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Excitation energy deposition in ?°Bi(a,a') reactions at 240 MeV
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The energy deposition associated with inelastiparticle scattering 0oR°*Bi at 240 MeV has been deter-
mined using the TAMU neutron ball. A comparison of the reconstructed average excitation energies with the
beam energy losses demonstrates that only part of the missing beam energy is usually deposited as thermal
excitation in the target nucleus. Requiring an additional coincidence with a light charged particle or fission
fragment leads to selection of a significant higher average excitation ef&@h56-28188)50408-9

PACS numbgs): 25.55.Ci, 25.70.Gh, 25.70.Jj, 27.8Qv

In recent experiments designed to study the high engrgy  The experiments were carried out using the K500 Super-
rays from the decay of the Giant dipole resona(@BR) in conducting Cyclotron of the Texas A&M University Cyclo-
208pp and!?%Sn nuclei[1,2], « particle inelastic scattering tron Institute. A 4.5 mg/cfh?°Bi target was bombarded by a
was used as a tool to populate low angular momentum stat&sl0 MeV beam ofa particles. Emitted charged particles,
of stable nuclei at a moderate excitation enef@®—130 neutrons, fission fragments, and low enengsays were de-
MeV). The observed GDR width increase was attributed tadected in coincidence with the inelastically scatteregar-
temperature effects, providing an important test of theoretiticles. To this end several detectors were mounted inside the
cal modeld3,4]. In that work it was assumed that the energyneutron ball(NB) calorimeter{7]. In the present experiment
loss(EL) in the collision could be used to tag the excitationthe NB wedge along the beam axiAd §=22.5°) in the for-
energy E,) of the target nucleus. Problems with this as-ward hemisphere was replaced by a scattering chamber ex-
sumption can arise at intermediate energies when processtsision.
such as direct knockout and preequilibrium emission become Inelastically scattered particles have been identified in a
important. In this case the excitation energy of the targehodoscope, made of four large ar®&-E telescopes placed
fragment is lower than that corresponding to a completearound the beam axis 489)=9° (coveringA #~11°). The
transfer of the EL to the target nucleus as a whole. The\E counter was a &4 cn? silicon detector 30Qum thick;
importance of these processes can vary with the beam energiye E detector was a CE€Il) scintillator, 3 cm thick, with
and scattering anglg5,6]. Thus, in order to employ such photomultiplier readout. Light charged particldsCP) and
reactions in a systematic way to study the properties of exfission fragmentgFF) have been detected in an additional
cited nuclei, it is first necessary to experimentally determinesix large area\E-E telescopes. Two of them were mounted
the extent to which the energy loss of the inelastically scatat forward angles (¢)=37°, —42°, ¢$=0°) and four at
tered a particles provides a good measure of the thermabackward angles (@)= —123°, ¢=—49°,52° and(6)
excitation energy deposited in the target nucleus. =132°, ¢=—49°,52°). Two germanium detectofslPGe

We present here results of experiments in which the ex80% relative efficiencywere also placed at 100° and 140°
citation energy deposition in the reactiéfBi(«,a’) has inside the NB to identify residual nuclei by discrejdine
been studied. We find that the average excitation energgpectroscopy.
deposition is well below the available energy. The selection The master trigger of the experiment was the coincidence
of charged particle emission or fission channels serves tbetween the “fast flash” of the NRindicating a reaction
isolate nuclei of much higher excitation energy with nar-with prompt neutron ang emission and ana particle in the
rower distribution widths. Coincident high energyray de- hodoscope. The beam intensity was maintained ardund
tection, as in Refd.1,2], may provide a comparable selection =0.01 nA during the experiment to keep the trigger rate
of events but our results indicate that detailed information oraround 1 kHz.
the actual excitation energy distribution is required to study The silicon detectors were calibrated with radioactive
temperature induced effects in nuclei. sources. The Cé6Tl) scintillator calibration was obtained

from the calibratedAE silicon, employing the energy loss
tables, and from the measurementagfprotons and deuter-
*Permanent address: Department of Physics, Hope Colleg@ns elastic scattering at energies,=100 MeV, E,
Holland, M1 49423. =60 MeV, andEy=120 MeV, respectively.

TPermanent address: Institute of Physics, Jagellonian University, The efficiency of the NB was determined using in-beam
30-059 Cracow, Poland. data from the HPGe detectors. Neutron fold distributions
*Permanent address: Instituto de Fisica, UNAM AP-20 364,were obtained in coincidence with discreteay transitions
Mexico City, 0100 DF, Mexico. identifying 209298208 nuclei populated after emission of 0,
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o ) FIG. 2. Average neutron multiplicity as measured with the neu-
FIG. 1. Neutron fold distribution measured in the neutron ball o pajl (efficiency and background correcieas a function of the
for selected bins of the scatteredparticle energyE, . Distribu-  anergy of the scattered particles. Data corresponding to different
tions corresponding to different event selections are reported: inclusyent selections are reported: inclusiag coincidences with back-
sive (line), coincidences with backward emitted protdeguarg, «  \yard emitted protong), « particles(c), and fission fragmentsd).
particles(cross, and fission fragmentestay. Counts in the inclu-  pata from fusion-fissiorf9] and fusion-evaporation reactiofig]
sive distributions are divided by factors of 10-20. are also reported, assuming the equivalence between the excitation

