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1. Introduction.

Sub-Barrier fusion has become a rather wide research field since the early
discovery, some 10 years ago, that for some heavy nuclei interacting at energies
below the Coulomb barrier the probability of fusion reactions is enhanced by
orders of magnitude with respect to the expectations based on traditional one-
dimensional barrier penetration models.

So far observed experimental evidences of the phenomenon include, in
addition to og,s enhancement (fig. 1 shows results for some Ni+Ni and Ni+Ge
systems [1]), an average angular momentum <I> of the compound nucleus larger
then predicted by standard barrier penetration models and also exhibiting a
characteristic "bump” just below the Coulomb barrier (e.g. fig. 2 [2]), and a
corresponding distribution of spins (1) that extends to partial waves higher then
expected on the base of such models (e.g. fig. 3, [3]). Notable isotopic effects are
also observed (see fig. 1).

Theoretical description of the data has been in many cases successful
within the coupled channel formalism, where the relative motion of the
colliding nuclei is coupled to various inelastic and transfer channel states [4], [5],
[6]. But there are still open problems, as in some cases a comprehensive
description of the cross section and angular momenta (spin) distributions by one
model with a fixed set of parameters has failed [7], [8]. Systematic comparison of
existing data shows a larger discrepancy between theory and measurement for
more symmetric and/or heavy systems (fig. 4, [9]). Reviews on the subject are
given, e.g., by Beckerman [10] and Vandenbosch [11].
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Fig. 1. Fusion cross section data compared with predictions from single barrier
penetration models [1].
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Fig. 2. Fusion excitation function (a), y-multiplicities (b) and correspondingly
deduced average angular momenta (c) for the system 28S5i+154Sm;
comparison with Wong model predictions with and without channel
coupling [2].
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More recent theoretical analyses of the phenomena bring in concepts like
the co-existence of a distribution of potential barriers, and favoured neutron(s)
flow at relatively large inter-nuclei distances inducing a "neck” between the two
interacting nuclei [12], {13], [14], [15].

The study of this subject is especially interesting as it correlates nuclear
reaction dynamics with nuclear structure and the description of the nuclear
potential.

On the experimental side there are various quantities that can be measured
(o(E), o(l), <I>, <12>), relative to the fusion process and also to coupled reaction
channels (transfer, etc.), in order to obtain information to test the proposed
theoretical descriptions. Especially useful is the measurement of all the different
observables relative to the interaction of the same, selected, system(s). The use of
one experimental set-up to perform the different measurements may have
advantages from the point of view of self-consistency of the data and time
consumption.

The need of investigating the fusion reaction down to energies far below
the Coulomb barrier makes it very desirable to have apparatus efficiency and
selectivity both as high as possible. Of course these two aspects are typically in
conflict.

In the following sections a description will be given of an apparatus and
the measurement methods used and under development at the Laboratori
Nazionali di Legnaro to investigate sub-barrier fusion phenomena.

2. The Apparatus.

An experimental set-up has been developed (and is being improved) at the
L.N.L. around the recoil mass spectrometer CAMEL ([16] (fig. 5) which is especially
suited for measurements with heavy ion fusion reactions.

The spectrometer is composed of two magnetic quadrupaole lenses (Q), two
electrostatic dipoles (E), one magnetic dipole (M) and two sextupole lenses (S), in
the sequence QQESMSE. The combination of electric and magnetic dipole fields
provides a dispersion of the transmitted particles proportional to the mass to
charge ratio m/q, with cancellation of the energy dispersion and isochronous
trajectories for each m/q value.

As the incident beam particles and the fusion-evaporation residues have
very nearly the same momentum and usually quite different mass (except for
extreme cases of very asymmetric inverse reactions) they also have quite different
electric rigidities, and are therefore better separated in an electric rather than
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Fig.5. Lay-out of the CAMEL ("Cross Analyzer of Mass and Energy on-Line")
recoil mass spectrometer and sketch of the optical transport.
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magnetic field. Including two electrostatic deflectors, the spectrometer can be
operated at 0° to the beam direction, where the fusion products density is higher,
still providing rather good separation of the forward scattered beam. In addition
CAMEL can rotate around the target position from +5° to -55°.

