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Excitation energy deposition in 209Bi„a,a8… reactions at 240 MeV
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The energy deposition associated with inelastica particle scattering on209Bi 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 energy.@S0556-2813~98!50408-6#

PACS number~s!: 25.55.Ci, 25.70.Gh, 25.70.Jj, 27.80.1w
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In recent experiments designed to study the high energg
rays from the decay of the Giant dipole resonance~GDR! in
208Pb and120Sn nuclei@1,2#, a particle inelastic scattering
was used as a tool to populate low angular momentum st
of stable nuclei at a moderate excitation energy~30–130
MeV!. The observed GDR width increase was attributed
temperature effects, providing an important test of theor
cal models@3,4#. In that work it was assumed that the ener
loss~EL! in the collision could be used to tag the excitati
energy (Ex) of the target nucleus. Problems with this a
sumption can arise at intermediate energies when proce
such as direct knockout and preequilibrium emission beco
important. In this case the excitation energy of the tar
fragment is lower than that corresponding to a compl
transfer of the EL to the target nucleus as a whole. T
importance of these processes can vary with the beam en
and scattering angle@5,6#. Thus, in order to employ suc
reactions in a systematic way to study the properties of
cited nuclei, it is first necessary to experimentally determ
the extent to which the energy loss of the inelastically sc
tered a particles provides a good measure of the therm
excitation energy deposited in the target nucleus.

We present here results of experiments in which the
citation energy deposition in the reaction209Bi(a,a8) has
been studied. We find that the average excitation ene
deposition is well below the available energy. The select
of charged particle emission or fission channels serve
isolate nuclei of much higher excitation energy with na
rower distribution widths. Coincident high energyg-ray de-
tection, as in Refs.@1,2#, may provide a comparable selectio
of events but our results indicate that detailed information
the actual excitation energy distribution is required to stu
temperature induced effects in nuclei.
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The experiments were carried out using the K500 Sup
conducting Cyclotron of the Texas A&M University Cyclo
tron Institute. A 4.5 mg/cm2 209Bi target was bombarded by
240 MeV beam ofa particles. Emitted charged particle
neutrons, fission fragments, and low energyg rays were de-
tected in coincidence with the inelastically scattereda par-
ticles. To this end several detectors were mounted inside
neutron ball~NB! calorimeter@7#. In the present experimen
the NB wedge along the beam axis (Du622.5°) in the for-
ward hemisphere was replaced by a scattering chamber
tension.

Inelastically scattereda particles have been identified in
hodoscope, made of four large areaDE-E telescopes placed
around the beam axis at^u&59° ~coveringDu;11°). The
DE counter was a 634 cm2 silicon detector 300mm thick;
the E detector was a CsI~Tl! scintillator, 3 cm thick, with
photomultiplier readout. Light charged particles~LCP! and
fission fragments~FF! have been detected in an addition
six large areaDE-E telescopes. Two of them were mounte
at forward angles (̂u&537°, 242°, f50°) and four at
backward angles (^u&52123°, f5249°, 52° and ^u&
5132°, f5249°, 52°). Two germanium detectors~HPGe
80% relative efficiency! were also placed at 100° and 140
inside the NB to identify residual nuclei by discreteg-line
spectroscopy.

The master trigger of the experiment was the coincide
between the ‘‘fast flash’’ of the NB~indicating a reaction
with prompt neutron andg emission! and ana particle in the
hodoscope. The beam intensity was maintained arounI
50.01 nA during the experiment to keep the trigger ra
around 1 kHz.

The silicon detectors were calibrated with radioactivea
sources. The CsI~Tl! scintillator calibration was obtained
from the calibratedDE silicon, employing the energy los
tables, and from the measurement ofa, protons and deuter
ons elastic scattering at energiesEa5100 MeV, Ep
560 MeV, andEd5120 MeV, respectively.

The efficiency of the NB was determined using in-bea
data from the HPGe detectors. Neutron fold distributio
were obtained in coincidence with discreteg-ray transitions
identifying 209,208,207Bi nuclei populated after emission of 0
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1, or 2 neutrons. The first moments of the fold distributio
were used to determine the NB efficiency value of
63%. This value is consistent with the efficiency of 75
measured using a252Cf source.

Experimental distributions of the neutron foldkn from the
NB are shown in Fig. 1 for some selected bins in the ene
of the scattereda particle (Ea8). The distributions at a given
energy loss for inclusive events~coincidences betweena8
and neutrons in the NB! are very broad, much more tha
expected from the binning inEa8 . They include lowkn
events, characteristic of low excitation energy, as well
events of higherkn , where larger excitation energies a
presumed. Note that these distributions are not backgro
corrected. Average neutron multiplicities presented in
following are corrected for average multiplicities in the bac
ground gate of the NB. Figure 1 also showskn distributions
obtained for exclusive events by requiring an additional
incidence with an LCP or a FF, detected in a backward te
scope. This triple coincidence requirement should magn
the thermal emission with respect to the concurrent none
librium emission. An inspection of the LCP energy spectra
both backward and forward telescopes, as well as their
relation plots with the neutron fold~not reported here!, con-
firm this assumption. These spectra exhibit barriers cha
teristic of emission from Bi-like nuclei and have shap
which indicate a dominance of statistical emission.

