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HEAVY ION FUSION AT SUB-BARRIER ENERGIES:
PROGRESS AND QUESTIONS

R. R. Betts
PhysicsDivision,ArgonneNationalLaboratory

Argonne,IL 60439 USA

ABSTRACT

Thecurrentstatusoftheexperimentalstudyofheavy-ionfusionat
sub-barrierenergiesisreviewed.Emphasisisplacedonareasof
disagreementbetweenexperimentaldataandtheoreticalpredictions.
Suggestionsforfutureexperimentsarediscussed.

1. Introduction

Tunneling,the penetrationof the wavefunctionof a particleintoclassically
forbiddenregions,is a fundamentalaspect of quantumphysics. The passage
throughpotentialbarriersat energiesbelowthe barrier height,whichresultsfrom
thispenetration,is a widespreadand importantprocessin ali aspectsof
microscopicphysics,givingriseto phenomenaas diverseas alpha-decay,fission,

• the behaviorof solid-statejunctionsandeffects in molecularphysics, lt iswell
- knownthatthe presence of couplingof the motionof the particlethroughthe barrier

to other degreesof freedomduringthe tunnelingprocesscan haveprofoundeffects
on the probabilityof the barrierpenetration. In general, the penetrationis enhanced

;'" at energies belowthe classicalbarrier andsuppressedabove the barrier.
e

lt has been recognizedfor someyears that the processof heavy-ionfusion
- ". at energies inthe vicinityof the barriercan be quitesensitiveto the effectsof

- couplingto otherdegrees of freedom. This resultsinthe well-knownenhancement
of fusioncross-sectionsat sub-barrierenergiesover the expectationsof penetration
throughsimple,one-dimensionalpotentialbarriers. The degreesof freedom which
are responsiblefor thisenhancementare varied;staticdeformationof targetor
projectile,dynamicallyinduceddeformations,the transferof particlesetc. etc.
Thus, the nuclearcase, withthe largevarietyof propertiesof nucleargroundstates,
affords a unique opportunity to study this fundamental problem through
measurement of the systematic behavior of sub-barrier fusion as a function of the
variation of properties of the nuclei involved. Conversely, it might be hoped that our
understanding of the phenomenon would shed light on new and interesting features
of nuclear structure and dynamics which occur in heavy ion collisions.

From the theoretical standpoint, the "Standard Model" of heavy-ion fusion is
Coupled-Channels. This approach considers the relative motion and internal
excitations of the colliding nuclei and their coupling through a series of scattering
and coupling potentials. Channels not explicitly included in the coupling scheme
are described by imaginary components in the scattering potentials. Fusion is



deemed to have occurred by the non-appearance of flux in the channels included in
the coupling scheme. This approach has been quite successful in many cases.
There are, however, some general questions which might be raised. First, the only
degrees of freedom included in this approach, as formulated at present, are those
of the separated nuclei and thus any degrees of freedom unique to the di-nuclear or
compositesystem are naturally excluded. For example, couplingto deep-inelastic
degrees of freedom• Second, as mentionedthe non-includeddegreesof freedom
are containedin the imaginarypart of the scatteringpotentialsand thereforeany
important non-fusionchannelwhich is not includedinthe couplingscheme, would
be countedas "fusion". Thus, identificationof these otherdegrees of freedom and
their inclusionin the theory is an importantquestionfor the future.

2. Cross-Sections

2.1 Fusion

_he classicexampleof sub-barrierfusionenhancementis that of 160 +
ASml ,_ As is well-known,the magnitudeof the sub-barrierfusionvaries
dramaticallywith the deformationof the Sm target nucleus. The cross-sectionfor
sphericallZl4Sm is alm_._ttwo ordersof magnitudesmallerthan that for the well-
deformed (P2 = 0.27) l=>_Smin the sub-barrier region. These cross,sectiondata
have been well accounted for by a simple deformed potential modelL_and by more
detailed coupled channels calculations'_.

