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The widths of the residue-mass distributions are used as a measure of the excitation energy of
hot nuclei. They increase with the recoil velocity but saturate much below the calculated velocity
ven for complete fusion. Above these critical excitation energies (4.5-6.4 MeV/nucleon) derived
from the recoil velocity, the normal evaporation of nucleons and small clusters disappears, if a hot
and equilibrated compoundlike nucleus is formed at all.

Fusion reactions with heavy ions at intermediate bom-
barding energies are a good tool to create nuclei at high
excitation energies. Complete fusion is no longer the
dominant channel. Incomplete fusion reactions lead to
different compound nuclei with a broad range of excita-
tion energies. Experimental' ~3 and theoretical investiga-
tions*~!3 predict that nuclei cannot endure excitation en-
ergies per nucleon €* above a certain limit ranging be-
tween 3 and 8 MeV/nucleon. On the average this value of
about 70% of the total binding energy per nucleon is ex-
pected as “critical excitation energy’’ of hot nuclei. Above
this limit phenomena such as multifragmentation should
preferentially contribute to the nuclear disintegration.
Some experiments'*~!7 in this energy range seem to indi-
cate that indeed fusionlike reactions do not occur
anymore, or at least are not detectable anymore via the
normal decay modes. A usual experimental method to ex-
tract the critical excitation energy exploits the excitation
function of the decreasing cross section for fusionlike re-
actions with increasing incident energy. We present a new
experimental method to obtain values for this critical exci-
tation energy for medium mass compound nuclei at each
incident energy separately.

From our systematic study of incomplete fusion'® we
know that the fraction of complete fusion decreases al-
most linearly with increasing c.m. velocity v, of the
lighter reaction partner A; up to the extrapolated limit of
v = 0.19 ¢ (¢ denotes velocity of light) above which com-
plete fusion ceases to exist. This value corresponds to an
excitation energy per nucleon of the compound nucleus of
€tn=Ar/Ay 17 MeV/nucleon. In our experiment we
have chosen the asymmetry of the systems and the in-
cident energies in a way that the excitation energies per
nucleon for complete fusion are much below this predicted
entrance channel limitation. On the other side the excita-
tion energies per nucleon for complete fusion and some in-
complete fusion channels with the highest linear momen-
tum transfer should be large enough to examine the above
cited critical value. To determine the total excitation en-
ergy deposited in a compound nucleus the kinetic energies
of all outgoing particles and y rays should be measured.
Such a complete experiment is, as far as we know, not yet
performed. Therefore we try to extract at least some
averaged values of this quantity from higher moments of
precisely measured inclusive evaporation residue (ER)
mass distributions. The idea is simple. The more com-
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plete the process is the higher the excitation energy of the
corresponding compound nucleus should be. As a conse-
quence, the number of evaporated light particles should
also increase. For neutrons this is observed by Galin. '’
But the mass centroid as a function of the ER velocity is
not a very helpful quantity to learn something about the
fusion-reactions mechanism, because the nonfusing frac-
tions Amp and Amr of the projectile mp and target mr,
respectively, are not well known. The decay of these hot
compound nuclei is not very precisely established as well.
In the mass region studied, the ratio of the competing de-
cay channels (n,p,a,...) may fluctuate somewhat for the
different compound nuclei formed by the various incom-
plete fusion components. The estimated numbers of eva-
porated particles are based on extrapolations from lower
excitation energies. While the gain of excitation energy
per additional mass unit of the fusing projectile fraction is
a decreasing function for increasing ER velocity uvg, i.e.,
increasing momentum transfer,?° the averaged amount of
excitation energy carried away per evaporated mass unit
is assumed to be a constant or slowly increasing function
with increasing excitation energy?! depending on the mass
of the compound nucleus. Therefore the mass centroid
varies with increasing velocity vg. The absolute values
and even the slope of the first moment as a function of vg
depend on the mass asymmetry of the system and on the
beam energy and are not very well established (see, e.g.,
Hagel er al. ??).