The design of CAMEL was especially aimed to obtain large acceptances for
important physical parameters of the analyzed particles beam: AE/E, = 40%,
A(m/q)/(mg/qo) = 15%, solid angle Q > 10 msr, with respect to the reference
central trajectory of energy E,, mass my, charge state qo and zero initial angle and
position. The angular acceptance is asymmetric, with a ratio of ~3 between the X
(horizontal) and Y (vertical) planes.

To obtain mass resolution an m/q dispersion is provided, with the
consequence that only part of the charge state distribution of the reaction
products can be transmitted. Yet, being a full spectrometer (as opposed to a mass
separator), CAMEL provides a focal plane large enough to include several charge
state values (within about 7% of the reference value my/q, of the central
trajectory) with reasonable resolution and efficiency. For particles of one mass 2
to 4 adjacent charge states are transmitted for 8+ < q < 31+, depending on the
actual q value.

The mass resolution ranges from ~1/200 to ~1/550, depending on the focal
plane position along the longitudinal axis, selectable within a range of ~80 cm,
and on the angular and energy distribution of the transmitted particles.

Several detectors are used with the spectrometer: at the focal plane the
main detector is a combination of a multiwire proportional counter (MW-PPAC)
and a Bragg Chamber in the same gas volume [17}. Measured parameters are: X, Y,
E, BP (AE), t. The MW-PPAC area is 14 x 14 cm2 and the Bragg Chamber is
cylindrical with internal diameter of 15 cm.

At the present time an entrance window to the F.P. detectors of 12 x 7 cm?
is used, consequently the focal plane width is restricted to 12 ¢cm out of the 15 cm
maximum available extension.

Fig. 6 shows the X and Y profiles of the focal plane image obtained from
the MW-PPAC with the reaction 64Ni + 64Ni at Epeam = 216 MeV: three charge
states are accepted in this case for all the principal evaporation residues, and a
mass resolution of ~1/300 is observed.

Around the target position it is possible to set four y-detectors (Ge or Nal),
at a distance of ~15 cm from the target, and small Si-detectors inside the reaction
chamber, at various angles.
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Fig. 6. CAMEL focal plane image in the horizontal (dispersion) and vertical
planes, obtained with a MW-PPAC detector (a few wires are missing)
having a front window of 12 cm horizontal x 7 cm vertical size. The
solid angle accepted into CAMEL is ~7.5 msr, limited by a diaphragm.
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3. Fusion Cross Section Measurements.

Efficiency and sensitivity are the two aspects, of particular interest for
measurements of fusion cross section around the Coulomb barrier, that will be
discussed below.

Due to momentum conservation the fusion-evaporation products are
naturally focused around the beam direction, therefore the spectrometer is used
at 0° for the maximum efficiency. The set-up for the cross section measurements
includes the following detectors:

- MW-PPAC + Bragg Chamber at the focal plane;

- one (two) Si-detector(s) placed at an angle 8 (19, right and left) with respect to
the spectrometer axis and ~13 cm from the target, used to measure the
Rutherford scattering for beam monitoring purposes;

- one Ge detector close to the target (90° to the beam direction in the examples
shown below), used to measure the efficiency of the spectrometer set-up, as
described in the following.

The cross section is obtained from the expression:

NFus (dd) AQMon
.. ARVRY [ X —
R.,0

OFus =
NMon, Y dQ £

where Npys represents the fusion events detected at the focal plane after proper
background subtraction, NMon,e the elastic scattering events detected at the angle
8 by the monitor detector in the same time interval, AQMmon the monitor solid
angle, (do/dQ)Rr. ¢ the Rutherford cross section at the angle 6 and ¢ the total
efficiency of the fusion events detecting system (including the effect of the
limited angular acceptance of the spectrometer).

It is possible to evaluate in a direct experimental way the total efficiency €
by using a Ge detector close to the target and by recording the y-spectra with and
without a coincidence condition with the focal plane detector; the ratio between
the photopeak intensities of characteristic y-transitions in the principal
evaporation residues in the 2 y-spectra directly provides ¢ :

e = N‘Ycoinc.