.J

" Another important example of the phenomenon isANl + Al_i5 shown in Fig.
1 in comparison with the results of coupled-channels calculationsO,_. The
enhancement observed for the symmetric systems 58Ni + 58Ni and 64Ni + 64Ni is

_.- reasonably well accounted for by the model calculations which include couplings to
• one- and two-phonon quadrupole and octupole vibrations in target and projectile

although there is still some underpredictio..n.,of th9 .data immediately below the
. . classical barrier. For the non-symmetric ::)UNi+ O4Nisystem, however, despite the

". inclusion of a number of transfer channels, the model calculation still fails to
correctly predict the observed sub-barrier enhancement.

Similar failures of the coupled-channels approach have been noted
elsewhere. In a sysLematicstudy of symmetric and near symmetric systems near
Zr + Zr, Keller et al.,_ observed strong variations of the sub-barrier enhancement
with a change of only a few nucleons to the target or projectile. These variations
cannot be accounted for by currently available calculations and most probably
reflect not only the neglect of deep-inelastic degrees of freedom in the current
theoretical treatments, but also a surprisingly strong variation of the importance of
these processes with the nuclear structure of target and projectile.

An.othersy,_t_mwhich highlights the differences between experiment and
theory is O4Ni+ lUUMo_, shown in Fig. 2. In this case, agreement between the
experimen,,talcross-sectionsand the predictionsof a simplifiedcoupled-channels
programiu, couldonlybe obtainedby artificiallyincreasingthe strengthsof th6
couplingto inelasticchannels. As willbe seen, however,thiscalculationstillfails to
reproduceother aspectsof the data.
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Fig. 2. Fusioncross-sectionsfor 64Ni + 100Mo in comparisonwiththe resultsof various
calculations.



There are many other examples of both agreement and disagreement
between experimental and theoretical sub-barrier fusion cross-sections. To date,
no simple phenomenology has emerged which would allow us to know what to
expect in a given case. lt is clear that the transition between agreement and
disagreement occurs quite rapidly, in some cases, with only a small change in the
mass of target and projectile. The systematic behavior of this transition and its
correlation with properties of the target, projectile and composite system remain to
be demonstrated.

2.2 Non.Fusion

As discussed in Sec. 1, the coupled channels formalism, in principle,
provides a complete description of ali reaction channels and as such should not
only describe the behavior of fusion in the sub-barrier region but also elastic and
quasi-elastic reaction channels to the extent that these are included in the coupling
scheme. Of particular interest in this regard are particle-tj:a,,nsferreactionsin that
they are expected to play a cruciai role in cases such as mff_li+ _'_Niwhich, as
discussed in Sec. 2.1, represents an outstanding discrepancy between theory and
experiment. The effects on fusion of the inclusion of transfer to the coupled-
channels scheme were sbgwn in Fig. 1. From the same calculation, Fig. 3 shows
the comparison with data11 for one-neutron transfer. This comparison
demonstrat_.sthe importance of the two-neutron transfer channel on the one-
neutron transfer cross-section, a process which also provides a significant

, additional enhancement in the sub-barrier fusion for this system. Note, however,
. that these transfer data are measured at energies above even the one-dimensional

fusion barrier. Data in the region of energies where the measured fusion cross-
section deviates most from theory (90<Ecm<95 MeV) would be of great interest.

• .-

In general, measur,:_mentby conventional means of quasi-elastic processes
' at sub-barrier energies is difficult due to problems detecting the low-energy reaction

products scattered to large angles. Using a recoil mass separator to detect the
"_ target-like fr,_im_nt, which is produced recoiling to forward angles with relatively

high energy_',_ _, it has been possible to measure one and two particle transfer
ctions far into the sub-barrier region. Cross-sections for one-neutron pickup in
i + P,Sn are shown in Fig. 4 plotted versus center-of-mass bombarding energy,

together with the predictions of a simple semi-classical model of the transfer
process (which is itself a barrier penetration phenomenon). The strong dependence
of the transfer probability as a function of target mass is found to result from the
changing ground.state Q-value for this channel and this is also reflected in the
isotopic dependence of the sub-barrier fusion for these systems.

Although, in the case of 58Ni + Sn, it appears that the one neutron transfer
couples directly to the fusion, it should not be assumed that just because a
particular reaction channel is strong it necessarily has a large effect on fusion.
What could be the case is that the channel in question plays the part of a "doorway"
to more complex channels which in turn couple to fusion. For example, the transfer
of neutrons most likely forms the first step in the transfer of many nucleons and
thus, if this first step is closed due to structural or dynamic reasons, none of the

bsequent transfers can take place. This is of some interest as, in the case of
ONi+ Sn, substantial deep-inelastic transfer cross-sections have been
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observed14,15 at energies close to the barrier, lt will be of interest to see if the
behavior of the few nucleon quasi-elastic cross-sections is reflected in the deep
inelastic cross-sections for these systems.

