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Using the 4r light charged-particle detector DIAMANT in combination with theray spectrometer
EUROGAM I, the decay of thé°Ru compound nucleus via ther channel was studied. These nuclei were
produced at an excitation energy of 54.9 MeV and with a maximum angular momentunt dfy3the 120
MeV %S + 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 ghechannel to select the excitation energy and the angular
momentum of the evaporation residue for superdeformed band st{8#556-28137)01612-9

PACS numbdps): 25.70.Gh, 23.20.En

[. INTRODUCTION gate whether the observation of charged particles allows se-
lection of both the excitation energy and the angular momen-
Much work has been devoted to the study of the propertum of the entry states. This implies the understanding of the
ties and the decay of the composite systems, using as prob@gcay mechanism of the high spin states of the CN, which
light particles andy rays. The statistical modé¢SM) pro- ~ can be obtained with less ambiguity in the case of channels
vided the guidance for data interpretation, allowing extracinvolving few nonidentical particles.
tion of the leading physical quantities such as temperature, [N this framework we have undertaken the study ofihe
angular momentum, and deformation of the emitting system¢hannel of the®®Ru compound nucleus to infer the main
Most of the studies were based on inclusive measurements §haracteristics of the decay mechanism. In the following sec-
proton, deuteron, triton, and alpha particle energy spectrions we first give a general description of the experiment
and angular distributiongL]. More recently, the availability and data handling. Then, particle energy spectra and particle-
of high efficiency detectors for light charged particles and particle angular correlations for different values of the entry-
rays provided the opportunity to select decay channels evepfate excitation energy are presented and compared with the
with low cross sections, allowing extraction of more detailedPredictions of the statistical model.
information on the composite system decay. In particular, the
channels invglving one or two particles are _rayher interesting || ExPERIMENTAL SETUP AND DATA ANALYSIS
as they provide a stringent test of the statistical model, the
decay not being integrated over many particle emission The experiment was performed at the VIVITRON accel-
steps. Since these channels involve high spin states of therator in StrasbourgFrance. A 120 MeV 32S beam(cur-
composite system, the effects of the angular momentum orents of the order of 1.5 particle nAvas impinging on a
the decay are expected to be relatively strong. In this respecsglf-supporting *Ni target (800 wg/cm? thick). Charged
the study of these channels provides insights into the levgbarticles were detected by the DIAMANT multidetector ar-
density at high angular momenta for which only a few stud-ray [4], composed of 54 C6Tl) scintillators. The detectors
ies on the basis of very exclusive data have been carried owere arranged on ten rings of identical detectors placed at the
[2]. Furthermore, particles emitted from the compoundsame angle with respect to the beam direction in a quasi-
nucleus(CN) at high angular momenta are of great interestspherical geometry covering a solid angle equal to 92% of
in the study of the deformed bands. Recent experimdits 4 sr. Each scintillator, 3 mm thick, was coupled to a pho-
have shown that charged particle—gamma coincidences magdiode via a Plexiglas light guide. The external radius of the
be more effective in the search of hyperdeformed structuresluminum scattering chamber housing the detectors was 9.3
The population mechanism of the superdeformed bands ism. Light charged particles were identified by the pulse
not yet well understood and it is of great interest to investi-shape analysis technique. The detectors placed in the forward
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TABLE I. Relative cross sections of the observed exit channels 250 " Thoul selech
in the 120 MeV32%s + %8N fusion-evaporation reaction. 8 spectrum without selection (@)
200 F m3p channel
Exit channel o [%] L 4 4p channel s
88 150 F e2pa channel
2p (%Mo) 1.3+0.1 o
2pn (5Mo) 4.5+0.4 [0
85 X 100
pa (“Nb) 1.2+0.1 \
2a (822 0.21+0.02 L
3p (8'Nb) 43+2 S %0
3pn (%6Nb) 1.7+0.2 o
2pa (32 22+ 1 ° o0 ' ‘ '
pa (*Zr) - S pa gated spectrum ()
p2a (3YY) 0.40+0.03 = 1 .
4p (%ZI’) 25+ 1 ~ 16 | e2pa channel
3pa (%) 0.72+0.05 L [ rpachannel
2p2a (8%Sp 0.02£0.01 NG
=
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hemisphere were covered by thin Ta foils of different thick-
nesses, 1m, 10 um, and 7.5um, in order to absorb the
elastically scattered particles. Energy thresholds resulting
