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Measurements of energy spectra for protons, deuterons, tritonsy padicles in coincidence with heavy
evaporation residues were made with a large logarithmic detector array which covered the angular range of
3° to 24°. We performed detailed comparisons with statistical calculations which model the evaporative decay
of a compound nucleus formed in the collisions. We found out that it was possible to account for the observed
energy spectra of the light particles and their relative yields if one assumes initial evaporation from a highly
deformed composite systefdinucleaj which at a later stage in the cascade relaxes into a normal compound
nucleus[S0556-281®7)01705-9

PACS numbse(s): 25.70.Jj, 24.60.Dr, 25.70.Gh

. INTRODUCTION ted in reactions betweer®Ni+ ?*Mg in coincidence with
heavy evaporation residues. Many recent studies that report
Nuclear reactions between heavy ions can be used ton the anomaly in the energy spectra of light particles emit-
study nuclear matter populated at extreme states of densit{gd from heavy ion induced reactiorilow emission ener-
temperature, angular momentum, and composition. To studgies rely on a variety of arguments in assigning the hot
nuclear matter at such extreme states requires a thoroug®mpound nucleus as a sole source. Wide angle angular cor-
understanding of nuclear collisions, especially violent colli-relations between light particles have served to tag com-
sions involving substantial rearrangement of nuclear mattef?ound nucleus evaporation produ¢€d. Coincidences with
Nucleus-nucleus fusion has been studied in nuclear collision§agments identified as one of two fusion-fission products
starting at energies below the Coulomb barrier up to bomhave also been usdd], as well as in[8,9]. Another tech-
barding energies well above 10 MeV/nucleon and our underfique involves tagging with evaporation residues in coinci-
standing of this process has increased during the last fe@ence using TOF for isolating all the residud€)] and by
decades, but there remain many outstanding questions. Adentifying low lying gamma transitions in specific evapora-
low energies' below the nucleus-nucleus Coulomb barriert’ion residue Channe[il]. For the combination of nuclei and
resonances appear in the composite system formed in collgnergies studied here it is expected that the primary decay
sions between light nuclgil]. In heavier systems the mag- mode of the compound nucleus is light particle evaporation.
nitude of the cross section for fusion, at subbarrier energiesiherefore, a study of evaporation residues in coincidence
shows a huge departure from predictions based on Onélllth ||ght partiCleS heIpS to isolate y|e|dS of ||ght partiCles
dimensional barrier penetration models and also large varig€mitted from the composite system. We shall show that the
tion from one system to anothg2]. At higher bombarding identification of the residues and measurement of their en-
energies, the saturation of fusion cross sections in collision§'9y spectra provide for efficient and reliable tagging for this
between light nuclei is still not fully explainef8], and the  Process.
emission of light particles from hot compound nuclei with ~ The following section provides pertinent details of the
kinetic energies well below the Separation barrﬂé]' has eXperiment. This is followed by a detailed Comparison of the
emerged as a more recent puzzle. data to predictions of the statistical model of compound
At bombarding energies exceeding 10 MeV/nucleon, pronucleus decay which is most appropriate for the description
cesses other than complete fusion become important, and t#é €vaporative decay following complete fusion. Discussion
interpretation of reaction data becomes increasingly compIiOf these results, comparison with results from similar studies,
cated. Exclusive studies of particle production in nuclear reand studies of light particle heavy residue correlation are
actions at these energies mandate the use of large arrays Qﬁesented in the fourth section. Our conclusions are followed
particle detectors. The work reported here was performey & couple of appendices which provide some details on
with a large detector array for charged particles, Heavy lon-£xperimental techniques and simulations.
Light lon (HILI) detector{5].
This report concentrates on studies of light particles emit- Il THE EXPERIMENT
In the experiment a 19@g/cm? Mg (98% enricheyl
*Present address: Ruder Boscovic Institute, Zagreb, Croatia.  target was bombarded by 630 Me¥Ni extracted from the
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HHIRF coupled accelerators and charged particles from the
reaction were detected with the HILI detector arf&} The

HILI (Heavy lon-Light lon detector consists of four large-
volume gas filled counters (2015x 30 cm®) which provide
timing, total energy, energy loss, and two orthogonal posi-
tion signals K,Y) for incident heavy ions starting at a
threshold energy of approximately XZ2 MeV up to the
highest energy at which the ions are stopped within the gas
volume of the detectors. In this experiment full momentum
transfer imparts fast forward motion to the composite system
and the gas filled ionization chambers are almost transparent
to the energetic light particles emitted from this reaction.
Behind the gas detector assembly is an array of 192 plastic -

scintillation AE-E detectors in a “phoswich” arrangement /‘u

AE (arb. units)

