is that Sm is a structureless sphere. Having done this,
a real and an imaginary nuclear potential are found which, when inserted
into the Schrodinger equation, yi-ld absorption cross sections which repro-

; . . 16
duce the experimental fusion cross sections for ~ 0 + 148Sm.

It is possible
to fit the data quite well in this way. 1he curve drawn to guide the eve

in Fig. 42 is indistinguishahle from the fit. Once such an empirical
spherical potential is fixed, the effect of the static deformation <an he

included (again, in an approximatc way) hy replacing the real and imaginary

nuclear radii with

R ~ Rp + RT(B)
where

Rp(0) = RI(L + 30 &, 7 (03).
A=2

Hevre, 0 specifies the orientation of the axi: of symmetry of the deformed
. . . . . o . .
nucleus with respect to the direction of the projectile, Y is the spherical
) 5 o . . .
harmonic of order 4 and Rr is the radius of the target in the ibsence of
deformation.  The cffects of deformation on the Coulomh potential must also
be taken into sccount. The dependence of the combined Coulomb and nuclear
. . R 16 154 .
potential on & is shown in Fig. 45 for 0 + Smand ¢, = 0.27, v, = 0.054
und Py T -0.018. These deformation parameters were determincd from measure-
}

. . . R 80 . . .
ments of n-particle inelastic scattering, The barrier penetration problem

is then solved for cach partial wave at cvery angle 0 yielding
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parameters describing the X =2, 4 and 6 decformations of
543m were taken from Ref. 80.

~0=, 60°

B 52.° . l -]

B O 7

- a5° -

_5.30° -

- -—Ecm J
15° )

— » —

OO
: \/\ ]
B -
J l J ! | | l J

7 8 9 10 1" 12 13 14 15 16
r (fm)

Fig. 45. Barrier heights for the fusion of l60 + 154Sm. The
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3(8) = %2 X (2041) T,(8)
=0

/2
f o(8) sin B dB.

s}

afus

The quantities 9(0) and (0).sin © are shown in Fig. 46. Note that ()
covers four orders of magnitude when the bombarding energy (54.3 MeV, c.m.)
i well below the barrier for the spherical case ("60 MaV). llsing this

wrescoription For calculatin .. and setting o o= - = 0, - for the
It sorip ¢ cutating fus ne mng 1 o K Y

other isotopes of Sm can be determined by fitting the exci*ation functions

for fusion. Again, quite good fits can be obtained this way (<uv . as
shown by the lines to guide the eve in Fig. 42). The resultine values
of o are given by curve a in Fig. 170 As shown here, the deduced values

of L are much smaller than those values obtined by other methods.  lest
18,

tnis tatlure rest on the assumption that i Smi = 0, the whole process

»

o odeterminanyg o spherical potential was reneated, this time fittin~ the

N
sncdata under the gssumption that . S0 T and then apaan wirh o0 0!

The results are shown in Vre. 47 and indicate thar this simple. 0t
porovimet ton Cwhich might e calted the Yequivalent spheres ™ apvronamat pons
far twcduding the effects of static deformation is not sufricrent v relioshle
to be ased s tool for nuclear structure moasurement s It does show |
however, that the effects of Jdeformation are sienificant, and account for
the trends of the orperimental Jdata shown in Fig. 42,

It is of interest to ask how large is the discrepancy berween the pre-

dicted and experimental fusion cross sections when the known vulues of
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B, are used. This is shown in Fig. 48 in which the ratio of the cross

X
. 154
sections for

Sm and 1485m is plotted. The cross section for 154Sm
at the lowest encrgy is predicted to be a factor of three larger than
Jbscerved experimentally.

Many approximations have been made in arriving at the above classical,
static, equivalent-sphere prescription for estimating the effects of
deformation. A more complete discussion of these approximations and
estimates of their consequences is outside the scope of this report
and is presented clscwhere.78 Suffice it to say that the neglect of
dynamic cffects scems a likely suspect for part of the discrepancy with
the cxperimental data. Dynamic effects here refer (in classical terms) to 1)
the induction of an ohlate deformation in the target nucleus by the Coulomb
field of the projett]e,al 2) an induced rotation of the nucleur as the
projectile approaches, and 3) the loss of relative kinetic energy
associated with cach of these. Tn quantum mechanical language, the coupling
of the low-lying vibrational aud rotational levels to the ground statc allows
a dynamjc polarization of the deformed target and the diversion of flux
. . . . 82
into the cxcitation of thesc motions.