1\T’Ysi ng.

The absolute measurement of the efficiency through the observation of
characteristic y-rays is directly related to the production of the nuclear residues,
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therefore it includes all of the efficiency reduction causes, in particular, as already
mentioned, also the effect of the angular distribution of the ions.

In some cases significant differences may be observed between the
efficiency values obtained from the various exit channels, as identified by the
characteristic y-transitions: these differences may be caused by large variations of
the space and energy distributions of the recoils (e.g. between neutron and alfa
emission channels) or by the existence of isomeric states, which usually decay via
electron conversion therefore modifying the charge state distribution of the
recoils. In this last case the q distribution, besides being shifted to higher q values,
is also usually broadened, with less intensity left per charge state, and the
transmission efficiency is therefore reduced. _

In all cases a measurement of the distribution of particles with respect to
the involved parameter (angle, energy or charge state) can be performed, if
needed, by making proportional changes in the electric and magnetic fields of the
spectrometer or by rotating the instrument around the target and allows to take
into account possible exit-channel effects. In the case of isomers the problem can
be sometimes eliminated by positioning a thin (10-20 pg/cm?2) carbon foil
downstream of the target to restore the equilibrium charge state distribution,
provided the isomeric state decays within the ~13 cm available between the target
and the farthest possible carbon-foil position. An example is shown in fig. 7, for
the fusion reaction of 33S (170 MeV) + 124Sn [18], where the ionic charge state
distributions, measured with CAMEL, can be compared with and without the
carbon foil in position. Of course, in the extreme case of isomers that decay well
inside the spectrometer the corresponding signal is lost or contributes to the
background.

As only the most prominent lines in the y-spectra are used in this
procedure of efficiency measurement the resolution of the Ge detector does not
need to be much refined and, also, the low efficiency of a single detector can be
accepted.

The transmission efficiency of CAMEL is essentially determined by the
angle, energy, mass and charge-state distributions of the fusion-evaporation
products, therefore large variations are expected depending on the particular
reaction kinematic. The fusion reaction of 64Ni + 64Ni represents a favourable
case because of three reasons: strong forward focusing of the products in the
laboratory frame caused by beam-target symmetry, main fusion-evaporation
channels corresponding to neutron emission only and no evidence of the
existence of isomeric states. Preliminary results are available from the analysis of
experiments recently performed using this reaction: in this case the total
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efficiency € has been measured at energies around the Coulomb barrier using the
two most intense transitions in 124Ba and 125Ba, obtaining € = 0.21+0.03.

It is interesting to compare this result with an analytic determination of
the spectrometer transmission.

The efficiency € can be seen as the product of two components,
corresponding to the transmission efficiency of the spectrometer itself and the
efficiency of the particle detection system: € = € copqg X € per- TO determine € cpmpL
separately it is necessary to calculate or measure the angle, energy, mass and
charge-state distributions of the fusion-evaporation products.

The energy distribution is calculated to be about £7% FWHM and is
therefore practically entirely contained within the spectrometer acceptance
throughout the used focal plane interval of 12 cm. Fig. 8 shows an example of
focal plane bidimensional spectrum E vs X, where the energy extent of the spots
corresponding to each mass value is sensibly constant along the X range, i.e. for
the three charge states displayed.

The angular distribution (fig. 9a), measured with a reduced aperture of
10.65° in both planes at the entrance of the first quadrupole lens, shows that
already at 3° the intensity is reduced below 5% of the maximum; the
transmission obtained, from this distribution, for an entrance aperture of +3°
horizontal and +2° vertical (Q = 7.5 msr), as used in the experiment, is 85%.