But the increasing excitation energy causes an increas-
ing width of the ER mass distribution. For each fusion
channel the mass width is constant for a certain ER veloc-
ity interval Av which is populated symmetrically around
the averaged velocity vcyn: by the kinematics of the decay
cascade. We confirmed this behavior experimentally in
the case of the “inverse” fusion reaction *®Ni+?’Al at
E (°®Ni) =580 MeV which forms one complete compound
nucleus very similar in mass and excitation energy (e&n
=2.0 MeV/nucleon) to those populated by the incomplete
fusion channels of the discussed reactions at higher ener-
gies. For these energies we performed evaporation calcu-
lations (code JULIAN) which also show constant mass
widths for the main part of the cross section. The intensi-
ty weighted sum o4 of the mass widths of all contributing
fusion channels does not exhibit the behavior of a step
function, but increases steadily with increasing vz (in the
case of normal kinematics) until it reaches a constant
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value corresponding to the excitation energy of the last
contributing fusion channel. (This expected behavior is
also confirmed by JULIAN evaporation calculations; see
below.) Due to the width of each velocity distribution,
this is not a sharp transition. The mean velocity of this
last fusion channel is located approximately in the middle
of this transition region and should reach the value of
complete fusion vcn for all reactions we have measured.
The uncertainty of the determination of this mean velocity
value depends on the widths and the shift of the last two
contributing velocity distributions.

Using the simple framework of a participant-spectator
model where the nonfusing parts Amp and Amyr of the
projectile mp and target mr remain cold and keep their
initial velocities vp and vr, respectively, and taking into
account energy and momentum conservation, the calcula-
tion of the total excitation energy per nucleon results in
E*/mg=¢€* =% (vp —vr)vgp + Qge/mr, where Qg is the
mass balance of the reaction and mg =mp+my—Amp
— Amy the compound mass. Thus ¢* depends only on the
residue velocity vg neglecting the corresponding Q value,
which is small compared to the first term. Unfortunately,
nature is not so simple. The coincidence experiments
show (see below) that the assumptions of the participant-
spectator model are not strictly true. The nonfusing frac-
tions of projectile and target do not keep their initial ve-
locities and directions. Furthermore, they carry away
some excitation energy themselves. Therefore, the whole
excitation energy of the system is given by

6* - ‘;‘ (COSOR vp —vR)vR+Qgg/mR
+ 5 Amp/mg (cos@pvp —vp.)vp.
+ 3 Amy/mg(cos@rvp —vy)or, (1)

where vp. and vy are the final velocities of the nonfusing
parts Amp and Amy, respectively, 8p, 01, and Og are the
corresponding angles relative to the beam axis. In general
the unknown nonfusing fractions Amp and Amr must not
necessarily be one piece; therefore, the last two terms in
Eq. (1) have to be replaced by sums. However, Amp and
Amyr are much smaller than mg and since the final veloci-
ty vp is not so different from the initial vp and since vy is
small, the last two terms are relatively small compared to
the first one. This method gives the total energy trans-
ferred from initial relative motion into other degrees of
freedom, i.e., the excitation energy or deposited energy.
We are not going to discuss whether it is only thermal en-
ergy or if it may also include some compressional and ro-
tational energy. This is done in detail by Peter and
Tamain?? and by Fabris er al.!” Since not all of this ener-
gy is necessarily transformed into thermal energy the
measured excitation energy per nucleon is an upper limit
of the temperature.

The experiments were performed with 32S beams of
960, 840, and 710 MeV from the heavy-ion accelerator
VICKSI. We used rolled self-supporting targets made from
highly enriched **Sc, 3!V, 3®Fe, and *®Ni with thicknesses
between 0.5 and 1 mg/cm?2. The residues have been mea-
sured with the time-of-flight method, using a new type of
a gridless channel-plate start detector.?* The flight path
between this detector and a surface-barrier stop detector

was about 1 m, the total time resolution amounted to
about 60 ps. At the opposite side relative to the beam
direction light projectilelike ions were identified by means
of normal AE —E technique with surface-barrier detec-
tors. The energy-loss detector was 65 um thick and al-
lowed to resolve the elements up to S. All measured ener-
gies and times were corrected for ionization defect?® and
plasma delay.?® In all measurements the achieved mass
resolution is good enough to obtain velocity spectra of
clearly separated masses as shown in Fig. 1 for the more
difficult case at low incident energy. This is absolutely
necessary in order to be sure, that one has parallel velocity
spectra for all masses to obtain reliable values of the mass
centroids and of the mass widths at different velocities.
The events at small velocities (vg <1 cm/ns) due to tar-
getlike recoils of inelastic reactions have not been sub-
tracted because they do not have any effect on the results
at the interesting velocity of about 2 cm/ns.

