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Fig.VIIL6: Contour diagrams of the correlations between multiplicity of neutrons
(my) and charged-particle multiplicity (mcp) (left panel) or the prompt light output (right

panel). The contour lines are for constant number of counts increasing linearly in steps of
100.

50

40

30

20

10



88

the prompt light output (right panel). The contour lines are for constant number of counts

increasing linearly in steps of 100. The m1,-my, multiplicity correlation shown on the left
has not been corrected for background (m; ~ 6) yet, but is characteristic for a dissipative
reaction involving a relatively heavy system and can be compared to that for the
*Bi+"**Xe reaction displayed in Fig. IL.1. In both figures, one observes the yield forming
a vertical ridge at low charged-particle multiplicities, reaching up to m, ~ 20, before the
multiplicities m, and my, become correlated with each other. It is only for this latter part

of the correlation, i.e., for moderate to high values of the dissipated energy, that both m,

and m,,, become equivalent indicators of the degree of dissipation in a collision and its
impact parameter. The panel on the right-hand side of Fig. VIIL6 displays the correlation
between multiplicity and total kinetic energy of neutrons emitted in the '’ Au+**Kr reac-
tion, with the latter observable represented by the summed light output of the SuperBall.
The correlation demonstrates that neutron multiplicity and light output are equivalent vari-
ables to characterize the degree of dissipation of a collision, for a range of multiplicities.
For the highest musltiplicities, the correlation seems to become weaker, indicating a
faster increase in the kinetic energy than in multiplicity of neutrons. These features are

potentially very interesting have but to be explored in more detail.

Fig. VII1.7 and 8 display neutron multiplicity and prompt light output spectra from the
SuperBall, taken with different trigger conditions, as defined by the coincident reaction
products measured in a forward telescope. For example, Fig. VIIL.7 shows the depend-
ence of the neutron multiplicity on the degree of energy dissipation in a '’ Au+¥*Kr colli-
sion, represented by quasi-elastic (upper right panel) and damped (lower left panel)
events. The panel on the lower right of Fig. VIIL.7 corresponds to a range of energy
damping representing light charged particles or intermediate-mass fragments. The panel
on the upper left represents the total (“ungated”) multiplicity distribution, summed over
all coincident events detected by the trigger telescope. The distinct peak at multiplicity m,

~ 6 represents the random background. This peak is also dominant for quasi-elastic

events, but is reduced to a shoulder on the multiplicity distribution measured in coinci-
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Fig. VIIL7: Neutron multiplicity distributions for the '’ Au+**Kr reaction at E/A = 35
MeV, taken with different trigger fragments measured in a forward telescope.
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dence with massive fragments, and has vanished for products associated with higher de-
grees of damping. To obtain the true neutron multiplicity distribution, the background

has to be unfolded from the observed distribution.

In Fig. VIIL.8, the light-output spectra of somewhat lower statistics are shown, for
the same groups of events representing the corresponding panels in Fig. VIII.7. One ob-
serves that a noise component is peaked very sharply at low light output amplitudes and
comprises a relatively smaller fraction of the spectrum than is the case for the multiplicity
distributions. Otherwise, there is a dependence of the spectrum on the degree of energy
damping which is quite similar to that observed with the multiplicity distributions, as ex-

pected from the correlations between these two observables discussed in the context of
Figs. VII1.4 and 6.

The role of the SuperBall prompt-response light output can be examined further in
Fig. VIIL9, where fragment-Z distributions from the *’Au+*Kr reaction are shown on
logarithmic scale, from top to bottom gated with increasing light output amplitude. For
this purpose, the light output spectrum (see Fig. VIIL.5) was divided into roughly four
equal bins. The spectrum at the top is the total spectrum, dominated by a quasi-elastic
peak with Z ~ 36, the atomic number of the projectile, followed by a very broad, feature-
less distribution towards lower Z values. For Z <3, an additional peak is seen in these
distributions. One observes that, with increasing light output, the peak at high Z-values
broadens and shifts toward lower atomic numbers. At the highest light output values, the
product Z distribution does no longer provide evidence for a massive projectile-like frag-
ment surviving the reaction and the subsequent decay processes. These distributions dem-

onstrate a significant disassembly of the primary products into smaller clusters.

In Fig. VIIL.10, raw experimental data are shown from the most recent experiment in-
volving the SuperBall, the MiniBall/Wall array, as well as various other detectors. Here,
the '"°Sn +'"2Sn reaction was studied at E/A = 40 MeV. No corrections for background

or efficiency have been applied yet to the data displayed in Fig. VIIL.10. The upper left
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Fig. VIILS8: Light output spectra measured for the '’ Au+*°Kr reaction at E/A = 35
MeV, taken with different trigger fragments measured in a forward telescope.
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Fig. VIIL9: Fragment-Z distributions from the '’Au+*Kr reaction, from top to
bottom gated with increasing light output amplitude, dividing the light output spectrum