The main cut in the transmission is caused, in this case, by the ionic charge
state distribution. This distribution can be measured with CAMEL by setting all
the electric and magnetic fields to values corresponding to the maximum
transmission (central position) of each charge state, sequentially. The result is
shown in fig. 9b: three sets of data are obtained from the observed intensities of
the three groups (left, central and right charge state in the PPAC, see fig. 6). The
three most abundant charge states add to a 40% of the total intensity (as is also
expected from theoretical calculations). From fig. 9b it can be also observed that
the three distributions (which are not normalized) are practically coincident,
except for the right q being slightly weaker, indicating a rather flat transmission
along the used portion of the focal plane (12 cm), for this reaction.

Assuming that the variables are independent, which is a good enough
approximation in this case for the purpose, by multiplying the partial
transmissions an efficiency € comgL = 0.34 is obtained. The difference between the
measured total efficiency (€ =0.21) and the geometrical efficiency of CAMEL
(€ cameL = 0.34) indicates for the focal plane detector system: € p,, = 62%.

The sensitivity is controlled by reduction and discrimination of the
background at the focal plane; this background is essentially caused by beam
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particles transmitted through the target and then dumped and scattered at the
anode of the first electrostatic dipole. As described above the scattered beam is
firstly rejected by the filtering action of the spectrometer itself, but, due to the
large acceptance, this "hardware" rejection is, at 0° to the beam direction,
generally not sufficient and some additional, "software”, discrimination mean is
needed.

The physical separation of the scattered beam is basically realized by the
electrostatic dipole fields and therefore depends on the ratio R = (E/q)y/(E/qQ)gr
between the electric rigidities of the beam and fusion-evaporation particles.
Symmetric reactions like the exemplified 64Ni + 64Ni are of course unfavourable
from this point of view, showing, at 0°, suppression factors around 107+108 with
R = 2.5. For comparison, at R = 3.5 the suppression factor improves by one order
of magnitude.

The most efficient "software" method to separate the residual background
results to be the measurement of the time of flight (ToF) of particles through the
spectrometer (path length 1=766 cm) versus their energy. To preserve the
operation at 0° the timing signal at the entrance of CAMEL is obtained by beam
pulsing; the signal at the exit is provided by the PPAC detector. In practice, the
PPAC is used as "start", to reduce the load on electronic modules, and a delayed
pulsed-beam RF signal as "stop".

The ToF depends on the energy through the classical expression:
t=VmI2/2 x 1/VE, or, in‘our case: ty-t=t,-Vmi2/2x 1/VE, t, being the stop
delay, here considered with respect to the reaction time; in the plane (tp-t, E) this
relationship describes “parabola-like” curves (fig. 10). For each energy value the
time difference depends only on the mass, being the path 1 very closely the same
(within =10% at maximum) for each particle which originates at the target and
reaches the focal plane after a few scattering events. A set of curves corresponding
to the different mass values is observed. The resolution is quite adequate to
separate beam-like from fusion-evaporation particles. The separation, depending
on the ratio mgr/Mpeam. is Obviously better for directly asymmetric reactions, as
shown in fig. 11 (t-t is also commonly named ToF).

As anticipated, the sensitivity is therefore higher for situations (directly
asymmetric reactions) for which the efficiency is lower because of less forward
focusing of the particles of interest.

For the exemplified symmetric fusion reactions of 58.64Ni + 64Ni cross
sections as low as a few tens of pibarns have been measured. -
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4. Gamma multiplicity measurements.

As most of the excess angular momentum of the compound nucleus is
removed by y-rays emitted by the evaporation residues the measurement of y-rays
average multiplicity <My> can be used to deduce the initial average angular
momentum <I>. At energies around and below the Coulomb barrier the fusion
y-multiplicity is measured in the presence of a strong background produced by
competing reaction channels like transfer and Coulomb excitation, therefore a
clean identification of the fusion channel is essential. The tagging provided by a
Recoil Mass Spectrometer (RMS) or various types of separators can be
advantageous with respect to characteristic y-rays tagging in that it is essentially
independent on the particular decay scheme (isomeric states may be problematic
for both methods) and tendentially more sensitive (fig. 12, [8]). The use of recoil
mass spectrometers, like CAMEL, instead of simpler separators, because of the
m/q dispersion provides information on separate fusion channels, at the
expenses of some loss of efficiency caused by the q dispersion of the products, as
discussed in the previous chapter.