from the identification technique and the absorber insertion
were in the range from 3.0 to 3.8 MeV and from 8.8 to 11.7
MeV for protons and alpha patrticles, respectively. Proton
and alpha particle energy calibrations were performed by E, (keV)
means of sources and in-beam measurements as described in
Ref. [5]. In order to select the reaction channel, the FIG.1. Gamma-ray energy spectra for the 120 M&S + *Ni
DIAMANT detector was inserted into thg-ray spectrometer reactior_w.(a) Withou? any selection. Strong Iines,_ as_,sociated with
EUROGAM Il [6], constituted by 30 tapered and 24 clover the main channeléi.e., 3p, 4p, and Pa), are indicated(b) In
escape-suppressed Ge detectors. A total number of 588 coincidence with one proton and one alpha particle. Tran_smons of
particle-gamma coincidence events requiring a gamma fol§34 and 841 keV, belonging to b (par channe), are pointed.
greater than 4 and at least one particle were measured.
Eleven evaporative channels, involving at least one light
charged particlegproton or alpha particle were observed. any selection is shown in Fig(d). Most of the lines belong
The total yield summed over the identified channels has beeto the strongly populated evaporation residues, ¥&b (3p
taken as the fusion-evaporation cross section because tiebannel, 8Zr (4p channe), and ®‘Zr (2pa channel. Figure
channels involving only neutron evaporation are negligiblel(b) shows the energy distribution gf rays in coincidence
in this reaction. This was inferred from thgray spectra with one proton and one alpha particle. The 634 k&8/2*
built by the events without particle detection. In these spectra» 9/2" (g.s)] and 841 keM17/2" — 13/2") transitions of
we have not observed transitions belonging to the evaporahe 8Nb nucleus7] produced by thea channel are indi-
tion residues produced by pure neutron channels. Futhecated. The strong lines associated with the pure proton chan-
more, SM calculations predict very low cross sections fomels(i.e., 3 and 4 channels have completely disappeared.
these channels. The experimental relative intensities for th&he pollution by the®%Zr y rays, produced through the very
observed channels have been extracted and are reportediinense »a channel(about 20 times greater than tipey
Table I. The decay via the8 4p, and 2o« channels repre- channel, is caused by the escape of one of the two protons.
sents about 90% of the total fusion-evaporation cross sectiomn this experiment, the efficiency for proton detection and
Two-particle channels are populated with very low intensityidentification was equal to 67%98]. In order to obtain the
(1.2% in the case gba channel. It is worth noting that the particle spectra relative to thex channel, gates were set on
highly efficient setup used in the present experiment allowedhe 634-keV and 841-ke\y-ray transitions of the®Nb
us to observe very weak channels such as f2a2channel  nucleus in the selected spectrum of Figb)l Spectra were
(0.02% of the fusion cross sectipon corrected for the contribution of the Compton background
The particle energy spectra, the energy distribution of thainder the peaks.
entry states, and particle-particle angular correlations were It is worth noting that the selection on the particles greatly
extracted for most of the identified channels. The selection ocimproved the peak-to-background ratio in theray spectra
a specific channel was achieved using the following procef8], also providing an efficient correction of the Doppler
dure: we first required for each event the number and type dfroadenind9]. The selection of very weak channels, with a
detected particles to correspond to the channel of interestew percent of the total cross section, required the setting of
then single gates were set on discretknes associated with the above-mentioned stringent conditions to avoid the con-
the residual nucleus. tamination from other channels. This may explain the rela-
The selection of th@pa channel is now described in de- tively small number of studies relating reaction mechanisms
tail. In Fig. 1 we show they-ray spectra built from 10% of and nuclear structures,10—-13.
the measured events. Theray spectrum obtained without Laboratory energy spectra for each particle were obtained
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summing over all the detectors belonging to the same ring 10°
and requiring the other particle to be detected at any angle in F Spchannel (a) | 2pnchannel  (b)
DIAMANT. The energy distribution of the entry states of the '
evaporation residue in the channel under study was obtained S0k
by assigning to each selected event an excitation energy of "© :

o“:—5

the entry state given b
y g y } o | |
Ef:E*_S_ E-IE! (21) _.E 0 10 20 30
) Ep, lab (Me\/>
whereE* is the excitation energy of the compound nucleus, 8