Somc initial estimates of these dynamic effects for the casc of 60 Mev
RO ]SdSm have been made. A classical estimate of the rotation hefore
fusion yields ~3.5% and an excitation energy of 128 ke\'.83 The result is
a1 reduction in the ]54Sm cross section by about a factor of 1.5. (Recall

rhat a reduction factor of 3 is needed for agreement.) A quantum

mechanical, coupled channels calculation including the 2* and 47 rotational
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levels yields better agrrement, the predicted reduction factor for dynamic
R . - 16 R ar
cffects heing 2. Dynamic cffects on the fusion of 0 with ! Sm, however,

have not yet been included.
Lo 16 . .
Summarizing the 0 + Sm fusion results, static cffects appear to

. . : . 148 154
dominate the changes seen in the fusion cross scction for Sm and Sm

hut the inclusion of dynamic effrcts may be regquired to produce agrecment
hetwecen predicted and measured cross sections.
. i . \ ; 40

An inspection of Fig. 44 shows that the cross sections for Ar + Sk
at low bombarding energics also depend scensitively on the isotopic number
and, hence, nuclear structare of the targer. Even though the simple
static approximation is rot adequate for a precisc analysis of the data,
it may serve as a useful basis for comparing fusion crouss sections induced
by different projectiles. Such a comparison is of interest because dynamic
effects of the type discussed above should become more important and
R . 84 . .
hecause other degrees of frecaom associated with the masse asymmetry of
target and projceetile wight be relevant.

. . . la 40 )

The compurison of the 0- and Ar-induced cross sections was done
vsitg o di Tferent procedure than described above. Instead of integrating
the Schrodinger cquation for a complex potential, the WKB approximation
{Eg. 3) was usced. When, for a given partial wave, the c.m. energy wus at
or above the harrier height, the Hill-Wheeler expression for the barr cr
penetrability was used  The real nuclear potential was taken to have an

. . . 6 .
exponential shape as given by a proximity-type model. Figure 49a shows
la

e 148 . . 2
the results of fitting 0 + sm with essentially all paramet~rs frec.

The result, curve 3, yields £ = 0,18, which is larger than the cxperimental
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valuc. (Therz is, of course, an interplay between the parameters describing
the spherical potential and the deformation parameter.) Curves 1 and 2
correspond to values of # = 0 and B8 = 0.14., The latter is the experimental

R 16 154
value. In Fig. 49b, the results for 0+ Sm are shown for values of
g =0.0, 0.18, 0.27, and 0.33, curves 1-4, respectively. The difference

between curve 2 and 3 represents the effect of the different nuclear

structures of 1485m and 154Sm. Note that, here again, the differcnce in

the deduced values of  for 154Sm and 148

Sm, 0.27 - 0.18 = 0,09, is smaller
than the known difference of 0.14 to 0.17.
With the spherical potential thus fixed, and with the change in tlic poten-
. 40 . . 16 AN P
tial when Ar is used instcad uf 0 specified by the proximity formulation,
: . 40 . R
the fusion cross sections for  Ar + Sm may he predicted. This is shown
in Fig. 50a by curve 1. While the overall agreement appears rather good,
the discrepancy at the lowest hombarding is significant; it occurs in the
predictions for the other isotopes as well. Tt appears that the actual
. .30 R . .
barricr for Ar + Sm is effectively lowered, or easier to penetrate, than
. . - . . 1¢
would he expected on the basis of an extrupelation of cross sections with ’0
projectiles.  This may reflect the additional degree of freedom mentione
. 84 . - . ey .
carlicr. In any casc it was felt useful to introduce an additional, albeit
ad hoc. parameter into the WKB penetrahiiity in order to continue with the
. . 16 40 R .
comparison of the 0 and Ar data, and to quantitatively compare the fusion
40 . . . ) .
of Ar with the othor izotopes of Sm. The WKB penetrability was thus

written

r:cxp -
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—
_.,k:
—
T
=
o
3
[
=
S



