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Abstract 

The fraction of the total excitation energy imparted to the primary target

like fragment produced in the reaction 684 MeV 80Kr + 174yb has been determined 

for total kinetic energy losses as large as 160 MeV. This fraction was deduced 

from the kinetic energy cost of evaporating neutrons from the target-like 

fragment and is approximately 0.5. This result is consistent with the predic

tions of nucleon exchange models and indicates that thermal equilibrium has not 

been reached for energy losses corresponding to a sizable fraction of the maxi

mum kinetic energy relaxation. 
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A powerful technique for determining the mechanism for energy dissipation 

in heavy-ion reactions is the measurement of the excitation energy partition 

between the two exit channel fragments. During the early stages of the reac-

tion, the particle exchange mechanism of energy dissipation leads to an approxi-

mately equal partition of excitation energy between the fragments. As the 

interaction time increases, the division of excitation energy should evolve 

toward the equilibrium limit, requiring a partition of excitation energy in pro

portion to the fragment masses. The evolution of the excitation energy division 

with reaction time has been treated theoretically by Randrupl, Moretto2 and 

Feldmeier.3 In all of these treatments it is found that the excitation energy 

divides nearly equally for short interaction times or small total kinetic energy 

losses (TKEL) and then, as the interaction time increases, the division of exci-

tation energy becomes progressively more skewed in favor of the heavy fragment. 

An experimental verification of this evolution of the excitation energy division 

would be a crucial test for the present models of deep inelastic reactions. 

Although there have been several studies of excitation energy division,4-8 a 

coherent trend with TKEL has yet to emerge. Early work, which utilized neutron 

energy spectra and neutron multiplicities, suggested that the equilibrium limit 

was reached even for total kinetic energy losses as low as 50 Mev.4-6 However, 

a recent reevaluation of some of these early neutron multiplicity studies4 by 

Awes et al. 7 seem to indicate otherwise, namely that the partition of excitation 

energy is not completely consistent with the equilibrium limit for any value of 

the energy loss. This conclusion is supported by more recent experimental work 

by both Awes et al.7 and Vandenbosch et al.a where for small energy losses they 

have determined that the excitation energy is divided nearly equally. 

Unfortunately, these more recent and perhaps more convincing experimental works 
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are limited to small values of TKEL not approaching total relaxation, and there

fore offer no opportunity of observing the evolution predicted by theory. 

We have probed the excitation energy division by measuring the isotope 

distribution of the target-like fragment residues as a function of TKEL. 

If one assumes that the relationship between charge split and mass split in the 

reaction is independent of TKEL, mass loss by the primary target-like fragment 

is totally due to evaporation and thus is a measure of the fraction of the total 

excitation energy imparted to the heavy fragment. This assumption of a constant 

mass and charge split as a function of kinetic energy loss is corroborated by 

the observation that charge to mass equilibration has already been attained at 

our lowest TKEL value, as will be shown below. We have used this technique to 

extract information on the excitation energy partition for values of TKEL as 

large as 160 MeV, which is about 75% of the maximum value. 

The system studied was 684 MeV 80Kr + 174vb. Using natural Kr as a source 

gas, 80Kr (1.8% of the natural abundance) was selected, accelerated, and deli

vered to the experimental area with an intensity of approximately 5 ena by the 

Lawrence Berkeley Laboratory SuperHILAC. Counting rate considerations for 

both the particle and gamma-ray detectors limited the beam intensity to this 

.value. An enriched 174yb (98.4%) target of 660 ~g/cm2 was positioned inside 

of a small scattering chamber. Attached to the scattering chamber were two 

additional vacuum chambers which housed the particle detectors. 