The <I> can be calculated through the following expression:

<I> = Alyns x (<My> -Mys) + Alys x Mys + Alpp x Mpp + Alg x Mg + <Igs>

where the five terms correspond, in the sequence, to the angular momentum
carried away by non-statistical (index yns, Myns = <My> - Mys) and statistical
(index ns) gamma rays and by particles (index n, p, ), and to the weighted sum of
the ground state angular momenta of the residual nuclei. In practice difficulties
may arise from various problems: existence of isomeric states that prevent the
observation of underlying Yy-transitions and often also the detection of
corresponding residual nuclei, unsufficient knowledge of the decay scheme,
internal conversion events, determination of the particle multiplicities and loss
of sensitivity for low-energy transitions. The definition of the parameters used in
the above expression usually requires some assumptions and approximations
that fit the particular case under study [3}, {7], [8], [19].

The described apparatus has been used to measure the <My> by adding 4
Nal detectors (4" x 4") around the target position, at ~20 cm from the target, with
a total efficiency of 3.3% and using the expression:

N R
<My > = Fus.,coinc. N Ca ,
NFus.,sing. ENal
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which gives the average multiplicity as the ratio of the number of evaporation
residues detected in coincidence with any Nal detector and the same number
without the coincidence condition, with this ratio corrected for the efficiency gy,;
of the y-detectors and for the effect of the evaporated neutrons on the Nal
detectors (¢, factor).

<My> is, instead, independent on the efficiency of the evaporation residues
detection set-up (€ = € cAmMEL * € pet)-

The mass spectrum provided by CAMEL can be used for the determination
of the multiplicity of the emitted particles and percentage contribution to <Igs>
of the various evaporation channels. In cases of non-negligible charged particles
evaporation either the Z identification can be obtained by an energy-loss
measurement at the focal plane or the particle multiplicitlies should be
theoretically estimated.

By this method, the <My> has been measured, for instance, for the systems
64Ni + 64Ni and 160 + 112Cd. Preliminary results (fig.13, [20]) show evidence of
sub-barrier enhancement of the <I> deduced distribution for the symmetric
system, whereas this is absent in the case of the asymmetric system, which leads
to the same compound nucleus 128Ba.

5. Future Developments.

Associated with the fusion cross section and angular momentum
"enhancements” observed for some heavy systems below the Coulomb barrier, a
very broad spin distribution has been measured in some cases, extending to
partial waves higher than predicted by standard fusion models [3], [7], [19].
Whether the experimental data are reproduced or not (experimental evidences
are presented for both cases) by coupled channels or other theoretical formalisms,
the information provided by the measurement of detailed spin distributions
imposes stringent conditions on the model parameters and therefore represents
an important test for the proposed theories.

Large arrays of y-detectors provide efficiency and granularity sufficient to
measure a distribution of multiplicities, from which a spin distribution can be
deduced for the whole fusion reaction and for single gated channels. Fusion
channel identification must be provided either by characteristic y-ray or direct
evaporation-residue tagging.

One array of 80 BGO crystals with a total efficiency of ~90% (combined with
a second array of 40 Compton-suppressed HPGe), named GASP [21], [22], has
recently started to operate at the L.N.L.; a schematic drawing of the apparatus is
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shown in fig. 14. The combined use of GASP and CAMEL in coincidence
experiments will provide a quite powerful tool to investigate sub-barrier fusion
in a rather complete way.

Fig. 15 shows the geometry of the chosen coupling lay-out. Owing to the
existing distribution of experimental apparatus in the west experimental room of
the Tandem accelerator two alternatives were originally possible for linking the
two spectrometers: temporary disassembling of GASP and reassembling of a
limited number (perhaps one half of the total) of y-detectors in the quite restricted
space available in front of CAMEL on the -40°/-25° beam line (see fig. 15) or
accepting a rather large separation between the unmodified GASP and the
CAMEL platform, which entails an effective modification of the recoil
spectrometer optical lay-out in the coupled operation.