[12]. These scintillation detectors provide both energy and
energy-loss sigr;als for light particles from a threshold en- .
ergy near 7. Z° MeV (for energy-loss identificatigrup to .
a maximum proton energy of 150 MeV. The detector system AE+E (arb. units)
covers an angular range from 3° to 24° around the beam
axis, and is capable of the simultaneous detection of heavy FIG. 1. Energy-loss(ordinatg vs sum energy(abscissp for
and light ions even when they move in the same direction:’Ni+*%Mg induced reactions.
The nuclear charge of the heavy fragments is determined by
energy and energy-loss measuremdrtspendix A shows fragment emission from reactions of the safidli beams
an example of the detector’s performance and methods usedth 2*Mg and 1°’Au targets were also acquired and used in
to enhance its resolving powerFor each of the 192 ele- the normalization of the data as reported in Appendix A.
ments of the light particle hodoscope the thin front layer of
the fast plastic scintillator provides both energy loasE]
and timing signals which are used in charge and mass iden-
tification. As expected, the four large ionization chambers capture
The beam current in the experimeftypically a few and identify the heavy evaporation-residue-like reaction
charge nA was integrated by a shielded Faraday cup placegroducts quite efficiently. Figure 1 is a two-dimensional map
down stream. The cyclotron rf timing signal was monitoredof inclusive data of energy and energy loss measured in the
throughout the experiment by accumulating time spectra trigionization chamber for charged particles from this reaction.
gered from a fast scintillation detector positioned close to therhe display threshold in this plot was set to a high value so
target with rf providing the stop time. The time spreadthat the evaporation-residue-like yie{dutlined in this fig-
throughout the experiment was kept slightly below 1 nsure) will be evident. The enclosed region includes products
FWHM and enabled easy separation of hydrogen and heliufyith nuclear charge ranging fro@=25 to Z=34. This re-
isotopes in every one of the hodoscope elements. The signglon also contains some products from other processes such
conditioning hardware and software as well as the detectass deep inelastic scattering and the heavier partner from as-
system’s performance characteristics are described in detaiyymetric fission channels. In coincidence with these heavy
in [5,13]. The energy calibration of the different parts of the fragments we have also measured light charged particles us-
detector was carried out using the procedures described fag the light particle detector arraghodoscopg As a first
Ref.[5]. Since energy calibration and absolute normalizatiorstep we shall examine the data for all heavy ions detected in
are pivotal to some of the conclusions reported here, Appenthe gas filled ionization chamber in coincidence with light
dix A provides some detail on the energy calibration andcharged particles. With these data we shall demonstrate that
cross section normalization procedure¥Ni+2Mg data  selection of the most heavy fragmen&s£30) and/or events
were acquired and stored event by event with different trigassociated with higher light particle multiplicities, can serve
ger conditions. Inclusivesingles data as well as coinci- to filter out events where full momentum transfer has not
dences between a heavy and at least one light fragment wegecurred.
taken. The raw count rate in the hodoscope was more then 1
MHz and about 10 kHz in each quadrant of the ionization
chamber. The elastic counts were scaled down by a factor of
10 or 100(using fast hardware gates BrE andE signalg in Figure 2 displays velocity spectra for heavy fragments
order to prevent data acquisition and logging from beingwhich are detected in coincidence with one charged particle
swamped by elastic scattering data, while retaining a samplia the hodoscope. In this figure we show the measured ve-
of these data for normalization purposes. With coincidencéocity spectralexperimental data, shown with full circleas
resolving times near 100 ns and hodoscope single rates agell as velocity distributions for the same fragments which
high as 16/s the random coincidence rate was below 10%.are generated by a simulation code which is based on the
The results reported here are based on a sample of 1.5 mi#tatistical model for complete fusion followed by light par-
lion evaporation-residue—light-particle coincidences accuticle evaporatiori14]. Typical two-dimensional gates used to
mulated in 30 h of running. Some inclusive data on heavyselect different heavy fragments from the experimental data