(see Fig. VIILS) into roughly four equal bins. The spectrum at the top is the total
spectrum.
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Fig. VIIL10: Raw experimental data from the 126 +''28n reaction at E/A = 40
MeV. No corrections for background or efficiency have been applied yet to the data. The
upper left panel shows the correlation between neutron multiplicity n1, (ordinate) and
prompt light output (abscissa) measured with the SuperBall in singles mode. The upper
right panel depicts the correlation between m,, and charged-particle multiplicity m ;. The
panels on the lower left and right show the similar correlations, but for the MiniBall (left)
and MiniWall (right) detector arrays separately.
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panel shows the correlation between neutron multiplicity m, (ordinate) and prompt light
output (abscissa) measured with the SuperBall in singles mode. The upper right panel de-
picts the correlation between m;, and charged-particle multiplicity mep. These two ''*Sn
+!28n correlations are similar to those for the '’ Au+*Kr reaction exhibited in Fig. VIIL6.
The panels on the lower left and right of Fig. VIII.10 show similar correlations, but for

the MiniBall (left) and MiniWall (right) detector arrays separately.

As expected for a dissipative reaction mode and the relatively neutron poor '*Sn iso-
tope, the my, - mcp correlation (Fig. VIIL.10, upper right), if properly corrected for the
background multiplicity of m,, ~ 6, shows a similar importance of neutrons and charged-
particle emission from the massive primary projectile-like and target-like fragments. This
behavior is different from that of the more neutron-rich systems **Bi+’°Xe and
¥ Au+¥Kr, discussed earlier, where neutron emission clearly dominates. Nevertheless,
one concludes that very neutron-poor, still hot secondary fragments can be produced in

dissipative ''2Sn +'"2Sn collisions. This is an observation of significance to studies explor-

ing critical behavior for hot nuclei.

The lower two panels of Fig. VIIL.10 have technical, in addition to physical, signifi-
cance. They show the my-mgy, correlations for charged particles emitted in relatively
backward (left) and forward (right) directions. For a symmetric system such as ''’Sn
+’Sn and equal intrinsic detector efficiencies and solid angles, these two correlations
should be identical. One has, therefore, an important consistency check for the simula-

tion calculations performed to deduce the pertinent corrections.

The upper left panel of Fig. VIIL.10 depicts a prompt light output-m;, correlation
slightly different from those measured for the more neutron-rich systems. Although there
is clearly a correlation between light output an neutron multiplicity, the "?Sn +'"*Sn dis-
tribution suggests the existence of some degree of anticorrelation, for the highest multi-
plicities. Further study is needed to show to what extent these two observables can be

used interchangeably. It is clear, however, that the combined measurement of both
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should give a more precise information than each of the individual observables. It is of
experimental importance that a measurement of the prompt response is accomplished in a
much shorter time (~ 0.1 us) than counting the individual neutrons (~100 ps). Hence,
the detector can sustain much higher count rates and measure smaller cross sections,
when driven in such a “fast mode”, where only the prompt response is recorded. The ap-
proximate conversion to neutron multiplicity can be achieved by a calibration measure-
ment at low count rate, where multiplicity and light output can both be measured accu-

rately.
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IX. Summary and Outlook

The previous sections have outlined some of the motivation for constructing a large,
high efficiency neutron calorimeter such as the SuperBall and have presented some of the
more important details of its design and construction. The first in-beam tests have shown
that the detector functions according to design goals. Howcver, although it was found
that the detector can be applied successfully in heavy-ion reaction studies at intermediate
energies, these tests are not yet complete. There are some technical details which can,
perhaps, be improved on. For example, moving the individual segments on their rails will
have to be facilitated by some pulley mechanism or motorization. Checking the perform-
ance of the individual segments on-line and matching the photomultiplier gains could per-
haps be improved. In the present realization, this information is acquired from a continu-

ous measurement of a low-activity 2**Cf fission-neutron source.

Further investigations will show whether it is possible, as suggested by simulation cal-
culations, to make a more efficient use of the prompt-response signal than in past appli-
cations of such detectors. This refers to a determination of the azimuthal angular distribu-
tion of neutrons from the asymmetry in response by the individual photomultipliers of a
given tank. One would also like to be able to use the prompt-response signal to measure
the total kinetic neutron energy on an absolute scale, requiring further in-beam calibration
measurements. The correlation between multiplicity and total kinetic energy of the neu-
trons should also be investigated in more detail, since this is a potentially intercsting vari-
able that could be used to distinguish statistical cvaporation from other processes. Some
system dependence of this correlation has already been observed, as exemplified by the
first reaction data obtained with the SuperBall presented in the previous section. It would
also be interesting to see, whether or not the combination of multiplicity and energy

would provide a more sensitive indication of the excitation of the emitters than either of

the variables alone.
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Furthermore, since the detector has an almost unit efficiency for detecting a neutron,
even if it is not captured, the detector driven in the “fast mode” is a very efficient device
for measuring reaction cross sections. This feature will become very useful in applications

with secondary, low-intensity beams.
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