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Abstract. The Argonne Fragrnmt Mass Analyzer (FMA) is designed to separateend identi~ evaporation residues

according to their mass-to-chargersf.io.The _ in combination with GAMMASPHERE - an array of 100 compton-
um dateotora - allowed for a number of very interesting in-beam gamma-spectroscopy studies, assuppressed germani

the FMA provided a very clean trigger on evaporationresidues to obtain extremely background-free gamma-spectra.
This mtup was used to measwe the totst gamma-energy and multiplicity after particle evaporation - the so-called entry
distribution - by exploiting tbe calorimetric properties of GAMMASPHBRE, using its germaniumdetectorsas wellas its
BOO shields for a maximum gammaeffiaeney. Thc enfry distributioncan be used to estimate the h&ght of the fission
barrieras a function of angularmomentum.This method is especiallyfavorablefor unstablenuclei, for whichthe fission
bamieris othexwiaevery difieult to measure. Here, the entry distributions of % at beam energies of 206 MeV and
219.S MeV in the ‘76Yb(4C@n) reacdonarepresented. The results are comparedto a previousmeasurement.

INTRODUCTION

The Argonne Fragment Maas Analyzer (FM@ (1)
at the A~AS facility of Argonne National Laborato-
ry is designed to separate and identify nuclear reaction
products according to their mass-to-charge ratio. In the
last two years GAMMASPHERE, an array consisting of
100 compton-suppressed germanium detectors, was in-
stalled at the target position of the J?MA. This allowed
for high-precision in-beam gamma spectroscopy. The

FIWA provided a clean trigger on the evaporation residues
of interest, allowing GAMMASPHERE to detect almost
background-free spectra of unstable isotopes, which were
produced with cross sections down to several micro barn.

In this work, this setup was used to measure the muhi-
plicity and the totsd energy emitted by gamma radiation,
in order to determine the bight of the ikion bmier of an
unstable nucleus. The height of the fission bamier is an
important property of heavy nuclei, controlling their sta-
bility against spontaneous fission. In particular the iife-
times and d~ay modes of super-heavy elements are de-
tennin~ &y tie height Md shape of the fission bamier.

This quantity for a wide range of nuclei is obviously im-
portant for the understanding of the structure of heavy
nuclei.

The fission barrier plays also an important role in
the production cross sections of heavy nuclei in fusion-
evaporation and in fragmentAon-type reactions. Mcrre-
over, the renewed interest in the production of neutron-
rich nuclei via in-flight fission of a relativistic primary
23*Ubeam requires also a knowledge on the fission bar-
riers of nuclei, which might fission after abrasion and ab-
lation of some nucleons.

Experimentally, the fission barrier is often very diffi-
cult to determine. High-precision experiments to deter-
mine the effective height of the fission barrier require sta-
ble or long-lived targets for measurements of the fission
probability as a function of the excitation energy. Fis-
sion induced by neutrons or light-charged particles is very
well suited for this mcthd, ss the formation of the com-
pound nuc]eus in these types of reactions is very well un-
derstood. Unfortunately, this is not the case for heavy-ion
induced reactions.
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One method to determine the height of the fission bar-

rier of proton-rich light actinides and preactinides has
been proposed by Grewe et al. (2), who used electromag-
netic excitation of relativistic secondary beams. Here,
the measured fission cross section was matched with a
model calculation of the excitation process, with the fis-
sion barrier as the only free parameter. The agreement
with earlier measurements using conventional techniques
is very good. The disadvantage of this method is, be-
sides its model-dependence, the fact that it is not useful
for isotopes which cannot be produced in fkagmerttation
reactions.

Another attempt is to extract the height of the fission
barrier from beta-&layed fission (see e.g. (3)). Here a
beta-unstable nucleus populates states in its daughter nu-
cleus, which are above the fission barrier. This method
possess two drawbacks: first it is limited to isotopes that
populate the above-mentioned states after beta-decay. A
second complication is that the extraction of the fission
barrier height requires a detailed knowledge of this pop-
ulation, which is then again model-dependent.