Ill. RESULTS

A. Heavy-fragment—evaporation residues
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600 , , 50 ‘ - shape of the data and the model-generated spectra extends
400 | z=30 ;‘8 i : Z=34 down toZ=27. Close examination of Figs. 2 and 3 reveals
200 | é § - 38 i s ] that even for products witd= 30, the centroids of the mea-
0 0 ' sured velocity distributions, although similar, are somewhat
400 | z=29 { 100 | Z=33 higher (~2%) than the ones predicted by the statistical
200 | é& { so0} ﬁ 1 model simulations. These small differences could be due to
2 0 b o ' contributions from other processes which produce the same
> 400 | Z=28 | o200 | <, 2=32 heavy fragments but are associated with processes in which
200 | {1 100} . . momentum tansfer was not full but close taétg., incom-
0 ‘ . 0 . \\ ‘ plete fusion with part of the target nuclgu¥here are many
200 | e Z=27 | 300 F : Z=31 | studies of evaporation residue velocity distributions where
w0l & ] fgg ! ] the residue velocity was measured directly by using time of
0 s o ol flight combined with energy measuremer{fd5-19). In
350 450 550 650 350 450 550 650
Velocity / ¢ Velocity / ¢ many cases such measurements allow one to cull out the

contribution of different processes which have close to full

FIG. 2. Velocity spectrdplotted in units of 409@/c) of heavy  momentum transfer by using the shape of the fragment's
fragments fromP®Ni+ 2“Mg reactions in coincidence with one light velocity spectra(e.g., [20-22 and others Our measure-
particle hitting the scintillation detector array. Daercles and  ments, however, provide only the kinetic energy and the
simulation based on statistical model calculations are shown.  pyclear charge for heavy fragments. The velocities shown in

Figs. 2 and 3 are calculated by combining the measured ion

are shown in Fig. 1%). The heavy fragments and the light energy and arestimateof the mass of the fragment. This
evaporated particles generated in the statistical simulatiogstimate is obtained by sampling from a mass distribution
are passed through a filter representing the HILI detectorgenerated, for each identified charg® (by statistical model
The filter includes the geometric constraints as well as th&imulations of the reaction. The uncertainties in our velocity
response of each part of the detector. All comparisons bedeterminations therefore, do not warrant further study of this
tween the model’s predictions and our data are made in difference. What Fig. 2 does show is that the measured
similar fashion(see Appendix B for detailsAs can be seen Yields for all fragments wittZ=30 have velocity distribution
from Fig. 2, the measured and the model generated spectwgry similar to those resulting from statistical evaporation
have similar kinematic features for particles witke30. The  decay following complete fusion of projectile and target.
large discrepancies seen for lower masses can be attributéncentrating on these heavier products also serves to ex-
to contributions from other processédeep inelastic and clude light particles that were emitted following fission de-
quasielastic scattering, for example cay (symmetric or assymetriof the compound nucleus. We

One might expect the more central collisions leading toshall therefore base much of the subsequent analysis on light
complete fusion to be associated with higher multiplicities ofparticle yields associated with fragments that hZwe30.
charged particle emission. This is borne out in Fig. 3 which Before we focus our discussion on these products exclu-
displays the same spectra as shown in Fig. 2 but with theively we shall examine briefly the light particle spectra as-
added requirement that more than two charged particles wegociated withany charged particle detected in the ionization
detected in coincidence with the heavy fragment. We see thahamber.
when higher multiplicity events are selected the similarity in

B. Light particles in coincidence with evaporation residues

: We now turn our attention to the light particles emitted in
Z=34 | this reaction. As noted we first examine spectra of protons
and « particles emitted in coincidence with any charged
fragment formed in the collision and detected in the gas
filled ionization chamber. This selection is bound to incorpo-
rate in the spectra light particles emitted from sources other
than the hot compound nucleus formed in the collisions.
Based on what we saw in Fig. 2 we anticipate, however, that

the energy spectra for light particles in coincidence with
m 1 fragments havingg=30 are primarily associated with emis-

‘ sions from the compound nucleus. Figures 4 and 5 show the

Z=30

Yield

2 | Z=27 ] 20 | Z=31

kinetic energies for protons and particles detected in coin-
0r W cidence with heavy fragments identified by nuclear charge.
Y R R~ P Yy vy v Note that this yield of light particles is associated with in-
Velocity / ¢ Velocity / ¢ stances in which only one light charged particle registered in

the hodoscope in coincidence with a heavy fragn{émse

FIG. 3. Velocity spectra of heavy fragments frotfNi+ 2“Mg correspond to the residue yields shown in Fig.The large
reactions. Same as Fig. 2 but with more than two hits in the lighexperimental yields of protons and alphas associated with
particle detector array. Daf@ircles and simulation based on sta- Z=27 and 28 fragments originate from the emission of these
tistical model calculations are shown. particles following deep inelastic processes in keeping with
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cated fragments and light charged particle multiplieify Circles

represent the data and the simualtions appear in histogram form. g5 6. o particle spectra, comparison of data and statistical
model predictions. The velocity spectra of the fragments that are in

the observed yield seen in Fig. 2. It is obvious, then, that anoinicidence with these particles are shown in Fig. 2. They appear

comparison of these particle spectra with those generated hiylly damped.

