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Angular Momentum Limits in Fusion Reactions Induced by Argon and Krypton Projectiles
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Evaporation-residue cross sections, A and Z distributions, and y-ray multiplicities
are reported for Ar and Kr reactions leading to various Er compound nuclei. When

combined with previous data the results show an angular momentum limit approximately
consistent with the expected onset of fission modified by contributions from charged-par-
ticle emission. No evidence is found for an absence of evaporation residues from low-E

collisions in the Kr cases.

Recently there have been several studies of
heavy-ion fusion reactions' leading to compound
nuclei in the mass region 150-160. These experi-
ments have involved fusion and evaporation-resi-
due (ER) cross-section measurements, "detailed
studies of y-ray multiplicities, ' ' and excitation
functions for specific xn channels. " Projectiles
ranging from "0 to ~Kr ions were used. In gen-
eral, experiments which measure average quan-
tities such as o«and the number of y rays in the
deexcitation of the ER products do not show sig-
nificant differences between cases where similar
compound nuclei are formed with a variety of
bombarding particles. However, detailed studies
of threshold behavior for specific xn channels'
and of higher moments of the y multiplicity dis-
tributions' seem to show definite nonequilibrium
effects.

This Letter reports new experimental results
for evaporation residues from Er compound sys-

tems (A = 154-164) at E*=50-120 MeV following
"Ar and ~Kr bombardments of Sn and Ge tar-
gets. Cross sections and detailed mass and

charge distributions have been measured for ER
products from ~Kr+'~"Ge reactions at the Law-
rence Berkeley Laboratory SuperHILAC. At the
Gesellschaft fur Schwerionenforschung Unilac,
y-ray multiplicity distributions have been studied
for ~Kr+76Qe and ~ Ar+' 2'~ ~Sn. The results are
combined with previous data. on ER cross section,
A and Z distributions' from ~Kr+"Cu, and cross
sections'*' for the ~'Ar bomba. rdment of '"Ag and
"'Sb.

The measurements of y-ray multiplicity distri-
butions used a multidetector array consisting of
fourteen Nai detectors and two Ge(l i) detectors. 4

The vER and the A and Z distributions resulted
from direct measurements of the yield, velocity,
dE/dx, and total energy of the ER products. De-
tails are given in Refs. 2, 4, and 9.
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From v«and multiplicity measurements' for
these same Er compound systems formed by "0
and "8 bombardments, it has been shown that the
average angular momentum of the ER products, .

l, can be related to the measured average y-ray
multiplicity M z, by the empirical relationship

I = 2(M —4). (1)

In general the ER cross section is given by

v„=~a' Q(2l+1)a,„„.„(1-S„„,.„).
l=o

(2)

In a sharp-cutoff approximation, Pf„„,„=1 for
/~/ and 0 for l&l, and Pq;„;,„=0for l~l& and 1
for l &/f, where /„ is the critical angular momen-
tum for fusion and lf is the value above which the
fused nuclei decay by fission instead of forming
ER products. Then a quantity /~, for EB prod-
ucts can be derived from (T«using the relation-
ship

Figure 1 shows the result from the y multiplicity
measurements converted into angular momentum
via Eqs. (1) and (4). The lines represent a calcu-
lation based on the Bass potential" and an incom-
ing-wave boundary (IWB) condition discussed by
Broda et a/. " It is seen from the figure that the
trend of the angular momentum input predicted by
the calculation is reproduced by the data up to l
=655 only, where an apparent limit is reached
from the Ar-induced reactions. The observed
limit is close to the angular momentum for which
the fission barrier of a rotating liquid drop"
equals the neutron binding energy of the com-
pound system (see Fig. 1).

Figure 2(a) shows results for /~„obtained us-
ing both oER measurements and M

~ results from
the present studies and from previous v«mea-

I,„=(oEa/rrX')"' (3)

„=3l/2. (4)

If the same (2l+1) partial-cross-section distribu-
tion is assumed for the y multiplicity measure-
ments then l „can be obtained from the relation-
ship
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FIG. 1. Plot of l~» determined from y-ray multiplic-
ity measurements as described in the text vs the com-
pound-nucleus excitation energy for. 6Kr+ ~6Qe {solid
points) and Ar+ ~ Sn (open points). The two heavy
dashed curves indicate the predicted l~~ vs E* assum-
ing the Bass potential and the incoming-wave boundary
condition. The horizontal line denotes the angular mo-
mentum at which the fission barrier of a rotating liquid
drop equals the B„for 18 Er,

FIG. 2. Plot of (a) I „, (b) average evaporated
mass, and (c) average evaporated charge as a function
of the excitation of the compound nucleus for evapora-
tion. residues formed by Ar bombardments of ~Ag,
121Sb, and 122, 12 Sn, and by 84, 86Kr bombardments of
6~&u, and 0 '~Gee. The data included are from y-ray
multiplicity measurements discussed in the text and
from measurements of the yield and A, Z of the evap-
oration residues from the present and previous meas-
urements (Hefs. 2, 3, 14). The angular momentum at
which the rotating-liquid-drop fission barrier equals
the B„for 6 Er is indicated for comparison in (a).
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surements. ~' Several major characteristics are
illustrated: (i) The values obtained for /~„ from
the I

