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Energy sharing in the deexcitation of the 90Ru compound nucleus via thepa channel
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Using the 4p light charged-particle detector DIAMANT in combination with theg-ray spectrometer
EUROGAM II, the decay of the90Ru compound nucleus via thepa channel was studied. These nuclei were
produced at an excitation energy of 54.9 MeV and with a maximum angular momentum of 37\ by the 120
MeV 32S 1 58Ni reaction. The measurement of the energy of the two particles allowed the determination of the
energy distribution of the entry states. A particular behavior of the sharing of the available energy between the
two particles was found: For increasing values of the entry-state energy, the mean energy for protons remains
almost constant while for alpha particles it decreases. This behavior is well reproduced by the evaporation code
LILITA _N95. The physics underlying the decay is discussed in the framework of the statistical model which
predicts a strong correlation between the excitation energy and the angular momentum of the evaporation
residue. This result encourages the use of thepa channel to select the excitation energy and the angular
momentum of the evaporation residue for superdeformed band studies.@S0556-2813~97!01612-9#

PACS number~s!: 25.70.Gh, 23.20.En
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I. INTRODUCTION

Much work has been devoted to the study of the prop
ties and the decay of the composite systems, using as pr
light particles andg rays. The statistical model~SM! pro-
vided the guidance for data interpretation, allowing extr
tion of the leading physical quantities such as temperat
angular momentum, and deformation of the emitting syst
Most of the studies were based on inclusive measuremen
proton, deuteron, triton, and alpha particle energy spe
and angular distributions@1#. More recently, the availability
of high efficiency detectors for light charged particles andg
rays provided the opportunity to select decay channels e
with low cross sections, allowing extraction of more detail
information on the composite system decay. In particular,
channels involving one or two particles are rather interes
as they provide a stringent test of the statistical model,
decay not being integrated over many particle emiss
steps. Since these channels involve high spin states o
composite system, the effects of the angular momentum
the decay are expected to be relatively strong. In this resp
the study of these channels provides insights into the le
density at high angular momenta for which only a few stu
ies on the basis of very exclusive data have been carried
@2#. Furthermore, particles emitted from the compou
nucleus~CN! at high angular momenta are of great inter
in the study of the deformed bands. Recent experiments@3#
have shown that charged particle–gamma coincidences
be more effective in the search of hyperdeformed structu
The population mechanism of the superdeformed band
not yet well understood and it is of great interest to inve
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gate whether the observation of charged particles allows
lection of both the excitation energy and the angular mom
tum of the entry states. This implies the understanding of
decay mechanism of the high spin states of the CN, wh
can be obtained with less ambiguity in the case of chann
involving few nonidentical particles.

In this framework we have undertaken the study of thepa
channel of the90Ru compound nucleus to infer the ma
characteristics of the decay mechanism. In the following s
tions we first give a general description of the experim
and data handling. Then, particle energy spectra and part
particle angular correlations for different values of the ent
state excitation energy are presented and compared with
predictions of the statistical model.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experiment was performed at the VIVITRON acc
erator in Strasbourg~France!. A 120 MeV 32S beam~cur-
rents of the order of 1.5 particle nA! was impinging on a
self-supporting 58Ni target ~800 mg/cm2 thick!. Charged
particles were detected by the DIAMANT multidetector a
ray @4#, composed of 54 CsI~Tl! scintillators. The detectors
were arranged on ten rings of identical detectors placed a
same angle with respect to the beam direction in a qu
spherical geometry covering a solid angle equal to 92%
4p sr. Each scintillator, 3 mm thick, was coupled to a ph
todiode via a Plexiglas light guide. The external radius of
aluminum scattering chamber housing the detectors was
cm. Light charged particles were identified by the pu
shape analysis technique. The detectors placed in the forw
3180 © 1997 The American Physical Society
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56 3181ENERGY SHARING IN THE DEEXCITATION OF THE . . .
hemisphere were covered by thin Ta foils of different thic
nesses, 15mm, 10 mm, and 7.5mm, in order to absorb the
elastically scattered particles. Energy thresholds resul
from the identification technique and the absorber inser
were in the range from 3.0 to 3.8 MeV and from 8.8 to 11
MeV for protons and alpha particles, respectively. Pro
and alpha particle energy calibrations were performed
means of sources and in-beam measurements as describ
Ref. @5#. In order to select the reaction channel, t
DIAMANT detector was inserted into theg-ray spectrometer
EUROGAM II @6#, constituted by 30 tapered and 24 clov
escape-suppressed Ge detectors. A total number of 5803106

particle-gamma coincidence events requiring a gamma
greater than 4 and at least one particle were measured.