A new alternative approach to estimate the height of
the fission barrier of ‘No was proposed by Reiter et
al. (4). 2MN0 nuclei produced by the ‘PbPCa,2n) re-
action were identified in a recoil separator. ‘he recoil
decay tagging technique confirmed that the mass iden-
tification is sticient to separate the nobelium gamma-
rays iiom a large background, The calorimetric proper-
ties of GAMMASPHERE were used to measure the totai
gamma-ray sum energy and rmdtiplicity. The entry distri-
bution (the two-dimensional distribution in spin and ex-
citation energy after neutron evaporation) was obtained
by ecmeeting for the detector response. ‘Rtis method is
applicable when the saddle-point energy (the fission bar-
rier height plus the yrast energy) is below the neutron-
separation energy. As the fission probability is expect-
ed to be dominant over the much slower deexcitation by
gamma emission, the entry distribution is limited by the
fission barrier, thus rdlowing an estimate of its height,
which was in the case of 254N0 at least 5 MeV.

One major advantage of this method is the fact that it is
the only way to study the spin-dependence of the fission
barrier, For “N0, the data show the fission barrier to he
remarkably stable against spin, which is attributed to the
f=t that the ground-state shell correction is predominant-
ly responsible for the fission barrier,

To test this entry-distribution method for the determi-
nation of the fission bamier heightj a measurement on a
nucleus whose tilon barrier has been determined with
a different experimental technique is necessary. Unfortu-
nately, nuclei which were studied with neutron or light-
charged particle emission are not accessible for fusion-
evaporation reactions. The ‘OTh system was chosen,
however, because this nucleus has been studied by Grewe

et al. (2), using electromagnetic excitation, as described
above. As theoretical expectations for the height of the
fission barrier of this nucleus do not agree (see discus-
sion in ref. (2) and references therein) it is also interest-

ing from the theoretical point of view. The fission barrier
of 220Th is expected to show a much stronger spin de-
pendence than for 2S4N0, as it is derived largely from a
liquid-drop term that decreases with spin,

EXPERIMENT AND DATA ANALYSIS

The ATLAS accelerator at Argonne National Labora-
tory provided a 4*Ca beam, which impinged on a 176Yb
target with a thickness of 0.81 mg/cm2, For the measure-
ment, beam energies of 206 MeV and 219.5 MeV were
chosen. The lower beam energy is centered at the max-
imum production cross section; the higher beam energy
was used to test whether additional angular momentum
could be brought into the system. Gamma radiation was
detected using GAMMASPHERE, an may of 101 BGO-
shielded germanium det=tors. The recoils were selected
and identilkd with the Argonne Fragment Mass Analyzer
~), using a position-sensitive parallel-grid avatanche
counter (WAC) to measure the mass-over-charge spec-
trum for identification of the residues. This identification
was confirmed by implanting the recoils into a double-
sided silicon Srnp detector (DSSD) and measuring the
subsequent alpha-decay. Due to the short half-life of
% (9.7 ps) the use of the recoil decay tagging (RDT)
technique was not possible, as it would reduce the ef-
ficiency too much. In the case of the lower beam en-
ergy this is not a problem because 22% was the most
dominant channel, For the higher beam energy the pro-
duction rate of 219Th is about as high as that of 220Th,
but mass identification was sufficient to separate the t-
wo products. Later, an RDT condition will be used to
test whether the tails of the 219Thpeak in the focal-plane
spectrum have an influence on the entry-distribution of
22% at all. Scattered beam particles at the focal plane
were excluded by measuring the energy loss of the re-
coils in the DSSD as a function of the time-of-flight be-
tween the PGAC and the DSSD. In this spectrum, recoi!s
and scattered beam particles were clearly separated. Us-
ing the above-mentioned conditions and additional con-
ditions on the time-of-flight between the accelerator RF
and the firing germanium or BGO detectors to suppress
random eventa, the measured gamma sum-energies and
the module multiplicity for 220Thresidues was obtained.
A module is defined as one germanium detector of GAM-
MASPHERE with its surrounding BGO shields.
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Utiolding and conversion from muRiplicity
to spin

The measured gamma sum-energy as well aa the mul-
tiplicity have to be corrected for the response of GAM-
MASPHERE in order to obtain the total gamma energy
and multiplicity, The sum-energy and multiplicity re-
sponses of GAMMASPHERE to 89S-keV photons was
measured with a *SYsource, using an event-mixing tech-
nique (5). The response was used to unfold the measured
data using a Monte-Carlo simulation procedure (6). ‘1’le
final energy-multiplicity distribution was also corrected
for the multiplicity dspcndence of the trigger efficiency,
as the lrigger of MMMASPHERE required a minimum
of two detectors firing in coincidence.