From these spectra we created mass distributions for
small velocity intervals (Av =0.05 cm/ns). At higher ve-
locities and for masses lighter than the one with maximum
intensity one has to be aware of disturbing contaminations
due to deep inelastic and/or fusion-fission events. In the
similar reaction “°Ar+ %Zn at comparable energies? the
fusion-fission fraction amounts to about 40% of the total
fusion cross section. For the 2S+ %8Ni reaction JULIAN
evaporation calculations predict only a contribution of
10% to 20%. In addition, ER’s are favored at small for-
ward angles. Nevertheless, we do not take into account
the light-mass region below ¥ Acn to determine o4. We
used normal distributions to extract the variances of the
mass distributions although JULIAN calculations do not
show perfect Gaussians. (Different procedures to extract
the mass width, e.g., without using normal distributions,
alter the absolute values of o4 but do not change the gen-
eral shape of the curves.) We extracted width functions
for all targets and energies used. In Fig. 2 we display the
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FIG. 1. Mass vs velocity spectrum of the fusion reaction

32§+ 38Ni at 22 MeV/nucleon. The vertical line vcn gives the
velocity centroid for complete fusion.
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FIG. 2. Mass widths of evaporation residues from the reac-
tion 32S+ %8Ni as a function of the residue velocity (lower axes).
The upper axes refer to the excitation energy per nucleon of the
corresponding compound nuclei. The curves A, B, and C repre-
sent results of evaporation calculations including all incomplete
fusion channels with 'O, *Ne, and 32S as heaviest fusioning
projectile, respectively (see text).

result for the ®Ni target. All the other cases show a simi-
lar behavior: a steep rise with increasing velocity and a
transition to saturation at velocities og much below the
maximum possible one, vcn, for complete fusion. It
should be noted that this saturation does not occur at the
velocity where the cross section is maximum. Correspond-
ing results, a saturation of the proton- and a-multiplicities
much below the maximum possible excitation energy for
complete fusion in the case of Ar+Ag at 39 and 60
MeV/nucleon were presented recently. >’

To support our qualitative description of the expected
ER mass width, given above, we performed a series of eva-
poration calculations (code JULIAN) for the 30 MeV/
nucleon data with the following assumptions. All incom-
plete fusion channels up to complete fusion can contrib-
ute. But only the “a-like” channels **Ni+a, ®Be,
12C . .. 325 were calculated. The different fusion channels
were weighted according to a normal distribution with a
sum equal to the measured total ER cross section (== 300
mb) and a fraction of complete fusion (= 20%) according
to our systematics.'® The excitation energies of the com-
pound nuclei formed by the various incomplete fusion
channels were also assumed to have normal distributions
with widths estimated from the measured energy distribu-
tions of the corresponding spectator particles. The mean
velocity vp: of all these light ions with 3=<Z <10
amounts to (90-95)% of the beam velocity. The remain-
ing amount of energy was shared between the fusing parts
of the projectile and the spectators according to their mass
ratios. (This does not influence the shape of the mass-
width function considerably but decreases the first mo-
ments of the mass distribution.) Three examples of these
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calculations, representing the sum of all contributions up
to S8 Ni+ '°0, ®Ni+ 2°Ne, and up to complete fusion, are
displayed as curves in Fig. 2, labeled A, B, and C, respec-
tively. To fit the steep rise of the data we have to increase
all calculated width functions by almost 50%. This may
be related to the disregarding of all more complex incom-
plete fusion channels and to the restriction of the evapora-
tion particles (only n, p, d, and a were allowed). The best
fit we would obtain with a maximum fusing projectile
fraction of mass 18. Taking into account the different
possible values of Qg,, this results in a maximum excita-
tion energy per nucleon of about (5.6%0.3)
MeV/nucleon.