Eleven evaporative channels, involving at least one li
charged particle~proton or alpha particle!, were observed
The total yield summed over the identified channels has b
taken as the fusion-evaporation cross section because
channels involving only neutron evaporation are negligi
in this reaction. This was inferred from theg-ray spectra
built by the events without particle detection. In these spe
we have not observed transitions belonging to the evap
tion residues produced by pure neutron channels. Fut
more, SM calculations predict very low cross sections
these channels. The experimental relative intensities for
observed channels have been extracted and are report
Table I. The decay via the 3p, 4p, and 2pa channels repre-
sents about 90% of the total fusion-evaporation cross sec
Two-particle channels are populated with very low intens
~1.2% in the case ofpa channel!. It is worth noting that the
highly efficient setup used in the present experiment allow
us to observe very weak channels such as the 2p2a channel
~0.02% of the fusion cross section!.

The particle energy spectra, the energy distribution of
entry states, and particle-particle angular correlations w
extracted for most of the identified channels. The selectio
a specific channel was achieved using the following pro
dure: we first required for each event the number and typ
detected particles to correspond to the channel of inter
then single gates were set on discreteg lines associated with
the residual nucleus.

The selection of thepa channel is now described in de
tail. In Fig. 1 we show theg-ray spectra built from 10% o
the measured events. Theg-ray spectrum obtained withou

TABLE I. Relative cross sections of the observed exit chann
in the 120 MeV32S 1 58Ni fusion-evaporation reaction.

Exit channel s @%#

2p (88Mo! 1.360.1
2pn (87Mo! 4.560.4
pa (85Nb! 1.260.1
2a (82Zr! 0.2160.02
3p (87Nb! 4362
3pn (86Nb! 1.760.2
2pa (84Zr! 2261
p2a (81Y! 0.4060.03
4p (86Zr! 2561
3pa (83Y! 0.7260.05
2p2a (80Sr! 0.0260.01
-

g
n

n
y
d in

ld

t

en
the
e

ra
a-
r-
r
e
in

n.

d

e
re
of
-

of
st;

any selection is shown in Fig. 1~a!. Most of the lines belong
to the strongly populated evaporation residues, i.e.,87Nb ~3p
channel!, 86Zr ~4p channel!, and 84Zr (2pa channel!. Figure
1~b! shows the energy distribution ofg rays in coincidence
with one proton and one alpha particle. The 634 keV@13/21

→ 9/21 ~g.s.!# and 841 keV~17/21 → 13/21) transitions of
the 85Nb nucleus@7# produced by thepa channel are indi-
cated. The strong lines associated with the pure proton ch
nels~i.e., 3p and 4p channels! have completely disappeared
The pollution by the84Zr g rays, produced through the ver
intense 2pa channel~about 20 times greater than thepa
channel!, is caused by the escape of one of the two proto
In this experiment, the efficiency for proton detection a
identification was equal to 67%@8#. In order to obtain the
particle spectra relative to thepa channel, gates were set o
the 634-keV and 841-keVg-ray transitions of the85Nb
nucleus in the selected spectrum of Fig. 1~b!. Spectra were
corrected for the contribution of the Compton backgrou
under the peaks.

It is worth noting that the selection on the particles grea
improved the peak-to-background ratio in theg-ray spectra
@8#, also providing an efficient correction of the Doppl
broadening@9#. The selection of very weak channels, with
few percent of the total cross section, required the setting
the above-mentioned stringent conditions to avoid the c
tamination from other channels. This may explain the re
tively small number of studies relating reaction mechanis
and nuclear structure@3,10–12#.