S is the sum of the separation energies of the particles, and ~ |
Ex is the total kinetic energy in the center-of-mass system. Lt 10— —" 2 oro— T St o
This was deduced from the events in which both particles ~_ 10° Y s
were detected af,,<70°. In this angular range the energy = | { :
of all emitted particles was higher than the energy thresh- © 10

olds. This choice provided dg; distribution not affected by 10" 7 '»: s
the missing events due to the experimental energy threshold. o "': Ty
Ir:c spite of the Iowl;:hann(;al crr1osrsl sec}ion a;d tr;)e partial use 105 10 20 0 10 20 30 40 50
of DIAMANT we obtained a high qualityg; distribution.
The uncertainty in th&; values, due to the angular open- EP' lab (Me\/> E“v lab (l\/le\/)

ing of the detectors, varies from 3 to 2 MeV for excitation FIG. 2. Measuredsolid line) and calculateddashed linglabo-

energies ranging from 5 to 40 MeV. The mean excita’[ionr(,mry energy spectra of protons for the chanrils3p, (b) 2pn,
energy of the entry states hgs been measured by other alfid (c) 2pa; of alpha particles fotd) 2pa channel.
thors, for several systems, usiggray spectrometerd 3]. In

the case of the Spin Spectrometer used in Hd#,15, the
uncertainty onk; varied from 2.3 to 6.5 MeV in the same
range of excitation energies as in our system. 10*

Proton-alpha particle azimuthal angular correlations have
been extracted for9,,=57.5° (with an angular opening
A0=22.5°) in the azimuthal angular range from 90° to
180°.

Ill. STATISTICAL MODEL ANALYSIS
OF THE pa CHANNEL AND DISCUSSION

The *Ru compound nucleus was produced at 54.9 MeV
excitation energy. The maximum angular momemtum of the
CN, Jss= 37, was deduced in the sharp cutoff approxima-
tion from the total fusion cross section measured by Stefanini
et al. [16]. The particle energy spectra have been analyzed
for most of the channels in the framework of the statistical
model using the evaporation cod&ITA_ N95 [17]. This
Monte Carlo code was modified to include the experimental
conditions such as geometry, energy thresholds, and number —
of detected particles. A good agreement for all the channels ©
involving more than two particles could be obtained using
standard input parameters: a level-density parameter
a=(A/8) MeV 1, a rigid-sphere moment of inertia, the op-
tical model transmission coefficients reported in Hé&f|,
and a sharp cutoff angular momentum distribution of the CN.

The comparison between the experimental spectra and the
results of the simulation with these parameters are shown in

Fig. 2 for the 3P, 2pn, and Za channels. In the following,

we will focus on thepa channel in which case a detailed Ep’ lab (Me\/) Ea, lab (Me\/)
comparison with the statistical model is possible for both (5 3 Measuredsolid line) laboratory energy spectra of pro-
particles. . tons (left) and alpha particlegright) in the pa channel atfy,

The measured proton and alpha particle energy spectra in57 5° compared with the results of calculatigdashed ling (a)
the Pa channel a‘ﬂ|ab:57.5° are Compared to the calculated using standard parameterd) assuminga=(A/10) Mevfl’ (c)

/dE (counts/MeV)

10 20 30 40 50

ones in Fig. 8a). The latter, corrected by the energy loss inwith spin-dependent moment of inertia according to the RLDM, and
the absorbers, are normalized to the maximum of the experid) with superdeformed yrast line crossing the spherical yrast line at

mental spectra in order to compare the shapes. It is worth=28.
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noting that the alpha-particle spectrum in the channel o b Ele=(35-40)MeV |
[Fig. 3(@)] differs significantly from the one in the @
channel. We observe that the simulation underestimates th 3 3
high energy side of both particle distributions, indicating that 10 ; 3 H‘ o,
the phase space available to this channel is not well ac i o il
counted for by the model. Several calculations have beer 0 10 20 O 10 20 30 40 50
carried out changing the relevant parameters of the statistice
model. A lower value of the level-density parameter like EF"““' <Me\/) E""“m' <Me\/>