In Fig. 2 the dependence of the average neutron mu
plicities ^n&, obtained from the background and efficien
corrected NB fold distributions for inclusive and exclusi
events, are presented as a function ofEa8 . The inclusive
data show the expected positive correlation between en
loss and average neutron multiplicity. The latter satura
around the valuê n&;7 for EL;200 MeV. This average
number of emitted neutrons is less than expected, as dem
strated by a comparison with the corresponding quantity
the fusion-evaporation reaction11B1198Pt→209Bi* @8#. In

FIG. 1. Neutron fold distribution measured in the neutron b
for selected bins of the scattereda particle energyEa8 . Distribu-
tions corresponding to different event selections are reported: in
sive ~line!, coincidences with backward emitted protons~square!, a
particles~cross!, and fission fragments~star!. Counts in the inclu-
sive distributions are divided by factors of 10–20.
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this case, where the excitation energy of the compound
tem is rather well determined, seven neutrons are emitted
average, atEx582 MeV. These results indicate that the me
sure of the apparent energy loss in the scattering ofa par-
ticles on a heavy target cannot be taken directly as a mea
of the target excitation energy which seems to be, on av
age, much lower.

The data for the exclusive events feature larger^n& than
the inclusive one, when the same EL is considered. The
sion data allow a further interesting comparison with resu
from heavy ion induced reaction studies in which the aver
total neutron multiplicity accompanying fission has be
measured for nuclei in the mass regionA;200 @9#. The very
good agreement between the two data sets demonstrate
the fission fragment requirement selects events in wh
nearly the entire kinetic energy loss observed in the sca
ing reaction is converted into thermal excitation energy
the target nucleus.

Finally, the correlation between the excitation energy
the target nucleus and the kinetic energy loss in the (a,a8)
reaction has been quantitatively studied. For eachEa8 bin,
the total excitation energy transferred to the target nucl
has been derived by determining the energy dissipated in
emission of the detected decay products. As an exampl
this procedure, we describe here the case for the proton
ger in the backward detectors at EL5205 MeV, for which
^n&510.9 is measured. We evaluate the totalQ value for the
decay 209Bi→197Pb, Q587.3 MeV from mass tables@10#.
Then we derive an average center-of-mass kinetic ene
^ep&513.1 MeV from the experimental proton spectrum a
^en&53.5 MeV for the evaporated neutrons using statisti
model calculations. This gives a total kinetic energy of 51
MeV dissipated in the particle emission. An additional te
~8 MeV! accounts for the gamma decay at the end of

l

u-

FIG. 2. Average neutron multiplicity as measured with the ne
tron ball ~efficiency and background corrected! as a function of the
energy of the scattereda particles. Data corresponding to differen
event selections are reported: inclusive~a!, coincidences with back-
ward emitted protons~b!, a particles~c!, and fission fragments~d!.
Data from fusion-fission@9# and fusion-evaporation reactions@8#
are also reported, assuming the equivalence between the excit
energy in fusion and the kinetic energy loss in thea scattering.
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evaporative process. The total energy dissipated in the d
is therefore;146 MeV, which represents;72% of the cor-
respondinga-particle kinetic energy lost in the (a,a8) reac-
tion.

As Ea8 decreases from 150 to 35 MeV, the reconstruc
average excitation energies increase ranging between 68
146 MeV for protons or between 83 and 157 MeV fora
particles and heavy hydrogen isotopes. The missing ener
because of the emission of undetected particles mainl
nonequilibrium processes.~Note that the NB calorimeter ex
hibits a reduced efficiency for energetic neutrons emitted
the forward direction because of the dependence of the
trinsic efficiency on the neutron energy@7# as well as to the
reduced coverage. Using the observed preequilibrium pro
yields, angular distributions, and energies, we estimat
contribution<0.2 fold unit from the detection of preequilib
rium neutrons.!

