Brazilian Journal of Physics, vol. 33, no. 2, June, 2003 169

Probing Fusion Dynamics with Scattering Experiments
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The fusion of heavy nuclei at energies spanning the Coulomb barrier involves the coupling of their relative
motion to the internal degrees of freedom of the binary system formed by them. The fusion process is thus
a realisation of the fundamental problem of surmounting a potential barrier in an environment of many other
degrees of freedom. In the nuclear binary system the number, strength, and nature of the coupling interactions
can be widely varied by selecting specific projectile-target combinations. Strong coupling interactions result in
a distribution of fusion barriers. These strong couplings can often be clearly identified by extracting represen-
tations of this fusion barrier distribution from precision measurements of the excitation function. Alternative
representations of the fusion barrier distribution can be obtained from scattering experiments, which generally
involve less experimental effort. Since they are not sensitive to the fusion barrier distribution at energies above
the average fusion barrier, these alternative representations can only reveal coupling interactions with signatures
in the low energy part of the distribution, such as coupling to positive Q-value neutron transfer channels.

| Fusion and environmental coupling  projectile-target combinations [1].
The diversity of the nuclear binary system may be illus-

Potential barriers are ubiquitous in physics. Surmounting trated with the two isotope$Ca and®®Zr. The fusion of the
and tunneling such barriers constitutes a problem of gen-double-magic nucleu¥ Ca with itself can be well described
eral and fundamental importance. In a few cases, such asvith a one-dimensional calculation, since in this case envi-
alpha decay, this problem can be treated with success oneronmental degrees of freedom are of no significance (i). In
dimensionally by considering only the principal motion of contrast, the fusion o°Zr with itself is an excellent exam-
the system over or through the potential barrier. In general,ple of a system where the relative motion of the two nuclei
however, many more degrees of freedom are present. Theseouples to many weak channels (i), resulting in a consid-
may be taken into account as an environment, which coupleserable shift of the fusion barrier to higher energies. Models
to the principal motion [1]. based on transport theory, which assume that transfer pro-

Apart from alpha decay, the tunneling of the nitrogen cesses initiate fusion, can explain this shift. Most of the
atom of ammonia through the plane defined by the three hy-transfer channels have negative Q-values, so that kinetic en-
drogen atoms is a classic example of a one-dimensional tun-ergy associated with the relative motion of the nuclei is dis-
neling phenomenum. In contrast, chemical reactions, wheresipated to open these channels. Additional kinetic energy is
an activation barrier has to be surmounted, or impurity tun- thus required to surmount the fusion barrier, which produces
neling in crystals, which couples to lattice vibrations, are the apparent shift of the fusion barrier.
considerably affected by environmental degrees of freedom.  The third extreme (iii), where a few couplings are domi-

Environmental coupling may be categorized into three nant, is well represented by the fusion reactit@a +°°Zr.
extreme cases, which are (i) the trivial case of no coupling, In order to describe this system the Hamiltonian for the rel-
(ii) weak coupling to a large number of additional degrees of ative motion may be augmented with Hamiltonians for the
freedom, and (iii) the dominance of a few important degrees various coupling interactions. By limiting the number of
of freedom which couple strongly. Systems in category (ii) coupling interactions to the few dominant degrees of free-
may be described using semi-classical, macroscopic theodom, the wavefunction of the system can be developed in a
ries based on transport equations, whereas those in catesmall number of of states. This leads to a system of coupled
gory (iii) can be successfully treated by truncating the full equations, which can be solved numerically.
many-particle Hamiltonian and including only the strongest It is instructive, however, to analytically decouple the
couplings in the description. The fusion of the nuclear bi- system of coupled equations by making simplifying assump-
nary system is unique in nature, since the three extremes andgions about the coupling interactions. Within the limits of
also transitional cases can be studied within the same physthis simplified coupled channels model it is found that the
ical system. This can be achieved by choosing appropriatesingle fusion barrier of the one-dimensional model is re-



170 Heiko Timmers

placed by a normalized distribution of fusion barriers [2]. total fusion cross-sections’**(E) could be derived from
The weight of each barrier in this distribution indicates the the data as a function of centre-of-mass endrfgyn a simi-
probability that this particular fusion barrier is encountered lar fashion the fusion excitation function for the heavier sys-
by the binary system. It can be shown that the barrier heightstem4°Ca +%6Zr was also measured in these experiments.
in this distribution span the one-dimensional fusion barrier, At low energies the measured fusion excitation function
with at least one of the barriers being lower in energy than for °Ca +°°Zr is enhanced with regard to one-dimensional
the one-dimensional barrier. This has the consequence that;alculations [5, 6]. While this is a manifestation of environ-
relative to the one-dimensional model, the low energy fusion mental coupling in this system, it is not straight-forward to
yield is enhanced. Indeed, as for many other systems [3, 4],identify the important degrees of freedom which contribute.
for the reactiort®Ca +°Zr a considerable fusion enhance- However, based on the simplified coupled channels model a
ment is observed at energies well below the one-dimensionalmethod has been suggested [7], which can aid in the identifi-
fusion barrier [5]. cation of the strong couplings. With this method a represen-
tation D/**(E) of the fusion barrier distribution is extracted