(A/10) MeV ™1, still reasonable at this excitation energy, FIG. 5. Measured(solid line and calculated(dashed ling
improves the agreement for tiper channel[Fig. 3(b)], butit  center-of-mass energy spectra of protons and alpha particles in the
makes worse the agreement for the other channels. Calculae channel for different residual nucleu®)lb) excitation energies
tions have been performed using different prescriptions foE;. The corresponding slices in the total kinetic enefgy are
the moment of inertiaj: J independent of the angular mo- indicated in the figure. Calculated spectra have been normalized to
mentum,J dependent on the angular momentum accordinghe measured ones Bf =20-25 MeV.
to the rotating liquid drop moddll9], andJ corresponding
to a superdeformed yrast line crossing the spherical one at dam, are shown in Fig. 5 for both particles and compared
angular momentund =28% taken from studies of superde- with the calculated ones. We note the strong variation of the
formed bands in this mass regif20—23. The last two pre- spectral shapes as a function of the excitation energy. The
scriptions are shown in Fig.(® and Fig. 3d), respectively, alpha particle spectra, corresponding to the lotwewalues,
and are compared to the experimental spectra. As can differ significantly from the usual Maxwellian shape. This
seen, all these calculations do not allow us to reproduce weldehavior is accounted for by the model which provides the
the alpha particle spectra. A better agreement for protons isame spectral shapes, although it does not reproduce the rela-
obtained, compared to the standard calculation; however, thiéve intensities. Considering that we are dealing with very
latter still provides the best overall agreement for all theexclusive data, the ability of the simulation to reproduce well
channels. We conclude that the disagreement found for thédne shapes is surprising. In addition, we observe that for in-
pa channel might be related to the treatment of the levekreasing values of;, the measured mean proton energy
density at high angular momenfa4]. remains almost constant while that of alpha particles de-

In order to get more insight into the CN decay mecha-creases. This behavior reveals a different role of the two
nism, the SM predictions with standard parameters havgarticles in the energy sharing. The most probable particle
been compared to the measured energy distribution of thenergy as a function d; is reported in Fig. 6 and compared
entry stategFig. 4). We observe that the calculated distribu- to the calculated one. The statistical model reproduces the
tion is slightly shifted to higher energy, this being consistentobserved behavior: the proton energy remains almost con-
with the findings of Fig. &). stant while the alpha particle energy decrease£asn-

We carried out an analysis of the particle energy spectragreases. A further test of the SM is provided by the compari-
selecting different windows MeV width) of the entry-state  son with the measured proton-alpha particle angular
energy distribution. These spectra, in the center-of-mass syserrelations shown in Fig. 7 for fol; windows. The data
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FIG. 6. Most probable energies of the evaporated particles vs

the evaporation residue excitation enefgyin the pa channel. FIG. 7. Measuredsolid circles and calculatedopen circles

proton-alpha particle angular correlations for four windows in the
excitation energy of thé°Nb evaporation residue, ai,,=57.5°.
Lines are drawn to guide the eye.

are reproduced well by the model. In conclusion, the SM is

able to reproduce the spectral shapes and proton-alpha par- The code predicts that thee channel depopulates high
ticle angular correlations for this selected channel, making uspin states of the compound nucleus, as expected, without
confident in the predictions of the model. On these groundsorrelation to the residual excitation energy. At the same
we have calculated by the codsLiTA_N95 the leading time, a strong correlation between the excitation endfgy
physical quantities involved in the decay. The results areand the angular momentudq of the entry states is predicted.
reported in Table Il for different intervals of the entry-state The relatively small widths of the angular momentum distri-
excitation energy. In the first three columns, the excitatiorbutions in the residual nucleus reflect the fact that the entry
energy intervals, the corresponding number of events, angtates are populated in a region of th& ( J;) plane which

the average values of the angular momenta of the compourid relatively narrow and nearly parallel to the yrast line as
nucleus are reported. In columns 4 and 5, the average and teown in Fig. 8 where the initial angular momemtum distri-
widths [full widths at half maximumFWHM)] of the angu-  bution is also shown. This behavior is due to the relatively
lar momentum distributions for the entry states are givensmall thermal energy available to the decay of high spin
The average energies of the emitted particles are reported iates of the CN. Because of this constraint, imposed by the
columns 6 and 7. In columns 8 and 9 the widths of the protoryrast line, particles with high kinetic energy are evaporated
(A#,) and alpha particle £6,) angular distributions with by the CN mainly at the expense of its rotational energy, thus
respect to the CN spin direction are presented. These distrearrying away a large amount af angular momentum. In this
butions are peaked around 90°. Finally, the alpha particlgicture we can understand the observed behavior in the en-
and proton orbital angular momenta are reported in columnergy sharing between protons and alpha particles. Alpha par-
10 and 11. ticles are able to take away most of the available excitation