-101-

' T T T T T L.. T
By 4+ Bgm l"/ re
ot o
]
g o' ] L4 B
& 2] ® 1 oz7
¥ @ 16 oe27
x° /
¥
/ (a)
o' I ! 11 ! ] L

[} ’(/

24 o024
00
O]

B I S W S B

Oye (mb)

ol
T
gl
2
]
£
. ® a1 o
s @ 24 ou4
® 21 o024
@ 2¢ 033
te:
1 hl | 1
] 120 130 140 0
EC.M.M.V
5
Fig. 50. FExpcrimental values of og . for aoAr o 4Sm

a} Curve 1 is calculated using ?ﬁe ordinary WKB penctrability and
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has the parameter p = 1.6 (sec text) and all other values the same.
hl Curve 2 is the hest fit when hoth p and R are adjusted.

¢} Shows the sensitivity of the predicted <ross section to changes
in #; when p is fixed.
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where for p > 1 the penetrability is increased over the usual WKB value
(Note that taking p > 1 is equilivant to using a smaller reduced mass, u.)
Curve 2 in Fig. 50a shows an excitation function for £ = 0.27 and p = 1.6.
Allowing both B and p to be free parameters yields curve 2 in Fig. 50b;
the best fit value of B is now 0.24. The sensitivity of the predicted
excitation function to the value of B when p is held fixed is illustrated
in Fig. a.c.
. 143, 144 s . R

The fits to the data for Sm and Sm arc shown in Figs. 51 and 52,

respectively. With the value of p fixed at 2.1, best-fit values of R are
144 148 R
0 and 0.4 for Sm and Sm, respectively. A new fcature emerges with
these results, however. This feature many be noted already 'n the data
shown in Tig. 44 - the fusion cross sections for 148Sm no longer approach
: 154 . ; .
(as rapidly) those of Sm as the bombarding energy is raised above the
barrier. See Fig., 42 for comparison. Such an effect is not contained in
any static model for the fusion cross section and this is rcflected in the
poor agrecment at high energies shown in Figs. 51 and 52. An explanation
for this currently is not available. However, it seems reasonable to
. . . . . 144,148
suspect that this difference is connected with the fact that Sm are
. 54 . . - .
vibrational whereas ! Sm is rotational. That this effect first appears
with a heavy projectile suggests that it is dynamic in nature because of the
. . . 40 16
much stronger excitation of collective levels by ~~Ar than by 0. The
dynamic cffects which were mentioned previously (and shown to decrease
the fusion cross section at low energies) are not in evidence in this
40

. 1
comparison of 0 anda “ar. Whereas they should have caused a decrease

in the experimental cross section relative to the pred ction shown in
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T fus (mb)

3
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~ 0 +'485m 7]
102 = =
10" = / =
— ]
100 P B -
= D210 =
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— @ 2.1 o014 .
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- | | -

102 | I l L i l
110 120 130 140 15
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Tig. 51. Experimantal values of of,g for 40Ar + 1485m.

Both curves have the penetrability Factor p = 2.1;
curve 1 has 6, = 0, curve 2 has Fa = 0,14,
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Fig., 52. Experimerntal values of © for 40Ar + 1445m. Curve 1
P fus

has the penctrability factor p = 1.0, while it is 2.1 for curves

2 und 3.
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Fig. 50a by curve 1, the opposite was found to occur. These particular
dynamic effects appear to be overshadowed by the possible effect uf the
additional degree of freedom apparently associated with the size of the

projectile.

E. Section Summary

The availability of precise cross sectinns for subbarrier fusion of
16O and 40Ar with the isotopes of Sm makes possible 11 detailed examination
of the current methods of calculating the effect of nuclear deformation on
heavy-ion fusion. The apprnach is to adjust the undetermined parameters
of the model (i.e., the potential) to fit the fusion cross sections for
one isotope and use this information to make predictions for the other
isotopes. Thus, it is mainly the differences in the observed cross scctions
which are of significance. The equivalent-spheres approximation, which
considers the cffect of static deformations, accounts for the trends in
the data hut overestimates the observed differences in the fusion cross
sections for the different isotopes when known deformations are used.
Equivalently, the deformtions deduced from fitting the fusion data do not
vary as widely with isotope number as those derived from B(f2) volues.
Possible arcas for further investigation of these discrepancies include:

(i) *he relaxation of the 'head-on” approximation

{ii) the inclusion of zero-point motivn along with static deformation

{1ii) Ffurther study of dvnamic (i.c., coupled-channels} effects,
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Calculations (both classical and quantum mechanical estimates) suggest

that these effects should not be neglected in comparing the fusion cross
sections for vibrational ana rotational nuclei. While most of the observed
differences can be understood in terms of static deformation, the level

of comparison with the data is now sufficiently precise that the dynamic
effects could account for as much as half of the remaining discrepancy.
Throughout this analysis it has been assumed that the empirical adjustment
of a potential to fit the data for one isotope effectively normalizes out
for the other isotopes any effects which cannot be described hy a onc-
dimensional potential  thus enabling the isolation of a deformation cffect.
While there is no way at the moment to quantitatively check this assumption,
it can only be noted that the assumption should bhe bhetter, the lighter the
projectile.

The nature of fusion process secns affected by the size of the
projectile in ways not consistent with the expected changes in nuclear
potential and reduced mass of the system. These inconsistencies appear
at both low and high cnergies in the 40Ar + Sm data. One way of interpreting
the observations for 40Ar + Sm at low encrgies is in terms of an additional
degree of freedom in the specification of the nuclear potential for 4”\r + Sm
(e.g. an clongation or necking-in coordinnte).84 Recent analyses of other
fusion data with heavier projectiles also indicate that more than one
dimension (the separation of the nuclei) may be requricd to adequatcly

. R . 85,86
describe barrier penctration. >
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This area of study is ripe for theoretical input. There are a number
of ways of treating the dynamics of the problem and of incorporating the
nuclear structure information (static deformation, coupled channels, zero
point motion of the ground stateST.) Equally important, ther~ are reasonably
precise experimental dat: now avaiiable to test these theories. Subbarii~r
measurements of fusion cross sections for other systems e.g. 160 + Sn (Ref. 1%8)
Ni + Ni (Ref. 89) and 32S + Sm (Ref. 0 are in progress, and a serics of
measurcments continues at G.S.I. using a varicty of tcchniquos.gy New

theoretical methods for understanding these phenomena would provide

important motivation and gnidance for future cxperiments

VI. Concluding Remarks

The approach in thesc lectures has been to fxamine experimental dat.
in whicn the mass and charge of the target and/or proiecctile were varicd
by small amounts. Three different types of experiments were Jdiscussed,
cach with their own experimental method, and were compared with predictions
for Tfus which incorporated only the most simple approximation: anid
assumptions for the fusion mechanism. In ecach of these three vases we
saw that the cxperimental data exhibited pheromena well outside the variations
expected onthe basis of the fusion of spherical nuclei having no <tructure
or internal degrecs of freedom

Sub -Coulomb cross sections are extremely sensitive to the iateraction
rotential because the integral over the wave numher is in the araument of
an exponential (Recall Eq. 3). This fact was exploited to study the c¢ffect

. R . 16 1n .
of a static nuclear deformation .n the fusion of 0O and Ar with the
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isotopes of scmarium. The variations in cfus(E] with neutron number of

the target were found to be quite regular and systematic although somewhat

smaller than expected when deformation effects were included in a simple

barrier penetration model. This regularity is in cortrast to what was

observed witii light nuclei fusing with light nuclei. This is perhaps not

surprising since it is reasonable to expect that the effect of a valence

nucleon on the fusion process will be largest when the total number of
.leons in the nucleus is small. About half of the systems studied

agrced with a standard prediction and the remainder showed deviations

(up to a factor of two) in the form of a broad structure, of an MeV or

more in width, in the cnergy - averaged variation of GFUS(E). There is

at present no comprehensive explanation, neither qualitative nor quantitative,
r this behavier. Tt appears likely that the origin of the explanation

must bhe found within the context of a microscopic model which incorporates

the cffect of individual nucleons on the absorptive part of the interaction

potential. Clues to this explanation might be sought in an empirical

correlatjon of the energy dependence of % eus with properties of the collidiny

nuclei such as the spectrum of low-lying excitations, Q-valuec. for Lrarsfer

reactions or for compound nucieus formatien, occupied shell model orbitals,

cetc.