. . . from the fusion excitation function by double-differentation
[l Identification of strong couplings  of the functionEo/“* according to

in near-barrier fusion 2(Eo )

DIE) ==

In order to study environmental couplings in fusion, preci-
sion measurements of the total fusion yield as a function With experimental data this differentation is typically car-
of centre-of-mass energy have to be performed. From suchried out using a point-difference formula [8]. It is clear
data fusion excitation functions can then be obtained. Inthat this approach relies on detailed measurements of the
general, this involves measuring both decay channels of thefusion excitation function to high precision. While fusion
compound nucleus, i.e. particle evaporation and fission. Inexcitation functions tend to be smooth, the representations
the case ofCa +°°Zr, which may be presented here as an D/“s(E) often display pronounced structure which may be
example, particle evaporation is dominant and fission can becorrelated to specific environmental couplings. By compar-
neglected without affecting the result. ing D7s(E) as obtained from experiment and theory, re-

Measurements of the evaporation residue yield follow- spectively, the success or failure of specific coupling inter-
ing the fusion of this system were carried out at the XTU actions in explaining the fusion dynamics can often be un-
Tandem accelerator facility of the Laboratori Nazionali di ambigiously demonstrated.
Legnaro, ltaly [5, 6]. The targets were 2@/cn? of iso- Without environmental coupling the representation
topically enriched zirconium evaporated onto A§/cr? D/us(E) is a narrow, symmetric peak. For the systéi@a
carbon foils. In order to measure the fusion cross-sections+ ?°Zr it has been found [5, 6], however, that/“s(E)
above and well below the Coulomb barrier, which is about displays two, possibly three, distinct peaks. By includ-
140 MeV for both systems, the beam energy was varied be-ing multi-phonon excitations of projectile and target in the
tween125 and160 MeV. Hamiltonian, the full, numerical solution of the coupled

The beam intensity was monitored continuously by four channels equations gives a fusion excitation function, which
silicon surface barrier detectors which detected Rutherfordagrees with the experimental excitation function. This cal-
scattering from the target. The monitor detectors were lo- culation also reproduces the structure of the barrier distribu-
cated at the scattering anglg;, = 22°, above, below, to the  tion representatio®’/"*(E).

@)

left, and to the right of the beam. Recoiling zirconium nu- Interestingly, the equivalent calculation for the heavier
clei could also be clearly identified in the energy spectra of system?°Ca + ?6Zr fails completely in this regard [5, 6].
these detectors. This implies that in this system additional degrees of free-

The evaporation residues &t,, = 0° were separated dom couple to the relative motion of projectile and target
from most of the intense flux of beam-like particles using an nucleus. Since the low-lying collective states in the two zir-
electrostatic deflector. Following the deflector the evapora- conium isotopes have very similar excitation energies and
tion residues and the remaining beam-like particles passedieformation parameters, the main differences between thes
through a channel-plate detector before their energy wastwo systems are in their Q-values for neutron transfer. In the
measured with a silicon surface-barrier detector. Over theheavier system the calcium nucleus can pick-up as many as
distance of 40 cm between these two detectors the time-eight neutrons in transfer reactions with positive Q-value,
of-flight of the evaporation residues was measured. Thewhereas the equivalent channels in the lighter system all
combined time-of-flight and energy information enabled a have negative Q-values. The difference in the fusion dynam-
clean separation of the evaporation residues from other parics of these systems may thus be attributed to strong cou-
ticles. For each centre-of-mass energy the number of evapogpling to multi-neutron transfer in the case’8Ca +°°Zr. In-
ration residue events was divided by the Rutherford scatter-deed, simplified coupled channels calculations suggest that
ing yield detected by the monitor detectors. The detection this multi-neutron transfer may be expected to proceed se-
solid angle, the transmission of the electrostatic deflector,quentially [6]. A conclusive theoretical description of the
and fusion angular distributions were also measured, so thaheavier system is still lacking, since it is not clear how to
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correctly include the various neutron pick-up channels in a D/“*(E). This has demonstrated that the functioff' (E),
full coupled channels calculation. while not identical taD/**(E), is an alternative representa-
tion of the fusion barrier distribution.
. . The sensitivity of the representatidi¢® (E) to the fu-
Il Alternative representatlons of the sion barrier distr?/bution at IZ\nergies be|0V\(/ tr)1e average fu-
fusion barrier distribution sion barrier has been confirmed by experiments for a variety
of systems with widely different fusion dynamics and cou-
From the previous section it is apparent that the experimen-pling interactions [9, 10, 11, 12, 13, 14, 15]. It has, however,
tal identification of strong environmental couplings in fusion also become clear that at energies above the average fusion
from direct measurements of fusion excitation functions is barrier the representatidn?*’ (E) rapidly looses this sensi-
complex. Alternative techniques requiring less experimen- tivity with increasing energy. This can be attributed to the
tal effort would therefore be advantageous. fact that at these higher energies the quasi-elastic scattering
In a coarse, classical description of fusion, which ne- cross section is dominated by inelastic and transfer channels
glects the effects of internal excitations, transfer, tunneling, for which the assumption of classical Rutherford trajectories
and quantum-mechanical interference, barrier transmissions poor [9].
may be associated with fusion, and reflection at the barrier ~ The successful identification of signatures of environ-
may be associated with scattering. In this model the nor- mental coupling in quasi-elastic scattering excitation func-