The charge, energy and position of the projectile-like fragment were 

obtained from a position sensitive ionization chamber (IC). The detector 

spanned from 25° to 45° from the beam axis in one plane, straddling the grazing 

angle (eg ~ 31°), and± 4.4° out of this plane. The position resolution of this 
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detector was approximately 1.5°. The emission angles of the target-·like 

fragment were measured by an x,y position-sensitive parallel-plate avalanche 

counter (PPAC). This detector covered an angular region of 25° to 65° in-plane 

and ± 15° out-of-plane. This large angular span assured coincidence detection 

of the target-like fragment over much of the Q-value and angular region defined 

by the ionization chamber. The r rays were detected in a set of 6 intrinsic Ge 

spectrometers operated in anti-coincidence with BGO shields. These detectors 

were positioned approximately 23 em from the target. One of the spectrometers 

was near 180° with respect to'the target recoil direction, two more were located 

near 90° and the other three were at intermediate angles. 

The two body kinematics was calculated event-by-event from the IC parame

ters. This calculation included an iterative evaporation correction (see 

below) for mass loss by the projectile-like fragment. The calculated scattering 

angle of target-like fragments was verified using the PPAC data. The estimated 

uncertainties of the TKEL values are less than 15 MeV for all values of the 

TKEL. The y-ray information was also corrected event-by-event for the Doppler 

shift and solid angle Jacobian produced by the velocity of the target-like 

fragment. 

Most of the strong peaks in the y-ray spectra were identified as yrast tran

sitions in even-even target-like nuclei. Gamma-ray transitions from elements 

which differ in charge from the target by 2 or 4 units can be selected by gating 

on the appropriate complementary charge of the projectile-like fragment (Z3). 

Because the charge resolution of the ion chamber was insufficient to completely 

separate adjacent Z-values additional intensity was found by gating on the Z3-1 

channel. The data reported in this letter are for a z3 gate of 34 (+0.5,-1.5). 

This_gate gives sufficient statistics to follow the characteristic r rays over a 
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very large range of TKEL values and minimizes the leakage from the z = 36 bin 

which contains very intense coulomb excitation lines from the target. 

By selecting this z3 = 34 gate, yrast y-ray transitions of hafnium isotopes 

ranging from 176Hf to 16~f can be identified for values of TKEL as large as 160 

MeV. This is shown in Fig. 1 where the region of the 4+ + 2+ transitions is J 

displayed. The increasing primary excitation energy of the primary target-like 

fragment and the associated neutron evaporation with increasing TKEL is seen in 

the systematic decrease of the Hf mass number with increasing energy loss. For 

example, the isotopic yield seen in spectrum (b) (25 MeV < TKEL < 50 MeV) peaks 

at 174Hf, while for spectrum (d) (75 MeV < TKEL < 100 MeV) the yield peaks at 

172Hf. This trend continues up to the TKEL bin (g) 150 MeV-175 MeV, where the 

only peak in the spectrum can be assigned to 168Hf. 

Close examination of Fig. 1 indicates that in terms of TKEL it costs 

approximately 50 MeV to evaporate 2 neutrons from the target-like fragment. The 

neutron binding energies vary from 7 to 9 MeV in this region. Since the mean 

neutron kinetic energy (- 2 x temperature) should be in the range of 3 to 5 MeV, 

the cost of a neutron pair for the evaporating fragment is between 20 and 28 

MeV. This indicates that the heavy fragment receives roughly half of the total 

excitation energy. This is more clearly seen in Fig. 2 where the mean mass of 

the heavy fragment (A4) in coincidence with z3 = 34 is plotted against the total 

kinetic energy loss, (filled symbols). The arrow on the A4 axis shows the mass 

expected from charge-to-mass equilibration in this dinuclear system. This value 

of A4 is calculated by a procedure which iteratively adjusts the mass split such 

that the minimum of the sum of the two liquid drop terms plus an inter-fragment 

coulomb term and a nuclear proximity term occurs when z3 = 34. The sen

sitivity of this calculated A4 to reasonable variations of the interaction 
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radius was determined to be approximately 1/2 mass unit •. The importance of 

shell structure was also investigated by replacing the liquid drop terms with 

the experimental masses and correcting for the energy lost due to the breakiGg 

of nucleon pairs, as suggested in ref. 9. This calculation also gave Z3 = 34 

when the mass split was 80,174. An extrapolation of the experimental data to 

TKEL=O gives a mass consistent with the value expected from charge-to-mass 

equilibration. 