When light nuclei collide at high Lombarding cnergiec, the fusion process
is dominated by a delicate balance hetween attractive nuclear forces, repulsive
centrifugal forces, and the non-conservative forces causing the dissipation
of relative kinetic energy. In a bal.nced situation such as this, it is

plausible that individual nucleons might play an Important role in variations
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of Gfus from one system to snother. When high angular momenta are involved,
the propurties of both the entrance channel and the compound nucleus may

be important in determining the size of the fusion cross section. Experiments
must be chosen in order to determine if possible which of these properties

is the 1imiting factor in a particular energy region. Studies of different
entrance channels which populate the same compound system (i.e. the same

2 and A) are valuable in this respect. Comparisons of IOB + ]60 and 12C + 14N
which populate 26/\1 indicate that the compourd nucleus is the limiting factor
once a maximum angular momentum JC ~ 27 h is reached. Ar this point further
ircreases in bombarding energy cause reductions in nfns ( o 1/F) and

corre_ponding increases in Cdirecr' This limit, 27h, is consistent with
the predictions of the ro*ating liquid d:»p model. At lower bombarding

energies the entrance channtl seems to be the limiting factor in so far as difter-
ent critical angular momenta a:e reached at the same excitation cuergy in the com-

pound nucleus. (This is especially apparent in the existing data for

10 14 24 12 12 24
C >

B+ " N->""Mg .nd C+ Mg). Nevertheless, the trends of

qfus
From one system to the next correlate well with the Q-value tfor compound
nucleus formation and this ha- led to the concept of a statistical or
cffeciive Yrast line as a mechanism for Timiting T eus The delineation
of enc-ance -n.anel and compound nuclear effects is just beginning and we
may oxpe~t to sec more »rogr-ss in the future as new experimental data
become available.

1 would like to conclude by drawing attention first to some
immediate nuaeds for experimental work. The experimental situation for
16 16

0+ 0 is in great need of clarification. Because of its closcd-shell

nature, this system will ualways be of spe<ial importance for thcoreti-al
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work, and the current spread in experimental balues (Vable 1)

mokes a definitive comparison with theory all but impossible.

There are systematic errors, apparently peculiar to this

system, which may only be fornd by the differcnt eincrimental groups
performing the others' measurements. Orn the theoretical side, systematic
analyses of the experimental data in terms of deformation rlzc and 20Ne
have large deformations) analogous to those donc fov the heavier systems
mi ~ht prove intcresting.

Subbarricr fusion measurements of spherical nuclei with spherical
nuclei {e.g. 160 + Ca, Sn, or Pb) would be most useful. (In some .espects
these measurements should be understood before attempting to study more
complex phenomena such as the effect of deformation). The cffect of
vibrational motion 1in the ground state and in excited states  is vet to
be studied In any detail Similarily, odd-A nuclei should be included
along with the even-cven isotopes From systemati~ measurements of
subbarrier cross sections over a wide range of projectile and tursct mass
one may hope to yain additioasal cvidence for the phenomenon of neck
formation inthe fusion proces .

Measurements of a at high energies - re still relatively few in

fus
number, The pgencrality of the liquid drop limit for all nuclear systems
is perhaps taken for granted, but this does not remove the nced for
addit.onal experimental verification after the phenomcnon has heen
. .26 s sk

ohserved in one system (viz A1). 1In fact, it is important that the
24 : . . 10 14

Mg system be studied at higher encrgies, and that the B + N and

12C + 12C data he subjected to identical analysis, in order to clirify
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the situation viz a vis the liquid drop limit. Measurements on heavier

92,-95 . : . .
targets ' have demonstrated that substantial residuc-1ike vields

are associated with incomplete momentum and mass transfer. So far, analogous

processes have not been detected in residue-like yiclds from XZC - 14N and

l“R + ]60‘ In these cases {in contrast to heavier targets) the cifects
of incomnlete “usion should he experimentally observable in the energy
spectrum of residues.  Thus the incomplete fusion yield, to rhe extent
that it is , esent, apparcent ly has been inctuded, as it shoula he, with the

divect or peripheral reactions.  Further stuady of this question using

both singies and coincidence measurements is needed.
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