malised differential scattering cross sectida*¢/do?)(E) tions has motivated the search for these signatures in spe-
for head-on collisions/(= 0) is identical to the reflection cific channels of the reflected flux. It has been shown [16]
coefficient [1]: that within the simplified coupled channels model the total
w elastic scattering amplitude can be expressed as a weighted
R(E) = dL(E’g =0) 2) sum of the partial elastic scattering amplitudes, which are
do®t associated with each barrier of the fusion barrier distribu-

HereE is the centre-of-mass energy ada” is the Ruther- tion. It then follows that the function

ford cross section. Since flux conservation requires that the ! 1/2

. . . el d |do®
sum of transmitted and reflected flux is constant, features in DYE) = —— |:R(E)] 4)
the transmission functiof ( £) resulting from a distribution dE | do

of fusion barriers are therefore also present in the energy.

dependence of the reflection coefficiRtE), and conse- is a third representation of the fusion barrier distribution, if
quently also appear in the scattering excitaiion functions. If phase difference between the partial elastic scattering ampli-

this correlation between scattering excitation function and tudes can be neglected. While this latter assumption is not

transmission function is retained in actual, measured Scat_necessarlly valid, it has been demonstrated [16] that non-

tering excitation functions, differentiation according to Zero ph‘f"se ldlfferences In fact may enhance any structure
present inD® (E).

u d Tdoael Experiments [16] using®O beams in combination with
DI(E) =~ % [do—R( )} () several target nuclei have shown tii2t ( E) reflects the fu-
sion barrier distribution at energies below the average fusion
would yield an alternative representatibie! (E) of the fu- ~ barrier similar taD?( E), although features i/ (E) tend

sion barrier distribution [9]. In this equatialw?©! (E) refers  to be broader than i/ (E). This additional broadening is

to all reflected flux, i.e. the differential quasi-elastic scatter- due to the many inelastic and transfer channels which only
ing cross section, which includes elastic scattering, inelasticcouple weakly to the relative motion, however, absorb in-
scattering and transfer reactions. Itis clear that this approacteident flux thus lost from the elastic channel [16]. It may
assumes that energy and angular momentum changes due tferefore be presumed that at energies above the average
inelastic excitations and transfer reactions are small, and thafusion barrier, similar to quasi-elastic scattering, the dom-
quantum-mechanical effects are negligible, so that the scatinance of inelastic and transfer channels in the reflected flux
tered nuclei essentially follow Rutherford trajectories. Bar- is responsible for the loss of sensitivity to the fusion barrier
rier distribution representatior3?¢! (E) measured at differ- ~ distribution inD/(E).

ent scattering angles may thus be compared by subtracting It is interesting to observe that for the heaviest system
the appropriate centrifugal energy from the centre-of-massstudied thus far}2S +208Pb, the representatioR®! (E) is

energy [1]. shifted downwards in energy by about 4 MeV relative to
The technique has been tested [6] by extracting the D/"*(E), whereas such a shift is not observed for any of the
quasi-elastic excitation functions ét,, = 136° for the lighter systems for whictD®!(E) has been measured [10].

two systemg?Ca +79:96Zr from the monitor detector spec- It is not clear, if this effect, which in contrast is not evident
tra measured as part of the experiments detailed in the prefor D9/(E), may reveal aspects of the fusion dynamics of
vious section. Indeed, the barrier distribution representa-heavier systems, and further studies would be useful.
tions D¢ ( E) obtained from these data using a point differ- A fourth representatio®?"*"* (E) of the fusion barrier
ence formula are remarkably similar to the representationsdistribution may be introduced on the basis of qualitative ar-
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guments as

do.trans

Dtrans (E) dJR

1
-5 | % ®) ©
wheredo?""¢ is the differential cross section for a particu-
lar transfer channel anfl, a normalization energy, chosen,
so that the integral ab'"*"¢( E) equals 1 MeV!. This ap-
proach relies on the argument ti{dt'"2"* /do®)(E) gen-
erally peaks in the vicinity of the barrier energy. If there
exists a distribution of such barriers, this distribution should
be reflected inD" 25 (E).