Now we calculate the excitation energy per nucleon ac-
cording to Eq. (1). To do so we use again the results of
the coincidences between evaporation residues and fast-
forward-emitted projectile fragments. The angular distri-
bution is very strongly forward peaked. The mean angle
should be smaller than 8p = 10°. Similar assumptions in
the corresponding c.m. system are made for the nonfusing
fractions Amr which are not detectable due to their small
velocities. For selected nuclei of the nonfusing fractions
Amp and Amr, e.g., p, n, d, t, >He, *He, . . ., we calculate
the recoil velocity vg, the recoil angle 6, the correspond-
ing Qg value, and finally the total excitation energy per
nucleon €* with Eq. (1). From a smooth curve, fitting
these fluctuating calculated values, we obtain the aver-
aged excitation energy for different momentum transfers.
The mean deviations from this curve are included ‘in the
uncertainties of the results given in Table I. But the ma-
jor contribution to the uncertainty is due to the difficulties
to determine Og, the center of the transition region, be-
cause one additional mass unit of the fusing projectile
fraction results in a small shift less than 0.1 cm/ns of the
corresponding velocity distribution whereas the half-width
at noticeable cross section is about 0.3 cm/ns. These exci-
tation energies may be somewhat too high, because we
know from the coincidence data that the assumption of
cold emitted nonfusing fragments is not correct. The
measured mean velocity of all evaporation residues in
coincidence with fast fragments of a certain Z is too small
compared to the calculated one. To bring these values
into accord we have to assume a somewhat heavier (about
four mass units) nonfusing fraction decaying sequentially

TABLE I. Maximum and critical excitation energies.

Projectile
325 energy €N R Xt
(MeV)  Target (MeV/nucleon) (cm/ns) (MeV/nucleon)
955 4Sc 7.2 241+0.2 6.3+0.4
Sty 6.9 25102 6.4+04
8Ni 6.5 2.0+0.2 54+04
836 8Ni 5.7 2.1%+0.2 5.1%0.3
708 4Sc 5.3 2.6+0.2 5.2%+0.3
Sty 5.2 241+0.2 5.1+0.3
8Fe 5.0 22102 49103
3Ni 4.8 2.0+0.2 45103
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to the mass of the detected one. With all these small
corrections we obtained from the velocities g the max-
imum or critical excitation energy per nucleon, which the
compound nuclei display. The results for the different
measured systems are listed in Table I, together with cal-
culated maximum possible values e&yn for complete fusion.
The agreement with the result obtained from the JULIAN
calculation is good. According to our systematics'® the
fraction of complete fusion is expected to be about 20% at
30 MeV/nucleon incident energy and about 40% at 22
MeV/nucleon. These are no negligible cross sections. If
they contribute to the formation of ER’s the described
method should be able to detect this. Thus the measured
saturation of o at excitations below that of the complete-
ly fused system is a significant result and seems to indicate
a limitation for the survival of ER’s in addition to the
known entrance channel limitations of momentum/energy
transfer as expressed by our systematics. '3

The results listed in Table I for limiting ¢* are in good
agreement with values for this compound nucleus mass re-
gion obtained by other experimental methods (see e.g., the
compilations of Refs. 15 and 23). They are also in the or-
der of the theoretically predicted 70% of the total binding

energy.'!' The variations due to the different targets are
larger than the experimental uncertainties, but cannot be
described as a mass dependence. A qualitative explana-
tion of these differences is provided by the calculations of
Refs. 6 and 10, which take into account the charge-to-
mass ratio of the formed compound nucleus. Starting
with the Ni target we will reach compound nuclei with the
highest Z to N ratios, always assuming that the light
nonfusing fractions on the average have equal numbers of
protons and neutrons. That means, these nuclei have a
larger distance to the B-stability line and can stand less
excitation energy. The same argument holds also for the
decreasing values of €& at lower bombarding energies,
because the fusion cross section is shifted to more com-
plete fusion channels. These heavier compound nuclei
also move away from the stability line.

To prove the theoretical predictions and to corroborate
the difference of the excitation energy borderline from
that of the momentum transfer limitation concerning the
dependence on the mass and Z/N ratio of the compound
nucleus, more measurements on lighter and heavier sys-
tems and especially with extremely distant isobaric target
nuclei are necessary.
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