models where the formation of a compoundlike nucleus is

postulated becomes meaningful only for those particles iflard parameters to calculate the transmission coefficients

coincidence with fragments havirg=30. Future compari- [23] for light particles emitted in the cascade. The angular

sons will be made for this subset of data only, with no addi-momentum cutoff used in the calculation was 544 and

tional requirement on associated light particle multiplicity Was dictated by the measured magnitude of the evaporation

(i.e., cpn=1 requirement residue cross sectioisee Appendix A A level density pa-
rameter ofa=A/10 was used in most calculations and the
IV. DISCUSSION dependence of deformation on angular momentum described
by Huizengeet al.[24] was used. Because of the complexity
A. Energy spectra of light particles of the detector, comparison to the data is done after running

In studying light particle evaporation decay of the hotthe model simulations through the constraints of the detector

compound nucleus, statistical evaporation models shoul@ystem. The appendices at the end of the article provide
provide an adequate description of the data. We therefore u§@me detail on how these “detector filters” were con-

the predictions of a Monte Carlo calculation based on a staStructed, tested, and used. All our comparisons with simu-
tistical model that describes light particle evaporation fromlated data shown in this work are generated with the same
the hot compound nucle(id4] as a benchmark for quantita- humber of total events and therefore form a basis for com-

tive comparison to the data. In our calculation we used stanParing yield ratios predicted by the simulation with the ex-
perimentally observed ratios. As can be seen the model

based on statistical evaporation from a spherical compound
nucleus misses much of the observed yields at the lower
kinetic energies. A significant fraction of the emitted par-
ticles appear to emerge at energies below the Coulomb bar-
rier for emission from the compound nucleus. Both protons

3000 — 80
2000 | =30 60
1000 | / ”V”w-mu."" ‘2‘8

0| ....|I||||” H“""I"ll 0

2000 | s Z=29 1 00} anq a pa}rticles ;how the same behav(qee Fig;. 4 and)5_

1000 | H ”|”|h""""'" 100 | Th|§ is in keeping W|t_h previous studlgs of light particle
T 111111 ol emission from heavy ion induced reactiofesg., [6—11]).
26000 | 400 | There were different approaches used to explain this discrep-

4000 | 000 | ancy: changes in level density parameters at high excitation

20 L . energy[25,26], large deformation of the compound nucleus

1500 | ;"4\ 227 ] 1000 | [27,28 or no parameter changes at D).

1000 | 7 In the following discussion we shall focus our attention
sof mﬂm 1 %7 . on thea particle spectra in coincidence with identified frag-
%00 350 600 850 1100 J00 850 600 80 100  Ments withZ=30. These spectra, shown in Fig. 6, are asso-
o-particle Energy,,(MeV) a-particle Energy,,(MeV) ciated with residuelike fragments and display the largest dis-
crepancy with statistical model predictions. It is straight-
FIG. 5. Energy spectra of particles in coincidence with the forward to associate the excesswparticles emitted at low
indicated fragments and light charged particle multiplieiy =~ energy with large deformation of the emitting nuclei. Studies
Circles represent the data and the simualtions appear in histogramhich have addressed this low energy excess account for the
form. deformation by increasing the radius parameter used in the
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FIG. 7. a particle spectra, comparison of data and statistical FIG. 8. « particle spectra, comparison of data and predictions
model predictions, with large permanent deformation added. from a statistical model with a dinuclear shape included.

lr?]\ézle?en;';ﬁ?tre;” Le:;gus)l r(]::fciillaiz vtvheell aZAZt:ZEiI(i)tipetg:a;la particle yields associated with heavier fragments. Clearly
P P Yhe desired effect was achieved through the introduction of

particle em|SS|_on[27,28]. This is equivalent to assuming o yreme deformatior(dinuclear shapein the initial stage
large deformation of the hot compound nucleus which pers

sists throughout the cascade. There is no doubt that suchfollowed by decay of a compound nucleus wherein moderate

arametrization does lower the emission barriers and coul formation is introduced in the usual way using nuclear
P ) ; L otentials with standard parameters for the different decay
explain the excess in low energy emission of charged par:

. > s hannels and residual nuclei moments of inertia which de-
ticles. We have attempted a similar parametrization, an(%end on deformatiofspir)
found that in our calculation we had to usg=2.0 to ac- '

count for the low energy yields present in the data. The pre-
dicted alpha particle yields in coincidence with different
heavy fragments, identified (%, are compared to the datain A recent article by Korolijeet al.[32] addresses a similar
Figs. 6 and 7. The same number of Monte Carlo events werproblem of particle emission from a composite system un-
used in these and in subsequent plots. It is clear that théergoing shape changes. They contend that the ratio of emis-
cascade in which deformation is frozen throughout results irsion of more tightly bound to less tightly bound particles in

a particle spectra with the correct energy distribution. It istwo reactions can provide a measure of the time scale of the
also apparent that the relative yieldswoparticles associated shape changes. They performed a comparative study of two
with different fragments is skewed toward lighter mass fragreactions leading to the same compound nucigts. Al-
ments. This is not surprising since the lower kinetic energythough we do not have the data suitable for such a compara-
of the emitteda particles will result in less energy being tive study of two reactions leading to the same compound
removed per emission, which leads to longer cascades. Usingucleus it is interesting to note that a similar trend can be
a smaller radius parameter will result in better relative yieldsseen in our data. Figures 9—11 present the yield ratios for
but the shift in barrier position will not be sufficient. It could proton/deuterong/triton, and proton/triton emissions in this
well be that the assumption of a deformation that lasts perreaction. The light particle yields were taken in coincidence
manently throughout the cascade is unrealigiclt is plau-  with heavy residuelike fragments havi@g= 30, thus ensur-
sible that early in the cascade the emission times of particleing that the particle yields integrated are primarily associated
can be very shortl0~?! s) resulting in these particles being with evaporation residuelike yields. In theses figures we
emitted from a very deformed, probably a dinuclear shapecompare the experimental ratios to the predictions of the sta-
Following one or several emissions, as the excitation energiistical model, i.e., evaportation following complete fusion of
decreases, particle emission times become long enough target and projectile. It is obvious from all three figures that
allow for shape changes toward a more spherical nucleus tihe number of deuterons and tritofiexpensive,” energy-
occur. Shown in Fig. 8 are results of a simulation whichwise) relative to proton and’s emitted are well below sta-
allows for such shape changes. The two colliding nuclei firstistical model predictions although all light particles are as-
form a fully damped dinuclear system, i.e., the kinetic energysociated with evaporation residuelike fragments. Included in
in excess of the barrier is transformed to excitation energy ofhese figures are also the ratios predicted by the two other
the two fragments. These excited nuclei are allowed to decagalculations. One calculation was for the emission from an
via particle emission and then the system collapses into thextremely deformed compound nucleus, with the same pa-
normal compound nucley80,31]. Figure 8 shows the spec- rameters as the one shown in Fig. 7. The tliddshed curve

tra predicted by this calculation. One can see that the reshows the results from the calculation involving emission
quired barrier shift is not accompanied by the lowering offrom an early dinuclear stage followed by the cascade from

B. Relative yields of light particles
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FIG. 9. Ratio of proton to deuteron yield in coincidence with  FIG. 11. Ratio of proton to triton yield in coincidence with
heavy fragments having 30Z<33. Three different simulations are heavy fragments having 30Z< 33. Three different simulations are
shown and the parameters used are described in the text. shown and the parameters used are described in the text.

the compound nucleus formed after the first emission stageymple, will exhibit an excess of light particles emitted in the
Although neither calculation fits the data, and none was ingjrection of the incoming particlegrobably somewhat de-

tended, it appears that the introduction of initial deformationﬂected' Excess would, again, be gauged quantitatively in

(or emission from the dinuclear shapdoes improve that comparison to statistical evaporation model predictions.

ratio. Similarly, early emission from a targetlike component would

result in an excess of light particles emitted at wide angles.