To convert multiplicity into spin U) we used the rela-
tion:

Here, AZad is the spin carried away by a statistical gam-
ma ray, msa is the multiplicity of statistical gamma rays,
Al and m are the respective quantities for non-statistical
gamma rays. For the calculation the values A&d = 0.5,
m=a = 4 and Al = 1.75 were chosen. l~lw, the spin car-
ried by conversion electrons, is, for the momen~ taken
to be zero, but needs to be added later (after the electron
contribution has been determined).

RESULTS AND DISCUSSION

The measured entry distributions of% for the t-
wo beam energies are shown in figure 1, The two dis-
tributions look ve~ similar, which is remarkable. The
larger amount of fluctuations for the higher beam energy
is due to the fact that the statistics for the entry distri-
bution is about one order of magnitude lower than that
for EE_ = 206 MeV. It is significant that the maximum
spin appears to be about 20 h in both cases, which sug-
gests that this is the maximum angular momentum that
this nucleus can withstand. The entry distribution does
not follow the yrast line as might be expected, but is tilt-
ed with respect to it. This is similar to the results ob-
tained for ‘No (4), This behavior is not understood, as
the phase space for low energies and low angular momen-
ta is expected to be small. Reiter et UL(4) proposed the
emission of pm-compound neutrons as an explanation.

Concerning the excitation energy, the enm distribu-
tion does not reach below the yrast line, as it is expected.
The saddle point energy shown in figure 1 is the sum of
the fission barrier and the yrast energy (9). This saddle-
point energy is calculated as the sum of the ground-state
shell effect (7) and a spin-dependent liquid-drop compo-
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FIGURE 1. Preliminary emy distributions of W at a beam
energy of 206 MeV and 219.5 MeV.In the figure, the yrsst
line, the neutron-separation energy Sn and the saddle-point en-
ergy &&f/c are shown. ~e saddte point energy is defined as
&j~/C(l) = ~.~~ (/) +Bf (1), with Bf(l) being the fission bsr-
riar at a given angular momentum 1. Bf(f) is cstculatert as the
sum of a liquid drop component (8) and the ground-state shell
effect (7). The dashed lines are extrapolations. The yrast line
data have been taken from reference (9). The neutron separa-
tion energy shown is cakulated according to S.(I) = S. (f =
0)+ EYM{Z). S. (f = O) is calculatedby using massesfromref-
erence (7). The lowestcut in both figuresmrrespondsto a limit
of 20 in yield (arbitrary units).

nent (8). The entry distribution reaches well beyond the
boundary given by the saddle-point energy, which indi-
cates a fission barrier higher than the expected value.

The neutron separation energy shown is the sum of the
neutron-separation energy at spin zero (7) and the yrast
energy, The neutron separation energy is not a hard cut-
off in excitation energy either, which is expected, as the
neutrons carry kinetic energy and the phase-space close
to the threshold is very small.

It is important to note that in ‘“Th the fission barri-
er and the neutron separation energy are expected to be

254Nocase. Thus, the upper limitmuch closer than in the
of the entry distribution might be determined by either of
the two.
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FIGURE 2. Projections of the entry distributions (preliminary
data) shown in figure 1 with respect to spin and total garnma-
energy,

In figure 2 projections of the entxy distributions of fig-
ure 1 on the spin and energy axis are shown. The cutoff in
apin at 20h is again revealed. The excitation energy dis-
tribution drops leas sharply for the higher beam energy
and shows Rrather slow deaease, which reflects the extra

%lt at the higher beam energy.excitation energy in
7%6 maximum excitation energy, which is the beam

energy in the center-of-mass system plus the Q-value, is
14.9 MeV in the for EBea. = 206 MeV and 25.1 MeV
at EB8M = 219.5 MeV. The maximum excitation ener-
gies wer8 caictdated for the center of the target. The
maximum excitation energy of the entry distribution at
Es- = 206 NfeV and at EBm. = 219.5 MeV are com-
parable, which means that the average kinetic energy of
the neutrons is significantly higher in the latter case as
expected due to the higher excitation energy.

To obtain an estimate for the Kssion barrier the half-
maximum values at a given spin were used. The data
suggest a tirtsion barrier of at least 10 MeV at a spin of
155, which is closer to the value of 9 MeV calculated by
Pashkevich (10) for spin zero.

Further analysis is in progress to cofi the
multiplicity-spin conversion and to compare our results
with a statistical model calculation. A subtraction of ran-
dom events will be done as well. For the future it would
be very interesting to study the entry distribution of ‘“Th
by using different projectile-target combination in order
to gain a daeper understanding of the reaction mechanis-
m.
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