Laboratory energy spectra for each particle were obtai

FIG. 1. Gamma-ray energy spectra for the 120 MeV32S 1 58Ni
reaction.~a! Without any selection. Strongg lines, associated with
the main channels~i.e., 3p, 4p, and 2pa), are indicated.~b! In
coincidence with one proton and one alpha particle. Transition
634 and 841 keV, belonging to the85Nb (pa channel!, are pointed.
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3182 56F. BOURGINEet al.
summing over all the detectors belonging to the same
and requiring the other particle to be detected at any ang
DIAMANT. The energy distribution of the entry states of th
evaporation residue in the channel under study was obta
by assigning to each selected event an excitation energ
the entry state given by

Ef5E* 2S2EK
T , ~2.1!

whereE* is the excitation energy of the compound nucle
S is the sum of the separation energies of the particles,
EK

T is the total kinetic energy in the center-of-mass syste
This was deduced from the events in which both partic
were detected atu lab,70°. In this angular range the energ
of all emitted particles was higher than the energy thre
olds. This choice provided anEf distribution not affected by
the missing events due to the experimental energy thresh
In spite of the low channel cross section and the partial
of DIAMANT we obtained a high qualityEf distribution.

The uncertainty in theEf values, due to the angular ope
ing of the detectors, varies from 3 to 2 MeV for excitatio
energies ranging from 5 to 40 MeV. The mean excitat
energy of the entry states has been measured by othe
thors, for several systems, usingg-ray spectrometers@13#. In
the case of the Spin Spectrometer used in Refs.@14,15#, the
uncertainty onEf varied from 2.3 to 6.5 MeV in the sam
range of excitation energies as in our system.

Proton-alpha particle azimuthal angular correlations h
been extracted foru lab557.5° ~with an angular opening
Du522.5°) in the azimuthal angular range from 90°
180°.

III. STATISTICAL MODEL ANALYSIS
OF THE pa CHANNEL AND DISCUSSION

The 90Ru compound nucleus was produced at 54.9 M
excitation energy. The maximum angular momemtum of
CN, Jfus537\, was deduced in the sharp cutoff approxim
tion from the total fusion cross section measured by Stefa
et al. @16#. The particle energy spectra have been analy
for most of the channels in the framework of the statisti
model using the evaporation codeLILITA _N95 @17#. This
Monte Carlo code was modified to include the experimen
conditions such as geometry, energy thresholds, and num
of detected particles. A good agreement for all the chann
involving more than two particles could be obtained us
standard input parameters: a level-density param
a5(A/8) MeV21, a rigid-sphere moment of inertia, the o
tical model transmission coefficients reported in Ref.@18#,
and a sharp cutoff angular momentum distribution of the C
The comparison between the experimental spectra and
results of the simulation with these parameters are show
Fig. 2 for the 3p, 2pn, and 2pa channels. In the following,
we will focus on thepa channel in which case a detaile
comparison with the statistical model is possible for bo
particles.

The measured proton and alpha particle energy spect
thepa channel atu lab557.5° are compared to the calculate
ones in Fig. 3~a!. The latter, corrected by the energy loss
the absorbers, are normalized to the maximum of the exp
mental spectra in order to compare the shapes. It is w
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FIG. 2. Measured~solid line! and calculated~dashed line! labo-
ratory energy spectra of protons for the channels~a! 3p, ~b! 2pn,
and ~c! 2pa; of alpha particles for~d! 2pa channel.

FIG. 3. Measured~solid line! laboratory energy spectra of pro
tons ~left! and alpha particles~right! in the pa channel atu lab

557.5°, compared with the results of calculations~dashed line!: ~a!
using standard parameters,~b! assuminga5(A/10) MeV21, ~c!
with spin-dependent moment of inertia according to the RLDM, a
~d! with superdeformed yrast line crossing the spherical yrast lin
J528\.
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56 3183ENERGY SHARING IN THE DEEXCITATION OF THE . . .
noting that the alpha-particle spectrum in thepa channel
@Fig. 3~a!# differs significantly from the one in the 2pa
channel. We observe that the simulation underestimates
high energy side of both particle distributions, indicating th
the phase space available to this channel is not well
counted for by the model. Several calculations have b
carried out changing the relevant parameters of the statis
model. A lower value of the level-density parameter li
(A/10) MeV21, still reasonable at this excitation energ
improves the agreement for thepa channel@Fig. 3~b!#, but it
makes worse the agreement for the other channels. Calc
tions have been performed using different prescriptions
the moment of inertia,I: I independent of the angular mo
mentum,I dependent on the angular momentum accord
to the rotating liquid drop model@19#, andI corresponding
to a superdeformed yrast line crossing the spherical one a
angular momentumJ528\ taken from studies of superde
formed bands in this mass region@20–23#. The last two pre-
scriptions are shown in Fig. 3~c! and Fig. 3~d!, respectively,
and are compared to the experimental spectra. As can
seen, all these calculations do not allow us to reproduce
the alpha particle spectra. A better agreement for proton
obtained, compared to the standard calculation; however
latter still provides the best overall agreement for all t
channels. We conclude that the disagreement found for
pa channel might be related to the treatment of the le
density at high angular momenta@24#.