1, or 2 neutrons. The first moments of the fold distributionsS"€"9Y N fusion and the kinetic energy loss in thecattering.

were used to determine the NB efficiency value of 70
+3%. This value is consistent with the efficiency of 75% this case, where the excitation energy of the compound sys-
measured using &°Cf source. tem is rather well determined, seven neutrons are emitted, on
Experimental distributions of the neutron fdtd from the  average, aE,=82 MeV. These results indicate that the mea-
NB are shown in Fig. 1 for some selected bins in the energpure of the apparent energy loss in the scattering pfr-
of the scattered particle E,/). The distributions at a given ticles on a heavy target cannot be taken directly as a measure
energy loss for inclusive eventgoincidences between’ of the target excitation energy which seems to be, on aver-
and neutrons in the NBare very broad, much more than age, much lower.
expected from the binning ifE,, . They include lowk, The data for the exclusive events feature largerthan
events, characteristic of low excitation energy, as well aghe inclusive one, when the same EL is considered. The fis-
events of higherk,, where larger excitation energies are sion data allow a further interesting comparison with results
presumed. Note that these distributions are not backgrouriiom heavy ion induced reaction studies in which the average
corrected. Average neutron multiplicities presented in thdotal neutron multiplicity accompanying fission has been
following are corrected for average multiplicities in the back-measured for nuclei in the mass regir 200[9]. The very
ground gate of the NB. Figure 1 also shokysdistributions  good agreement between the two data sets demonstrates that
obtained for exclusive events by requiring an additional cothe fission fragment requirement selects events in which
incidence with an LCP or a FF, detected in a backward telenearly the entire kinetic energy loss observed in the scatter-
scope. This triple coincidence requirement should magnifying reaction is converted into thermal excitation energy of
the thermal emission with respect to the concurrent nonequthe target nucleus.
librium emission. An inspection of the LCP energy spectrain  Finally, the correlation between the excitation energy in
both backward and forward telescopes, as well as their cothe target nucleus and the kinetic energy loss in tagx()
relation plots with the neutron folthot reported hepe con-  reaction has been quantitatively studied. For eBgh bin,
firm this assumption. These spectra exhibit barriers charadhe total excitation energy transferred to the target nucleus
teristic of emission from Bi-like nuclei and have shapeshas been derived by determining the energy dissipated in the
which indicate a dominance of statistical emission. emission of the detected decay products. As an example of
In Fig. 2 the dependence of the average neutron multithis procedure, we describe here the case for the proton trig-
plicities (v), obtained from the background and efficiency ger in the backward detectors at £R05 MeV, for which
corrected NB fold distributions for inclusive and exclusive (v)=10.9 is measured. We evaluate the t@alalue for the
events, are presented as a functiongf . The inclusive decay ?°Bi—!°"Pb, Q=87.3 MeV from mass tablegL0].
data show the expected positive correlation between energhhen we derive an average center-of-mass kinetic energy
loss and average neutron multiplicity. The latter saturatege,)=13.1 MeV from the experimental proton spectrum and
around the valu€v)~7 for EL~200 MeV. This average (e,)=3.5MeV for the evaporated neutrons using statistical
number of emitted neutrons is less than expected, as demomodel calculations. This gives a total kinetic energy of 51.2
strated by a comparison with the corresponding quantity irMeV dissipated in the particle emission. An additional term
the fusion-evaporation reactiohB+1%Pt—2Bi* [8]. In (8 MeV) accounts for the gamma decay at the end of the
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oincl tition of () between the pre-(¢,e)) and the postscission

0 50 100 150 200 ({vaSQ) stage was assumed following RE9]. The energy
E, (MeV) dissipated in prescission decay is evaluated as described
* above for the LCP events. Then the fissiQrvalue is esti-

FIG. 3. Ratio between the reconstructed excitation energy of thénated as
targetlike fragment and the corresponding energy loss determined
from the energy of the scatteredparticles. The error bars include
only the unce?t)z;inty in the efficieFr)my calibration of the neutron ball Qri=M(Acn',83 ~[M(Acn//2,4])
calorimeter. The open square point for the fission evefisir- +M(Acni /2,42 +TKE],
cludes a correction for the emission of charged particles. For details
see the text.

where Ay =209 (v is the assumed mass of the fission-
evaporative process. The total energy dissipated in the decérzg nucleus and the TKE value was taken from Red]. In
is therefore~ 146 MeV, which represents 72% of the cor- ~ the postscission stage, the decaying fission fragments are as-
respondinga-particle kinetic energy lost in thex{a’) reac-  Sumed to emit the remaining neutrofig,,sp and their exci-
tion. tation energy dissipation is also estimated accordingly.