C. Heavy-ion-light-ion angular correlations The HILI provides heavy fragment and light particle co-

From what has been presented so far it appears that tHacidence data over a wide, almost continuous, range of
most substantial disagreement with the straightforward stz2n9l€s. In Fig. 12 we describe the geometry used for our
tistical model for compound nuclear decay appears in th&orrelation studies. The light ion angL_JIar dlstrl_butlons were
emission spectra of light particles. The energy spectra ofalculated for heavy fragment emission localized in small
these particles as well as the velocity spectra of the heav%;S of polar and azimuthal angle. The results shown in Figs.
fragments detected in coincidence show that these originate3 and 14 are the correlations summed over all the heavy ion
from a fully damped system. If there were dynamic effects€Mission angle bins. The light particle distributions are
that caused the emission of these nucleons at an early stage
of the reactionfrom a fast moving projectile like or almost
stationary target like fragmenthese might exhibit them-
selves through angular distributions and correlations. Emis-
sion from projectilelike particles at an early stage, for ex-

100.0 . : : ,
90.0 - E
800 ¢ @ o/t data

Stat. Mod.
[ T N Stat, Mod + def

o 600 ---- Stat. Mod. + Orb
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m E =)

= 50.0
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0.0 ! 1 1 . \
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FIG. 10. Ratio ofa to triton yield in coincidence with heavy
fragments having 3@Z<33. Three different simulations are FIG. 12. The geometry used in the correlation studies, the typi-
shown and the parameters used are described in the text. cal ring shown is a 2° wide bin in polar angle of the light ion.
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0.03

from the projectile prior to equilibratiorito angles larger

Z=33 i than 39. There is therefore no compelling reason to conclude
0.02 ] that dynamic effects associated with emission from the in-
0.01 | coming fragments, prior to the attainment of nearly full mo-
_gﬂeﬂﬁ%ﬂ%ﬂ&ﬂ ﬁ;u; mentum transfer, plays a role.
- 0.00 L ; t ;
g 008 2=32 HHLH V. CONCLUSIONS
= 0.06
S 0.04 | 5 : We have examined coincidences between evaporation
§ 0.02 __;Eiifﬂ'ﬂ'ﬂ‘ﬂ‘ﬁ’ﬁ‘ﬂ’# ZﬁiﬂtT ] residues and light particles frofNi+2*Mg induced colli-
0.00 AL e L L sions. Analysis of correlations between light particles and
0.15 | z=31 d“ﬂﬂ E heavy residues shows no evidence for emission of light par-
0.10 5 j ] ticles from the projectile early in the collision. We find, on
os | T ] the other hand, that the statistical model for fusion followed
’ :H#H-Hﬁﬁ'ﬂiﬂﬂ: Trﬁ by light particle evaporation misses several features in the
000 =00 —15 -10 -5 0 15 20 25 data. One needs to account for the low emission barriers of
Polarangle (deg) the light particles and the observed light particle yields. We

examined in detail the shape of the particle spectra, the
FIG. 13. Angular distibution of protons correlated with heavy relative yield ofa particles associated with different residue
residuelike products fromeNi+ 2*Mg reactions. The normalization charges, and the ratio ef to triton emission.
scheme is detailed in Appendix B and the errors shown originate in We were able to account for the low emission barriers as
counting statistics of the correlation data. The fragments in coinciwell as the relative yields best by assuming the initial forma-
dence with these light particles possess completely damped energipn of a highly deformed composite system, or alternatively
spectra. a dinuclear system, composed of the two highly excited in-
coming nuclei, which later in the cascade revert to a more
summed in 2° bins in polar angle. Light particles emergingconventionally shaped compound nucleus.
on the same side as the heavy fragment are listed as having It would be interesting to perform a similar study on a
negative angles. The figures show the experimental correl&ymmetric system where the expected delay times for shape
tion data as well as similar correlations calculated with theequilibration should be even longer.
statistical model of compound nucleus decay. Both correla-
tion data sets were normalized by simulating the acceptance
of light and heavy ions with generated pairs of heavy-ion— ACKNOWLEDGMENTS
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cussed above do not appear in these correlation data. The

correlations between light particles and heavy residbess.

13 and 14 show no evidence for emission of light particles APPENDIX A: ENERGY CALIBRATION AND
NORMALIZATION OF HEAVY FRAGMENT DATA

1. Signal enhancement and energy calibration
o T of ionization chamber
0.06 Z=33 E J

The methods and procedures used for calibrating position

003 | 1 and energy signals for different components of the HILI de-
ﬂsﬁmﬂﬁﬂ# ;ﬁrmeﬁ tector are described ifb] and were followed here. Addi-
0.00 : Llle i i i i i i

‘ tional information and a correction to Fig. 15 in R¢g]
0.15 | I Z=32 i 1 appear in this appendix.
ot f = Figure 1%a) is similar to Fig. 14 in Ref[5] and shows the