In order to get more insight into the CN decay mech
nism, the SM predictions with standard parameters h
been compared to the measured energy distribution of
entry states~Fig. 4!. We observe that the calculated distrib
tion is slightly shifted to higher energy, this being consiste
with the findings of Fig. 3~a!.

We carried out an analysis of the particle energy spec
selecting different windows~5 MeV width! of the entry-state
energy distribution. These spectra, in the center-of-mass

FIG. 4. Measured~solid line! and calculated~dashed line! exci-
tation energy distributions of the evaporation residuesEf for thepa
channel.
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tem, are shown in Fig. 5 for both particles and compa
with the calculated ones. We note the strong variation of
spectral shapes as a function of the excitation energy.
alpha particle spectra, corresponding to the lowerEf values,
differ significantly from the usual Maxwellian shape. Th
behavior is accounted for by the model which provides
same spectral shapes, although it does not reproduce the
tive intensities. Considering that we are dealing with ve
exclusive data, the ability of the simulation to reproduce w
the shapes is surprising. In addition, we observe that for
creasing values ofEf , the measured mean proton ener
remains almost constant while that of alpha particles
creases. This behavior reveals a different role of the t
particles in the energy sharing. The most probable part
energy as a function ofEf is reported in Fig. 6 and compare
to the calculated one. The statistical model reproduces
observed behavior: the proton energy remains almost c
stant while the alpha particle energy decreases asEf in-
creases. A further test of the SM is provided by the comp
son with the measured proton-alpha particle angu
correlations shown in Fig. 7 for fourEf windows. The data

FIG. 5. Measured~solid line! and calculated~dashed line!
center-of-mass energy spectra of protons and alpha particles in
pa channel for different residual nucleus (85Nb! excitation energies
Ef . The corresponding slices in the total kinetic energyEK

T are
indicated in the figure. Calculated spectra have been normalize
the measured ones atEK

T520–25 MeV.
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3184 56F. BOURGINEet al.
are reproduced well by the model. In conclusion, the SM
able to reproduce the spectral shapes and proton-alpha
ticle angular correlations for this selected channel, making
confident in the predictions of the model. On these grou
we have calculated by the codeLILITA _N95 the leading
physical quantities involved in the decay. The results
reported in Table II for different intervals of the entry-sta
excitation energy. In the first three columns, the excitat
energy intervals, the corresponding number of events,
the average values of the angular momenta of the compo
nucleus are reported. In columns 4 and 5, the average an
widths @full widths at half maximum~FWHM!# of the angu-
lar momentum distributions for the entry states are giv
The average energies of the emitted particles are reporte
columns 6 and 7. In columns 8 and 9 the widths of the pro
(Dup) and alpha particle (Dua) angular distributions with
respect to the CN spin direction are presented. These d
butions are peaked around 90°. Finally, the alpha part
and proton orbital angular momenta are reported in colum
10 and 11.

FIG. 6. Most probable energies of the evaporated particles
the evaporation residue excitation energyEf in the pa channel.
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The code predicts that thepa channel depopulates hig
spin states of the compound nucleus, as expected, wit
correlation to the residual excitation energy. At the sa
time, a strong correlation between the excitation energyEf
and the angular momentumJf of the entry states is predicted
The relatively small widths of the angular momentum dist
butions in the residual nucleus reflect the fact that the en
states are populated in a region of the (Ef , Jf) plane which
is relatively narrow and nearly parallel to the yrast line
shown in Fig. 8 where the initial angular momemtum dist
bution is also shown. This behavior is due to the relativ
small thermal energy available to the decay of high s
states of the CN. Because of this constraint, imposed by
yrast line, particles with high kinetic energy are evapora
by the CN mainly at the expense of its rotational energy, th
carrying away a large amount af angular momentum. In t
picture we can understand the observed behavior in the
ergy sharing between protons and alpha particles. Alpha
ticles are able to take away most of the available excitat

s
FIG. 7. Measured~solid circles! and calculated~open circles!