The ratios of the reconstructed average excitation ener
^Ex& to the nominal total kinetic energy losses EL for t
different class of events are shown in Fig. 3, as a function
Ea8 . Even though the deposited excitation energy is incre
ing in absolute value, a constant decrease of the r
^Ex&/EL is evident asEa8 decreases. The clear difference
the excitation energy selection for the clusters (a,t) and pro-
tons reflects, in our opinion, the fact that particles charac
ized by a large binding energy (t) or barrier~a! need a larger
excitation energy to be emitted with significant probabili
This means that for a given energy loss the ‘‘energetica
expensive’’ particles originate, on average, from those ta
nuclei that receive the larger fraction of the available ener

The data corresponding to the coincidences with fiss
fragments are also shown in Fig. 3. In this case the rec
struction of the excitation energy is more involved beca
of the complexity of the decay scheme and the need to
clude the fission fragment total kinetic energy~TKE!. A par-

FIG. 3. Ratio between the reconstructed excitation energy of
targetlike fragment and the corresponding energy loss determ
from the energy of the scattereda particles. The error bars includ
only the uncertainty in the efficiency calibration of the neutron b
calorimeter. The open square point for the fission events (f ) in-
cludes a correction for the emission of charged particles. For de
see the text.
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tition of ^n& between the pre- (^npre&) and the postscission
(^npost&) stage was assumed following Ref.@9#. The energy
dissipated in prescission decay is evaluated as descr
above for the LCP events. Then the fissionQ value is esti-
mated as

Qf f5M ~ACN8,83!2@M ~ACN8/2,41!

1M ~ACN8/2,42!1TKE#,

where ACN852092^npre& is the assumed mass of the fissio
ing nucleus and the TKE value was taken from Ref.@11#. In
the postscission stage, the decaying fission fragments ar
sumed to emit the remaining neutrons^npost& and their exci-
tation energy dissipation is also estimated accordingly.

The results for the fission trigger in Fig. 3 feature
^Ex&/EL ratio of about 90%. The missing energy at the larg
energy losses seems in this case to be due to the cha
particles emitted in both the pre- and postscission sta
This is estimated from our data and statistical model cal
lations to beDEx;16 MeV. Taking into account this correc
tion, the^Ex&/EL ratio moves very close to unity as indicate
by the open square in the figure.

The experimental fission multiplicity is shown in Fig. 4
compared with results from statistical model calculatio
performed with the codePACE2 @12# for the 209Bi nucleus at
different excitation energies (Ex

PACE2) and single angular mo
mentum values (J). In the calculations, the level densit
parametersan5af5A/10 MeV21 were used, in the evapora
tion and fission channels, together with the Sierk fission b
riers @13#. The model predictions have been reported in F
4 by assuming a ratioEx

PACE2/EL50.9. The comparison
shows that the experimental data are well described by
culations employing angular momentum valuesJ<20\ up to
the highest energy losses. We note that, because of the s
dependence of the fission cross section on the angular
mentum, coincidences with fission fragments are certa
sampling the events in which the highest angular mome
are transferred to the target nucleus.

The results reported here demonstrate that the excita
energy deposition in inelastic scattering ofa particles at 60
MeV/nucleon is, on average, well below the projectile k
netic energy loss. From the fold distribution of the neutr
ball it appears that the distribution of excitation energies
targetlike nuclei includes nuclei at high excitation energy b
is very broad.
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FIG. 4. Experimental fission multiplicityM f compared with
PACE2 statistical model calculations. For details see the text.
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A threshold in the detected number of neutrons can
used to isolate the high excitation energy events, altho
the finite response of the calorimeter does not allow pre
tagging of the excitation energy event by event. As an al
native possibility, high excitation energy nuclei can be
tered out by requiring coincidences with LCP or fission fra
ments. The efficiency of the filter is related to the excitati
energy dependence of the multiplicity of the different dec
products.

This filtering effect may also be effective in the case
the high energyg rays of Refs.@1,2#, as the probability of
GDR excitation is expected to increase over the excita
energy range studied. However the precise determinatio
the excitation energy selected bya-high energyg-rays coin-
cidences requires more complete information. Furtherm
the line shapes of theg spectra measured in coincidence w
the scattered alpha particles should be influenced by
width of the selected excitation energy range since the
tistical part of theg spectrum is emitted also from nuclei
low excitation energy while the high energy part, in the GD
region, originates mainly from the higher excitation ener
v
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region. Without taking the width of the excitation energ
distribution explicitly into account, the line shape analys
might lead to extraction of erroneous GDR parameters@14#.

We are currently exploiting the possibility of reconstruc
ing the excitation energy distribution in primary targetlik
nuclei by unfolding the experimentalkn spectra and using
statistical model predictions. This will allow us to study in
more quantitative way the effects of the excitation ene
distribution on the high energyg-ray spectra.

The systematic use of inelastica particle scattering to
produce nuclei with excitation energiesEx5100– 200 MeV
seems to be conditioned on the possibility of specifying in
more precise way the excitation energy of the targetlike fr
ments. Further progress is also needed in the theore
treatments. Having calculations capable of describing
only the shapes of the scattereda particle spectra@15# but
also the transfer of excitation energy and angular momen
to the target nucleus would be extremely beneficial.

This work was supported by the U.S. Department of E
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