Normalized Yield

0os | *l'l W two-dimensional spectrum of energy loss versus sum of en-
000 ﬂ;nﬂgﬂvmm-mﬂ?ﬂg[ I} ergy dep_05|te_d_ in _the ionization chamber, which is used for

element identification. The appearance of two strong groups

0.20 | Z=3 ] where one quasielastic Ni is expected is puzzling and ham-
015 b *""T 1 pered correct element identification. Subsequently, the de-
010 F ] pendence of the energy and energy-loss signals from the ion-
0.05 HHHHH“ m m ” ] ization chamber was examined as a function of the position
000 00 15 10 5 o 10 15 20 25 where the particle entered the detector. The energy-loss sig-

Polar angle (deg) nal registered a very strong dependence on the vertical posi-

tion in the detector. Scattering of Ni from Au was used to
FIG. 14. Angular distibution ofa particles correlated with €stablish the kind of dependence seen in Fig. 16. In addition
heavy residuelike products froffiNi+ 2“Mg reactions. The normal- to the overall “gentle” dependence on position there is the
ization scheme is detailed in Appendix B and the errors showrsharp change seen at position signals near the detector’'s
originate in counting statistics of the correlation data. cathode(edge furthest away from the angd&/e have since
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58Ni+ 2“Mg induced reaction$a), (b) is the same after correcting
for AE3 dependence on the vertical position. Also shown are two 0.0
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gates drawn to select fragments wihk-30 and 33.
Channel Number

traced this strong position dependence to the front potential
grading foil. This foil was inserted to prevent such position

dependence but since it was framed only on three sides sa fate the cr tions for elastic and for fusion-evaporation
ging along one edge did occur. Once we applied correction ate the cross sections 1or elastic and for fusion-evaporatio

: . : ducts. Comparison of elastic data and calculation was
derived from the Ni+Au elastic data, the same energy vs. pro : . ) :
energy-loss spectrum for NiMg has improved as shown in done by integrating the data and simulated degdculation

Fig. 15b). Correct identification of the different elements over concentric, 0.5 wide rings aroun_d the beam axis. The
was crucial to our energy calibration. For ions which WereS|mulated(calculated elastijcdata were integrated using the

not stopped in the detectors one can calculate the maximw%etecmr f|Iter(s_ee Appendix [ an'd the results.were com-
energy which they can deposit in the detector and use thi ared to experimental data. Elastic and inelastic scattering to

in 24 58N i
value as a fiducialcalibration point. Changes in the assign- the 2+ states in™Mg and >*Ni were _calculated_ with the
coupled channel coderoLEmy [33], using potentials calcu-

ment of atomic number to these lines resulted in the c:alibraI ted by foldi h logical | | pr
tion line displayed in Fig. 1Twhich replaces Fig. 15 in Ref. ated by folding phenomenological nucieon-nucieon ettec-

[5]). tive int_eractions_ Which_ were _used successfully in studies of
heavy ion elastic and inelastic scatterirgg|.

In a perfect world the ratio of experimental to simulated
yield would be 1.0. Figure 18) shows substantial variations

Absolute normalization of the data was done in the usuabf that ratio for the angular range 3.5°-8.@brresponding
way, counting the reaction product yield, integrating theto 12°-27.5° in the center of mgssThe large variations
beam current, and using target thickness dtegets were could be due to our inability to account for elastic scattering
made out of rolled Mg fojl. Uncertainties in beam integra- in this particular case or some inadequacy of our detector
tion and target thickness measurements could be substantifiltering routine. To check the latter we examined some in-
therefore, elastic scattering measurements>®i+2*Mg  clusive *Ni+*°"Au data taken during the same experiment
were also used to verify our normalization. To that endand the similar ratio of calculated and experimental cross
singles inclusive data were measured and were used to inte-

FIG. 17. Energy calibration curve for the ionization chamber.