proton-alpha particle angular correlations for four windows in t
excitation energy of the85Nb evaporation residue, atu lab557.5°.
Lines are drawn to guide the eye.
t
alues of

he width
nergies
on and
alpha
TABLE II. Calculated quantities characterizing thepa decay of the90Ru compound nucleus. In the firs
three columns the excitation energy intervals, the corresponding number of events, and the average v
the angular momenta of the compound nucleus are reported. In columns 4 and 5, the average and t
~FWHM! of the angular momentum distributions of the evaporation residue are given. The average e
of the emitted particles are reported in columns 6 and 7. In the columns 8 and 9 the widths of the prot
alpha particle angular distributions with respect to the CN spin direction are presented. Finally, the
particle and proton orbital angular momenta are given in columns 10 and 11.

Ef N JCN Jf DJf Ea Ep Dua Dup l a l p

~MeV! (\) (\) (\) ~MeV! ~MeV! ~deg! ~deg! (\) (\)

~12.5–17.5! 393 33.0 22.6 4.0 21.4 8.2 43 67 10.8 1.9
~17.5–22.5! 1023 33.6 25.5 3.5 17.5 7.8 54 67 7.7 1.8
~22.5–27.5! 1116 34.0 30.0 2.8 14.1 6.9 69 70 5.0 1.6
~27.5–32.5! 235 34.4 33.0 2.0 11.7 5.4 87 78 3.1 1.3
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56 3185ENERGY SHARING IN THE DEEXCITATION OF THE . . .
energy, because of their ability to carry away a larger amo
of angular momentum compared to protons. This behavio
predicted by the calculation to be independent of the orde
particle emission. Furthermore, as expected, higher par
energies correspond to lower values ofDua , indicating a
higher degree of angular momentum alignment between
compound nucleus and the alpha particle. This effect is p
dicted to be small for protons as shown by the variations
Dup as a function ofEf . From the experimental point o
view, this behavior is manifested by the measured prot
alpha particle angular correlations shown in Fig. 7. Going
lower values ofEf , the measured and calculated anisotrop
increase. This can be ascribed to the enhancement of the
alignment between the emitters and the particles.

How general is the found behavior in the decay mec
nism of thepa channel is a matter of further investigation
A similar study on thepa decay channel has been carri
out on the lighter44Ti CN. This was produced by the 5
MeV 16O 1 28Si reaction@5#, at 43.1 MeV excitation energy
and 22\ maximum angular momentum. We observed a sim
lar behavior in the sharing of the available energy betw
the two particles as shown in Fig. 9 where the measu
most probable energies of protons and alpha particles,
function of Ef , are presented.

FIG. 8. Lower part: distribution of the residual nucleus85Nb
populated via thepa channel in the (Ef ,Jf) plane calculated by the
statistical codeLILITA _N95. Contour values are 3~solid line! and 30
~dashed line!. The yrast line of the residual nucleus assuming a ri
sphere is also shown. Upper part: calculated CN spin distribu
relative to the deexcitation via thepa channel.
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IV. CONCLUSION

The light charged-particle detector DIAMANT coupled
theg-ray spectrometer EUROGAM II has been used to stu
the decay of the90Ru compound nucleus. The high effi
ciency of the apparatus allowed us a detailed study of thepa
channel produced with.1% of the fusion cross section. Th
proton and alpha particle energy spectra as a function of
excitation energy of the entry states have been extracted.
observe an interesting behavior in the sharing of the av
able energy between the two particles: as the excitation
ergy of the evaporation residue decreases, the proton en
remains almost constant while the alpha particles carry a
the remaining energy. Similar results have been found for
decay of the44Ti compound nucleus. This behavior could b
observed for the first time due to the high selectivity of t
apparatus. From the theoretical point of view the SM prov
to be able to reproduce the main features of the exclus
data. The decay seems to be governed by the constr
imposed by the yrast line at high angular momenta, resul
in a strong predicted correlation between the excitation
ergy and the angular momentum of the residual nucleus. T
correlation encourages the use of thepa decay channel to
enhance the observability of superdeformed bands selec
the entry states of the residual nucleus by the energies o
emitted particles.
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FIG. 9. Measured most probable energies of the evaporated
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channel for the44Ti compound nucleus.
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