TABLE II. Calculated quantities characterizing the: decay of the®®Ru compound nucleus. In the first
three columns the excitation energy intervals, the corresponding number of events, and the average values of
the angular momenta of the compound nucleus are reported. In columns 4 and 5, the average and the width
(FWHM) of the angular momentum distributions of the evaporation residue are given. The average energies
of the emitted particles are reported in columns 6 and 7. In the columns 8 and 9 the widths of the proton and
alpha particle angular distributions with respect to the CN spin direction are presented. Finally, the alpha
particle and proton orbital angular momenta are given in columns 10 and 11.

E; N N E, Ep A6, A6, |, I
(MeV) (f) ()  (B) (MeV) (MeV) (deg (deg () (h)
(12.5-17.5 393 330 226 40 214 8.2 43 67 108 1.9
(175-22.5 1023 336 255 35 175 7.8 54 67 77 18
(225-27.5 1116 340 300 28 14.1 6.9 69 70 50 16
(27.5-32.5 235 344 330 20 11.7 5.4 87 78 31 13
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FIG. 8. Lower part: distribution of the residual nuclef\b
populated via th@a channel in the EE; ,J;) plane calculated by the
statistical codelLITA _N95. Contour values are(3olid line) and 30
(dashed ling The yrast line of the residual nucleus assuming a rigid ) )
sphere is also shown. Upper part: calculated CN spin distribution  1he light charged-particle detector DIAMANT coupled to
relative to the deexcitation via thge channel. the y-ray spectrometer EUROGAM Il has been used to study

the decay of the®®Ru compound nucleus. The high effi-
ciency of the apparatus allowed us a detailed study opthe
channel produced withk- 1% of the fusion cross section. The
proton and alpha particle energy spectra as a function of the
excitation energy of the entry states have been extracted. We
- observe an interesting behavior in the sharing of the avail-
energy, because of their ability to carry away a larger amounkp, e energy between the two particles: as the excitation en-
of angular momentum compared to protons. This behavior igqy of the evaporation residue decreases, the proton energy
predicted by the calculation to be independent of the order ofemains almost constant while the alpha particles carry away
particle emission. Furthermore, as expected, higher particlghe remaining energy. Similar results have been found for the
energies correspond to lower values ®9,, indicating a  decay of the**Ti compound nucleus. This behavior could be
higher degree of angular momentum alignment between thghserved for the first time due to the high selectivity of the
compound nucleus and the alpha particle. This effect is preapparatus. From the theoretical point of view the SM proved
dicted to be small for protons as shown by the variations oto be able to reproduce the main features of the exclusive
A6, as a function ofE;. From the experimental point of data. The decay seems to be governed by the constraints
view, this behavior is manifested by the measured protonimposed by the yrast line at high angular momenta, resulting
alpha particle angular correlations shown in Fig. 7. Going tan a strong predicted correlation between the excitation en-
lower values o, the measured and calculated anisotropie€rgy and the angular momentum of the residual nucleus. This
increase. This can be ascribed to the enhancement of the sgifrrelation encourages the use of the decay channel to
alignment between the emitters and the particles. enhance the observability of superdeformed bands selecting

How general is the found behavior in the decay mechathe entry states of the residual nucleus by the energies of the

nism of thepa channel is a matter of further investigations. emitted particles.
A similar study on thepa decay channel has been carried
out on the lighter*Ti CN. This was produced by the 50 ACKNOWLEDGMENTS

MeV *°0 + **si reaction(5], at 43.1 MeV excitation energy  The authors acknowledge the valuable assistance given
and 2z maximum angular momentum. We observed a simi-quring the experiment by the staff of the EUROGAM spec-
lar behavior in the sharing of the available energy betweefrometer and of the VIVITRON accelerator in Strasbourg.
the two particles as shown in Fig. 9 where the measuredhis work has been supported in part by IN2P3, Region
most probable energies of protons and alpha particles, asAqguitaine, INFN, and by the EC under HCM network Con-
function of E¢, are presented. tract Nos. ERBCHRXCT 930367 and 930364.

IV. CONCLUSION
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