2. Normalization procedure: Absolute cross sections
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FIG. 18. Ratio of simulated and experimental yields integrated
FIG. 16. Energy-losgabscissavs vertical position(ordinate over 0.5° wide rings. The data were taken with 630 M&Wi on
for 8Ni+ 17Au scattering. Au and Mg targets, the simulations are explained in the text.
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sections is shown in Fig. 18. The ratio here is fairly con- (a) (b)
stant(it is not close to one because we do not know the Au
target thickness The small deviations from a constant ratio,
especially at the most forward angles, can be ascribed to
inaccuracy in the filter geometry input. These deviations
were also used to correct the elastic scattering simulations
for 58Ni+2*Mg. It is clear though that these minor correc-
tions will not solve the problem we have in describing the
elastic data. The “elastic” data here were obtained with
=6 MeV resolution in the energy measurement for the de-
tected particle(about 1% in the large ionization chamher
Therefore the data presented as “elastic scattering” combine
the elastic as well as inelastic scattering yields. We have not FIG. 19.X-Y map showing ionization chamber hits forNg
attempted to calculate the inelastic scattering to all the statetata(left) and evaporatlon residues from simulations using statisti-
available within 6 MeV from the ground state. At smaller €@ model calculations for the same system.
scattering angles however, where more peripheral processes
dominate, inclusion of the cross section for the excitation of A visual check of the filtering routines appears in the two
the lowest 2+ states in the target and projectile results in adisplays which give us a “bird’s eye view” of the detected
near constant ratio of calculated and experimental cross segroducts. A comparison of these'Y maps for particles de-
tions. The ratio at angles below 6.5° stays fairly constantected in the Ni-Mg experiment and those from a simulated
with values near 1.2. Subsequently, the evaporation residugata summary tap@ST) of events generated by a statistical
cross sections, measured in the same inclusive data runiompound nucleus formation and evaporation model are
were normalized by that factor and the integrated Cross Segp o in Fig. 19 for the heavy evaporation residues detected
tion (obta|?ed fromolntegrat|ng the experimental d_ata bes, the ionization chamber. Figure 20 provides the same com-
tween 3t'.o anq d20 y|elézis t{'jm abstg]ute cr?ss Sec“?? for parison for protons detected in the hodoscope array and the
€vaporation residue production in this reaction equaf to predicted pattern produced by modeling the statistical decay
o=620+100 mb. of the compound nucleus formed in the collision.

Y (cm)

The large error is mostly due to the_extrapolation of the 2. Cross normalization of correlation data

measured data to angles below 3° which was necessary to ) ) o
obtain an estimate of the total evaporation residue cross sec- 1he particular problem of angular correlations is slightly
tion. The main impact of this determination is in the choiceMore complex: We want to examine properly normalized
of angular momentum cutoff employed in the statistical cal-correlation data which could lead to intuitive interpretation
culation. This choice of angular momentum cutoff also af-Of the results, independent of a particular model. When we
fects relative quantities such as angular distributions, and th@etect a heavy ion and a light particle in coincidence, the
ratio Of a|pha partic|e and proton y|e|ds in the evaporationgeometnc acceptance and eff|C|ency for the detection of both

process. products must be folded in. We ran a simulation where the
“data” generated were emitted with random polar and azi-

APPENDIX B: THE DETECTOR FILTER muthal angular distribution. Each event had one heavy ion

and one light particle. These simulations were then passed

1. Inclusive measurements through the detector filter and the counts were binned into

HILI provides good, almost continuous, coverage for ||gh[ polar angle bins. The resulting counts in each bin provide the
particles and heavy fragments over a limited angular rangdelative efficiency for heavy fragment and light ion coinci-
This makes it a useful tool for correlation studies. The ex-dence detection for that particular detector configuration.
traction of correlation data are however complicated by sevSince the detector geometry is rectangular and there is no
eral factors, among them are finite granularity, especially for
light particles, the hodoscope’s elements “integrate” data
over finite(2°) bins; complicated geometry, coverage is com-
promised by the hardware blocking particle access to the
detector’s sensitive areas; finally, some of the hodoscope’s
elements were down during the experiment. Because of the ‘ 'm
rectangular geometry it is not straightforward to correct for ) S
the above-mentioned effects using analytical geometric cal- B
culations. To that end we use a HILI detector filter, a pro- ® R R
gram segment which uses as input a data base containing the 1 1 1 1
actual detector dimensions and threshold behavior, as well as 30 40 30 40
the status of each detect@n or off). This filter is used to X (cm) X(cm)
verify whether particles generated in simulated events do in-
deed register in the detector. This filter has been used exten- FIG. 20. X-Y map showing hodoscope hits for NMg data
sively in comparing the measured data with theoreticalleft) and light particles from statistical model calculations for the
model predictions. same system.

(a) (b)

Y (cm)
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axial symmetry involved, each detected position of the heavgach HI hit, binned by and . For the data presented in this
ion defines a different set of solid angle/efficiency factorsarticle, 30° in azimutha(¢) and 5° in polar(§) angle inter-
associated with these heavy fragment coordinates. Thereforals were chosen for binning the sets corresponding to dif-
the simulation provides an array of normalization factors forferent heavy ion hits.
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