~
and o ER measurements are consistent indi-

cating the validity of Eq. (1) for these heavier
projectiles. (ii) From both M~ and o'«measure-
ments we find l, values which agree when the
same system is formed at the same excitation
energy using 'Ar and ~Kr projectiles. This
agreement reflects the experimental result that
a particular E*neither v«/wk' nor M ~ depend on
the projectile. At E*&80 MeV it seems reason-
able to postulate that l „will be determined by
fission competition and, therefore, reach a limit
of -655. If all l values below 405 were excluded
from fusion in ~Kr but not in 'Ar bombardments"
the experiments should show (o'zR/mX )Kp 2(+«/

)Ar and (Af y)K (My)A, + 5.1. The data in Fig.
2(a) are not consistent with a low-/-value window
of this magnitude. (iii) In the energy region 100-
250 MeV the values of l, continue to rise slowly
from -655 to -80k indicating that at the highest
energies there is significant initial population of
values which might be expected to decay primari-
ly by fission but which instead end up as ER pro-
ducts. This result may indicate that at the high-
est energies for l values of the order of 8(R par-
ticles compete favorably with fission decay so
that there is a significant probability for remov-
ing angular momentum before the system be-
comes unstable toward fission. Significant angu-
lar momentum removal could most easily be ac-
complished by n-particle emission either from
the equilibrated compound nucleus or possibly as
a preequilibrium process occuring during the
time required to fuse the two large nuclei into a
compound system.

Figure 2(b) shows the average number of nucle-
ons emitted from the ER products as a function
of excitation energy. Results have been obtained
from the time-of-flight measurements, from the
relative cross sections for various ER products
in the y multiplicity measurements, and from a
radiochemical measurement' for 'Ar+ "'Ag.
Results from the various techniques seem to
agree quite well. In the region of E*=53-93 MeV
hA changes from 4 to 6.2 amu, implying a slope
of 19.5 MeV/amu in this region. For E* 10)0
MeV the excitation energy per nucleon emitted is
found to be - 8.3 MeV/amu. Between 50 and 100
MeV the excitation energy is divided between par-
ticle emission and the increase in y-ray emission
resulting from / „changing from 0 to 65k while
above 100 MeV the estimated total y-ray energy
reaches an approximately constant value. The

value of 19.5 MeV required per emitted nucleon
below the angular momentum limit can be repro-
duced by statistical calculations using rotational
energies that assume an yrast line with a rigid
moment of inertia. Above 100 MeV the observed
slope appears to be too small to be explained by
the evaporation of nucleons alone and at -230
MeV the results suggest the evaporation of 1-2
e particles. An estimate of the reaction barrier
is indicated in Fig. 2(b) by the vertical solid line.
At this point only low /' values are allowed and
the E*=50 MeV is partitioned between - 35 MeV
for the binding energy of four neutrons, -8-9
MeV for neutron kinetic energies, and - 6-7 MeV
for statistical y rays.

Figure 2(c) shows the results obtained from the
average charge emitted (AZ) in the deexcitation
of the compound systems formed in Kr bombard-
ments. The results show (i) that AZ increases
rapidly with increasing excitation energy and

(ii) at the same excitation energy b, Z is -1.5 units
greater for the deexcitation of '~Er than for
"'Er. Both of these results are caused by the
systematic decrease in B~ and increase in B„as
the products become more neutron deficient. De-
spite systematic changes in AZ the quantity hA
remains approximately a function of E*because
the protons are only emitted in significant num-
bers when their binding energies have decreased
to the point where the total energy release is sim-
ilar to neutron emission. Because of the varia-
tion in AZ the method of summing cross section
from different systems used to obtain Qo'(xz) in
Ref. 7 is probably not correct. As a consequence,
values of 4Z that can be deduced from Figs. 2
and 3 of Ref. 7 are systematically lower by 1-2
amu than the results shown in Fig. 2(b).

In addition, the multiplicity measurements
show the M~ values for specific channels excited
by Ar and Kr projectiles are approximately equal
for systems excited to the same excitation ener-
gy. This result is again inconsistent with the
postulate" that the lowest 40 l waves do not fuse
in Kr bombardments. A similar conclusion has
been stated by Simon et al.' from a comparison
of y-multiplicity results for Yb ER products
formed "0, 'Ar, and ~Kr reactions.

The fact that l „continues to rise slowly for
E*)100 MeV and that there are differences' in
cross sections and apparent thresholds for spe-
cific xn channels from Ar and Kr bombardments
may indicate the presence of nonequilibrium ef-
fects in the decay of the ER products. The ob-
served effects could be consistent with the emis-
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sion of a few preequilibrium charged particles
with this probability being dependent on both the
excitation energy and the bombarding particle.
Model calculations qualitatively consistent with
this speculation have been published. " For the
very-neutron-deficient systems studied in Ref. 7
the threshold shifts ma, y be due to an increased
preequilibrium charged-particle emission when
nuclei are excited at low angular momenta with
Kr projectiles. Some cross section from low /

values is then shifted from xn to (yP, xn) chan-
nels. Since we are dealing primarily with neu-
tron-deficient nuclei and since charged-particle
emission is generally limited by a, Coulomb bar-
rier it may be reasonable to expect that deexcita-
tion which might take place from a. fused system
before it reaches equilibrium could lead to an in-
crease in charged-particle emission both for this
low-E*, neutron-deficient case, and for the E~
&100 MeV region discussed above.
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