The open symbols in Fig. 2 are the mean masses of the observed Hf isotopes 

(A4) versus the excitation energies of the heavy fragment (E*4) derived by 

scaling the mean TKEL by 0.5 (particle transfer) and A4/CA3 + A4) (thermal 

equilibrium). Although the values of TKEL calculated from the projectile-like 

fragments kinetic energy depends on the assumed division of excitation energy, 

the two calculated values of E*4 are calculated consistently. In the event-by

event calculation of TKEL, the evaporation correction (20 MeV for the largest 

TKEL value) was performed assuming that the excitation energy is divided in pro

portion to the masses. To avoid repeating the event-by-event calculation of 

TKEL for equal excitation energy division, a suitable bin by bin mean correction 

to the values of the TKEL was applied. This correction is less than 10 MeV over 

the region of TKEL discussed here. 

The thick lines in Fig. 2 are evaporation calculations10 with two extreme 

assumptions concerning the angular momentum of the target-like fragment. These 

calculations not only indicate the expected dependence of the fragment mass on 

excitation energy but also show that this dependence (slope) is not strongly 

influenced by angular momentum. Comparison between the scaled data (open sym

bols) and the calculations (thick lines) indicates that the excitation energy is 

divided roughly equally for the first 160 MeV of TKEL. This result rests on the 
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single assumption that the relationship between charge and mass split does not 

change with TKEL. This assumption is supported by the experimental verification 

that charge-to-mass equilibration is already attained at the lowest TKEL bin. 

The rapid equilibration of this degree of freedom is well supported by previous 

experimental data9. 

A similar conclusion at the same beam energy per nucleon was reached for a 

smaller range of TKEL values by Vandenbosch et alB., where the fission fragment 

mass distribution was used to monitor the excitation of the heavy fragment. 

Although the present work extends the energy partition systematics to much 

larger values of TKEL, they still fall short of the value of TKEL (-220 MeV) 

corresponding to the exit channel coulomb barrier. The present work indicates 

that the transition from equal excitation energy sharing to energy partitioned 

proportionally to the fragment masses can only occur for energy losses between 

75% and 100% of complete damping. In the future, it may be possible to extend 

this technique to this region. 

This work was supported by the Director, Office of Energy Research, Division 

of Nuclear Physics of the office of High Energy and Nuclear Physics of the U. S. 

Department of Energy under Contracts DE-AC02-85ER40210 and DE-AC03-76SF00098. 
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Figure Captions. 

Fig. 1 Gamma-ray spectra in coincidence with the Z3 = 34 bin for several TKEL 

bins. The spectra are offset from the y-axis by increasing amounts. The TKEL 

bins and offsets for each y-ray spectra are: a) 0-25 MeV, 0; b) 25-50 MeV, 250, 

c) 50-75 MeV, 500; d) 75-100 MeV, 750; e) 100-125 MeV, 1000, f) 125-150 MeV, 

1250; g) 150-175 MeV, 1500. The large peak at 273 keV is the 6+ + 4+ transition 

in the target. The intensity of this transition is a factor of 100 lower as 

compared to the Z3 = 36 gate. 

Fig. 2 The mean mass of Hf isotopes for the 2'3 = 34 bin as a function of the 

experimental TKEL values (solid symbols) and derived values of the excitation 

energy of the target-like fragment E*4 (open symbols). The error bars on the 

open symbols have been omitted. These error bars are the same magnitude as 

those for the solid symbols. The mean mass is determined by the efficiency 

corrected intensities of the 4+ + 2+ transitions. The two methods for extracting 

E*4 from the TKEL values are described in the text. The thick lines are eva

poration calculations (PACE) assuming initial angular momenta of 1 = 20 ~ (upper 

dashed line) and 1 = 50 n (lower dashed line). The arrow on the A4 axis indica

tes the charge equilibrated mass. 
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