With this in mind, the new generation of recoil mass separators (Legnaro,
Argonne ...), with their larger dynamic range and acceptance in Nq, can be used to
probe the transitionfrom quasi-elastictodeep.:Lnelasticorocessesand the
subsequentconnectionto fusion. Data16for 58Ni + 154Sm at 260 MeV
bombardingenergy is shownin Fig. 5, demonstratingthe useof time-of-flight
throughthe separatorto resolvedifferentchargestatesof the target-likerecoilsand
revealthe transfer of upto four nucleonsfrom the target to projectile. The time-of-
flightcan also be used to reconstructthe Q-value distributionof these transfers
whichshowa transitionfrom a quasi-elasticlikebehaviorfor the one and two
nucleontransfersto a much morestronglydamped behaviorfor nucleontransfer of
more than two.
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Further experimental studiesof this type will be very important in the overall
picture of sub-barrier fusion and its relation to other reaction channels.



3. Spin Distributions

In additionto the total fusioncross-sectionsthemselves,the partialwave
distributionof the fusioncross-sectionprovidesan addit,i_naland often crucialtest
of theoreticalmodels. For example, it hasbeen shown+t that two differentmodels
whichpredictidenticaltot,:31..f.usioncross-sections- adjustedbarrierandcoupled
channels- forthe 4UAr+ lzzSn systemhave distinctlydifferentpredictedspin
distributionscloseto and belowthe barrier.

Several differenttechniqueshave been used to determinethe compound
nucleusspindistributionfollowingfusion;isomerratios,rotationalband population,
gamma-ray multiplicitiesand fission fragment angular _stributions. These
techniqueshave been summarizedin a recentreviewu_. A typicalbehavior
deducedfromthese._easurements is shownin Fig.6 where the mean angular
momentumderived_Ofrom gar_a-ray,.r_ultiplicitydistributionsis shownplotted
versusbombardingenergyforzeSi + ] °'+Sm and is comparedwiththeoretical
predictions.At energiescloseto and belowthe barrierthe mean angular
momentumshowsa characteristic"bump" whichis correlatedwiththe deviationof
the measuredfusioncross-sectionsfromthe one-dimensionalbarrierpredictions.
Inthiscase, the magnitudeof the "bump" and the returnof the value of the mean

o.
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angular momentum to the uncoupledvalue at low energiesiscorrectlydescribedby
theory. Althoughthere are manyaspectsof relationshipbetween gamma-ray
multiplicitiesand spindistributionswhichmightbe criticized,it is unlikelythat there
are any.Fj.ajor_jr_rs iri.thespindistributionsobtainedinthisway. Indeed, in the
case of _oO+ _o<:Sm] u, the spindistributionderivedfromgamma-ray multiplicities



complete agreement with that predicted by theory. The existence of significant
discrepancies between theory and experiment are therefore to be taken seriously.

For a number of systems, 64Ni + 92,96Zr20,21 and 64Ni + 100Mo9 ' the
features of the experimentally determined spin distributions in the barrier region
,_ho,w major deviations from current theoretical expectations. Data for O4Ni+
]UU Mo is shown in Fig. 7 compared with the results of the same calculations shown
with the cross-section data in Fig. 2. Even the calculation with the inelasti_ coupling
strength scaled by 50% fails to account for the high values of <£> and <_>'>below
the barrier. This failure is most likely related to the importance of deep inelastic
degrees of freedom in these massive, near symmetric systems and their neglect in
the calculations. The understanding of this discrepancy is a major question for the
future.
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Even though it appears that there is no major flaw in the extraction of spins
from gamma-ray multiplicity data, it is important to have confidence in the
technique. Here, the potential availability of radioactive beams gives us a possibility
for a direct test of the precision with which spin distributions can be determined.
With a beam or target with spin, in the absence of significant spin-orbit coupling,
higher spin states are populated in the compound nucleus than would be the case
for spinless target and projectile. The probability of barrier penetration is, however,
the same as it would be in the spinless case and thus a high-spin beam or target
provides a way of introducing an additional, model-independent contribution to the
spin distribution. The ability of measurement to detect this increase is an important



test of the sensitivity and precision of the technique used. For a beam of spin j
incident on a spinless target, the compound nucleus cross-section for spin J is
given by:

J.J (2J + 1)
o'(J)= _'_ T T(_)

,-_-Jl(2j + 1)

where T(e) is the barrier transmission coefficient for orbital angular momentum _.
The effect of this coupling is shown in Fig. 8 where a sharp cutoff spin distribution
with _max=10 is compared with the spin distribution expected for a j=5 projectile

and the same transmission coefficients. The mean spin.,_creases from 6..,8to 8.4h. Beams which might be used in this way are many. z AI (j=5, "r-7xl0 o y) is a
conveniently long lived case although other high-spin ground-state and metastable
state beams with half lives in the range seconds to minutes are common.
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Another technique which has been used to obtain information on spin
distributions is the measurement of fission-fragment angular distributions. The
standard theory of fission fragment distributions assumes that an equilibrium of
orientations of the fissioning system relative to the angular momentum is
established at the saddle point. Studies22,23 of 12C and 160 induced fission
analyzed in the standard framework have led to apomalously large values of the
mean angular momentum in the barrier region. This is a perplexing resuit as, for
such light projectiles, the standard theories are usually well able to account for the
spin distributions, at least for lighter targets, lt is therefore important to know



whether or not these results constitute a failure of sub-barrier fusion theory or rather
reflect some deficiency in our understanding of the fission process. A possible test
of these data arises again from the adding of angular momentum to the system
through the use of target and projectiles with spin and seeing if this is correctly
reflected in the measured mean spins of the compound nucleus. For the case of
160 + 208Pb fission, studied in Ref. 23, it is possible to make the same fissioning
system via the 15N(j=3/2)+209Bi(j=9/2) and the 14N(j=1)+210Bim(j=9) entrance
channels. The effects of these entrance channels on a spin zero sharp cutoff
distribution (_crit=10) are shown in Fig. 9. In this case the compound nucleus
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cross-section for spin J is given by:

J+(Jl +J2) (2J 1)+

o'(J)= _'_ _ T(_)
,--IJ-(J,*J=)l(2Jl +1)(2i2+ 1)

where Jl and J2refer to the projectile an_l...targe.t..s.12in.In the three cases, the mean
compo ,nj nucleus increases from 6 8 .(_1zeroO + u_Pb_

+u'[jCJ'Bim).=:]u . to 8.3 (15N +209Bi ) to 11.2(|,-I.N

The effect on the fission fragment angular distribution not only depends on
the increased angular momentum but also on the distribution of the projection of J
on the beam axis which makes the predicted fission angular distributions a more



complex function of J than is the case for spinless target and projectile.
Nevertheless, there should be observable differences between the three cases
which provide a model independent test of the angular distribution theory and
therefore determine whether the reported large values of the average angular
momentum are in fact correct. If the previously reported large values of the mean
angular momentum hold up, these cases constitute a major discrepancy with
theory.

4. Summary

Althoughthe general aspectsof the physicsunderlyingheavy-ionfusionin
the sub-barrierregionare not inquestion,there existoutstandingdiscrepanciesin
the comparison between experiment and theory. The resolution of these
differences requires much work, both experimental and theoretical. Important
issues are:

• More detailed data on fusion cross-sections, particularly for heavier projectiles,
defining the boundaries of agreement and disagreement with theory.

• Data on quasi-elastic and deep-inelastic process in the barrier region and their
correlation with fusion.

• • Inclusion of more complex degrees of freedom (necking, deep-inelastic ..) in
. the theory of sub-barrier fusion.

• Testing of the validity of simplified calculations which have been used to mimic
-"- full coupled-channels treatments.

i

• Experimental tests of the methods of determining spin distributions from
- gamma-ray multiplicities and fission angular distribution.

• More data on spin distributions in the barrier region and the correlation of the
anomalous results with cross-sections in the fusion and non-fusion channels.

This is an ambitious program. The problem is, however, an important one with
implications for a wide range of physics questions.
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