The second choice was selected, which has the following main
consequences:

- easy alternance of coupled and separate operation of the two facilities with a
minimum of mechanical re-arrangement and time consumption;

- no restriction in the number of GASP detectors available for the coupled
operation;

- no change in the CAMEL performance in the separate operation, but, in the
coupled operation:

- increased optical aberrations in the focal plane image of CAMEL due to the
addition of a quadrupole doublet lens and a long drift;

- reduction by a factor ~2 of CAMEL angular acceptance due to the longer
distance (imposed by the geometry of the full GASP arrays) between the
target position and the first magnetic quadrupole lens (70 cm instead of the
30 cm of the original CAMEL design).

In spite of the added drift and lenses the optical calculations show (fig. 16)
that the CAMEL mass resolution can be kept very close to the usual lévels,> with
the reduced solid angle, if the optical elements are used to "transfer” the added
aberrations in the vertical, non dispersing, plane, as demonstrated by the larger
vertical spot size of fig. 16b.

A short beam-test of CAMEL in the new geometry (i.e. with the target in
the GASP centre position) has recently been performed. The mass resolution
remains close to the original (fig. 17a), while the temporary presence of non-
removable apertures in the original target area prevents, at moment, the
evaluation of the transmission efficiency.

The background suppression via ToF (fig. 17b) is improved because of the
longer path length: ~12 m instead of ~8 m. In addition, during y-recoil
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Fig. 14. Schematic view of the GASP apparatus: one half of the detectors array
and supporting structure is shown.

XTU-Tandem Accelerator I
West Experimental Room (part)

Fig. 15. Schematic lay-out of the GASP-CAMEL coupled system.
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Fig. 17. Preliminary results of CAMEL performance in the coupled
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situation; (b) fusion products separation via ToF versus energy
measurement.
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coincidence measurements it will be possible to use, for the ToF measurement, a
time signal from the BGO ball to replace the pulsed beam RF signal (see chapter
3), with the obvious advantage of permitting the use of the Tandem DC beam.

The existence of a high resolution/high efficiency Ge array associated with
the BGO array, besides providing an enormous widening of the possible research
applications of the system, allows the comparison of the two tagging methods
(via characteristic y-rays or heavy ions detection) used to identify the fusion
products and the choice of either one depending on the convenience in the
different cases. As mentioned in the previous chapter and observed also in a
similar situation during spectroscopic studies of fusion-evaporation residues [23],
it seems that direct tagging on residual fusion products can be more sensitive
particularly for weak reaction channels (as is the case of fusion below the
Coulomb barrier) because of the favourable peak-to-background ratio of analyzed
heavy ions with respect to individual lines in a y-spectrum. However, tagging on
characteristic y-transitions can be more efficient particularly when isomeric states
are present.

6. Conclusions.

Some peculiar features of the nuclear fusion reaction of heavy ions around
and far below the Coulomb barrier has demonstrated to be a good test bench for
our understanding of nuclear reaction dynamic and its correlation with nuclear
structure and the description of the nuclear potential.

An experimental apparatus has been described which allows to perform at
the same time measurements of different quantities (cross sections and angular
momenta) of interest for sub-barrier fusion studies.

The main features of this set-up are:

- operation at 0° to the beam direction to match the typical forward peaking of
fusion evaporation recoils, but also possibility of rotation to measure, e. g.,
angular distributions;

- mass identification throughout the nuclide chart to help in the identification
of single reaction channels, particularly useful for calculating <I> on the base of
the measured y-multiplicities;

- very large acceptance, highly desirable for low cross section phenomena, with
limitations for reaction products showing important e--converted isomeric
state decays;

- in spite of modest "hardware" beam rejection (consequence of large acceptance)
isochronous trajectories allow a long time of flight path of 8 (12) m, ideal to
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discriminate against unwanted particles and therefore to increase the
sensitivity to weak reaction channels;
- possibility of connecting to the GASP y-detector arrays in the next future;
- ample possibility of accomodating different types of detectors both for heavy
ion detection (focal plane) and particle and gamma detection (target area).
Examples have been shown of recent operation of the system.
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