As E, decreases from 150 to 35 MeV, the reconstructed The results for the fission trigger in Fig. 3 feature a
average excitation energies increase ranging between 68 afix)/EL ratio of about 90%. The missing energy at the larger
146 MeV for protons or between 83 and 157 MeV fer €nergy losses seems in this case to be due to the charged
particles and heavy hydrogen isotopes. The missing energy Rarticles emitted in both the pre- and postscission stages.
because of the emission of undetected particles mainly i his is estimated from our data and statistical model calcu-
nonequilibrium processeéNote that the NB calorimeter ex- lations to beAE,~16 MeV. Taking into account this correc-
hibits a reduced efficiency for energetic neutrons emitted irfion, the(E,)/EL ratio moves very close to unity as indicated
the forward direction because of the dependence of the ifRy the open square in the figure.
trinsic efficiency on the neutron ener§y] as well as to the The experimental fission multiplicity is shown in Fig. 4,
reduced coverage. Using the observed preequilibrium protogompared with results from statistical model calculations
yields, angular distributions, and energies, we estimate Berformed with the codeace2[12] for the **Bi nucleus at
contribution<0.2 fold unit from the detection of preequilib- different excitation energie€{"“*% and single angular mo-
rium neutrons. mentum values J). In the calculations, the level density

The ratios of the reconstructed average excitation energiggarameters, = a;=A/10 MeV * were used, in the evapora-
(E,) to the nominal total kinetic energy losses EL for thetion and fission channels, together with the Sierk fission bar-
different class of events are shown in Fig. 3, as a function ofiers[13]. The model predictions have been reported in Fig.
E, . Even though the deposited excitation energy is increas4 by assuming a ratic€?"“®4EL=0.9. The comparison
ing in absolute value, a constant decrease of the ratishows that the experimental data are well described by cal-
(Ex)/EL is evident a€,,, decreases. The clear difference in culations employing angular momentum valdes20# up to
the excitation energy selection for the clustasst] and pro-  the highest energy losses. We note that, because of the strong
tons reflects, in our opinion, the fact that particles characterdependence of the fission cross section on the angular mo-
ized by a large binding energy)(or barrier(«) need a larger mentum, coincidences with fission fragments are certainly
excitation energy to be emitted with significant probability. sampling the events in which the highest angular momenta
This means that for a given energy loss the “energeticallyare transferred to the target nucleus.
expensive” particles originate, on average, from those target The results reported here demonstrate that the excitation
nuclei that receive the larger fraction of the available energyenergy deposition in inelastic scattering @fparticles at 60

The data corresponding to the coincidences with fissioMeV/nucleon is, on average, well below the projectile ki-
fragments are also shown in Fig. 3. In this case the reconaetic energy loss. From the fold distribution of the neutron
struction of the excitation energy is more involved becausdall it appears that the distribution of excitation energies in
of the complexity of the decay scheme and the need to intargetlike nuclei includes nuclei at high excitation energy but
clude the fission fragment total kinetic enef@KE). A par-  is very broad.
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A threshold in the detected number of neutrons can beegion. Without taking the width of the excitation energy
used to isolate the high excitation energy events, althougHistribution explicitly into account, the line shape analysis
the finite response of the calorimeter does not allow precisenight lead to extraction of erroneous GDR paramef¢g.
tagging of the excitation energy event by event. As an alter- We are currently exploiting the possibility of reconstruct-
native possibility, high excitation energy nuclei can be fil-ing the excitation energy distribution in primary targetlike
tered out by requiring coincidences with LCP or fission frag-nyclei by unfolding the experiment&l, spectra and using
ments. The efficiency of the filter is related to the excitationgtatistical model predictions. This will allow us to study in a
energy dependence of the multiplicity of the different decaymore quantitative way the effects of the excitation energy
products. o distribution on the high energy-ray spectra.

This filtering effect may also be effective in the case of The systematic use of inelastie particle scattering to
the high energyy rays of Refs[1,2], as the probability of  roduce nuclei with excitation energi&=100—200 MeV
GDR excitation is expected to increase over the excitatiorseems to be conditioned on the possibility of specifying in a
energy range studied. However the precise determination Gfiore precise way the excitation energy of the targetlike frag-
the excitation energy selected byhigh energyy-rays coin-  ments. Further progress is also needed in the theoretical
cidences requires more complete information. Furthermorgeaiments. Having calculations capable of describing not
the line shapes of the spectra measured in coincidence with o)y the shapes of the scatteredparticle spectrd15] but
the scattered alpha particles should be influenced by thgisq the transfer of excitation energy and angular momentum

width of the selected excitation energy range since the sty the target nucleus would be extremely beneficial.
tistical part of they spectrum is emitted also from nuclei at

low excitation energy while the high energy part, in the GDR  This work was supported by the U.S. Department of En-
region, originates mainly from the higher excitation energyergy, the Robert A. Welch Foundation, and the INFN.
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