By measuring the excitation functions for neutron trans-
fer reactions, for reaction channels involving proton strip-
ping, and for those involving alpha stripping, it has been
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in 32S and3*S are identical, or at least can be assumed to
be very similar. Recent results for the fusion of the two sul-
phur nuclei?34S with 3°Y [17] show that in that case the
different collectivity of their quadrupole excitations results
in a broader fusion barrier distribution f&tS than for34S,

not unlike what is observed fo34S + 20%Pph. Thus the
observed differences may not be solely due to coupling to
the positive Q-value neutron transfer channels. This could
also be the case fdf-180 + *8Ni where the nuclear struc-
tures of the projectiles are considerably different. It is re-
markable though that the new quasi-elastic scattering data
clearly reveal the important differences between the fusion
barrier distributions of these systems. A conclusive picture
of the fusion dynamics in these systems may emerge from
full coupled channels calculations for quasi-elastic scatter-

demonstrated [10] for a series of systems that the shape ofng and detailed fusion measurements.

Dtrans(E) is correlated to that of the other three represen-
tations D/“#(E), D! (E) and D'(E). The sensitivity of
Dtrans(E) is, however, poor and its use as an analytical tool
is thus limited.

IV Fusion studies with gquasi-elastic
scattering measurements

Among the three alternative representations of the fu-
sion barrier distributiorD?¢!-¢-trans( B the representation

D! ( E) stands out, since the experimental effort required in
its determination is smallest. It is also the most sensitive o

these three representations, albeit limited to energies below

the average fusion barrier. The determinatioDgf! (E) is
therefore useful in the investigation of environmental cou-
pling, which produces signatures in the low energy part of
the barrier distribution. This is the case when the relative
motion of the two nuclei couples to positive Q-value chan-
nels [4]. Apart from the systemt8Ca +°9:96Zr, which have

V Conclusions

The fusion of the nuclear binary system is a unique reali-
sation of the fundamental barrier problem, since the nature
of the coupling between environmental degrees of freedom
and the principal motion over the barrier can be changed
dramatically by selecting different projectile-target combi-
nations. By extracting a representation of the fusion barrier
distribution from precise fusion excitation functions spe-
cific strong couplings can often be identified. This can

¢ be aided through the determination of alternative represen-

ations based on measurements of quasi-elastic scattering
elastic scattering, or transfer excitation functions. The three
alternative representations have been shown to reflect the fu.
sion barrier distribution at energies below the average fu-
sion barrier with the quasi-elastic representation being the
most sensitive. Since quasi-elastic scattering experiments
are generally not as complex as fusion measurements, the

already been discussed, the fusion reactions of the sulphuf"® well suited to survey a number of reactions to determine

projectiles®?-34:36S with 298 Pb and those of the oxygen pro-
jectiles'6:180 with °®Ni may fall into this category. For the
three reactiond?34:36S + 208pp the Q-values progessively

favour the neutron pick-up channels with decreasing projec-

tile mass. In the case of the reactidis®O + 58Ni, for the
180 projectile the one and two neutron stripping channels
have positive Q-values, whereas for t© projectile they
have large negative Q-values.

The representation®?¢!(E) for these systems have

recently been measured, with the exception of the reac-

tion 36S +208pp [14, 15]. In both cases the system with

favourable Q-values for neutron transfer shows additional
barrier strength at low energies when compared to its part-
ner system. The considerable difference between the two

representation®?¢! (F) for the light fusion reaction§’0 +
°8Ni and 80 + 58Ni is particularly striking.

While the new data support an important role of posi-
tive Q-value neutron transfer channels in the fusiof?&f +
208pp and'®O + %8Ni, such an interpretation is only unique,
if the properties of the collective states'ffO and'®0O, and

good candidates for detailed studies. The representations o
the barrier distribution extracted from quasi-elastic scatter-
ing excitation functions can be indicative of important cou-
pling interactions, however, the conclusive identification of
these couplings may require the measurement and interpre
tation of the corresponding fusion excitation functions.
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