
Lawrence Berkeley National Laboratory
Recent Work

Title
THE ONSET OF NON-EQUILIBRIUM PHENOMENA IN FUSION-LIKE PROCESSES FOR 16O 
INDUCED REACTIONS

Permalink
https://escholarship.org/uc/item/5rc222hp

Author
Chan, Y.

Publication Date
1982-10-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5rc222hp
https://escholarship.org
http://www.cdlib.org/


LBL-15212 
Prepri~ t co. d-

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA R£c£rvEo 

Submitted to Physical Review C 

LAV 1 

JAN 14 1983 
LIBRARY AND 

DOCUMENTS SECTION 

THE ONSET OF NON-EQUILIBRIUM PHENOMENA IN FUSION

LIKE PROCESSES FOR 16o INDUCED REACTIONS 

Y. Chan, M. Murphy, R.G. Stok~tad, I. Tserruya, 
S. Wald, and A. Budzanowski 

October 1982 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

. ' 

\ 

\. ' 
--



THE ONSET OF NON-EQUILIBRIUM PHENOMENA IN FUSION-LIKE 

PROCESSES FOR l6o INDUCED REACTIONS 

Y. Chan, M. Murphy, R.G. Stokstad, I. Tserruya, and s. Wald 

Lawrence Berkeley Laboratory, University of California, 

Berkeley, Ca.94720. 

and 

A. Budzanowski 

Institute of Nuclear Physics, Cracow, Poland. 

ABSTRACT 

We have measured velocity spectra of evaporation residues 

from the reactions 16o + Al, Ca, and Ni at bombarding energies 

of 8.8, 13.6, and 19.6 MeV/u. Comparison with statistical 

model predictions shows clear evidence for the onset of 

incomplete momentum transfer at aoout 5 MeV/u above the 

interaction oarrier. To first order, the results are similar 

for all targets, suggesting that the missing momentum is 

mainly associated with the projectile. The fraction of 

transferred linear momentum appears to decrease linearly with 

increasing relative velocity of the colliding nuclei at the 

barn.er. 

NUCLEAR REACTIONS : 160 + Al, Ca, Ni. E( 160 ) = 

8.8, 13.6, and 19.6 MeV/u. Measured residue 

velocity distributions. Deduced linear momentum 

transfer. 
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At bombarding energies not too far above the interaction 

barrier, the complete fusion of heavy ions to form an 

equilibrated compound nucleus comprises a dominant part of the 

total reaction cross section. Further increase of the 

bombarding energy induces reactions that approximate fusion 

but exhibit non-equilibrium features. In such cases, it is 

generally believed that only a part of the projectile or 

target fuses with the other partner, while the remaining part 

is emitted presumably at an early stage of the collision and 

prior to the thermalization of the composite system. Su.ch 

fusion-like processes, well known for heavy systems, have been 

referred to variously as pre-equilibrium emissionl , 

incomplete fusion2 , or massive transfer3 , etc. The present 

experiment was undertaken to extend such studies into the 

lighter mass region (ACN < 80), where the importance of 

incomplete fusion has been suggested4-6 but is not as well 

documented. 

Previous studies have emphasized the observation of 

forward-peaked, fast light particles (n,p,d, ex. ) with 

velocities near to or greater than the beam velocity, 

sometimes in coincidence with the residual-like 

fragments2,3,5,6 It follows that the onset of such a 

phenomenon should also be reflected in a reduced average 

velocity of the associated heavy residues. 7 Measurements of 

fission fragment angular correlations have demonstrated such 

an effect for reactions involving a heavy fissile compound 
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nucleus8 • This technique is not applicable to lighter systems 

however and it has necessitated the introduction of a 

different experimental approach, one in which the average 

velocity (or the linear momentum) of the residues _is measured 

directly and compared with evaporation model predictions. 

Deviations of the observed velocity centroid and/or spectrum 

shape may be interpreted in terms of reaction mechanisms other 

than complete fusion followed by equilibrium decay. Similiar 

measurements based on this technique have been reported 

recently9 or are in progresslO,ll 

The experiment was performed at the 88-Inch Cyclotron of 

the Lawrence Berkeley Laboratory at 16o bombarding energies of 

8.8, 13.6, and 19.6 Mev;u. The energies were chosen to cover 

the region where one expects to see predominantly complete 

fusion (8.8 MeV/u) as well as regions where non-equilibrium 

phenomena can be important (13.6, 19.6 MeV/u). Conventional 

time-ot-flight techniques were used to measure the velocity of 

the residual nuclei. The start signal was obtained from a 

channel plate detector with a thin carbon conversion foil 

( ~ 20 ~g/cm2 ) in a 45° geometry12 • A 900 mm2 , 100 ~m thick 

Si surface barrier detector (offset by 15° to the flight path 

in order to minimize geometrical path differences) provided 

the stop signal as well as energy information. The flight 

path was 1.8 m long. Natural calcium, aluminum, and 60Ni 

targets with thickness of ~ 235, 215, and 180 ~g;cm 2 , 

respectively, were used. Masses up to about 50 a.m.u. could 
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be resolved (Fig.l(a)), which was adequate except for the 16o 

+ 60Ni reaction. In the latter case, results were obtained 

from summed mass bins instead of from individual masses. The 

0 evaporation residues were measured at forward angles from 5 

to 20° • 

An important aspect of the experiment was to establish an 

accurate absolute calibration for the velocity. This was done 

by measuring the elastic scattering of 1. 5 MeV ju 40A ions 

which have mass and velocity similar to those of the residual 

nuclei produced in the reactions studied. Energy losses in 

the target and the channel plate foils were corrected on an 

event-by-event basis in generating the final velocity spectra. 

For decay processes symmetric about 90° in the rest frame 

of the emitter, the velocity dependence of the quantity F(v) = 
is expected to be a Gaussian centered at 

V em case, where v is the velocity of the residues in the 

laboratory, e is the laboratory detection angle, and V em is 

the velocity of the center of mass13 Fig.l(b) shows a 

spectrum of N(v);v 2 , which is proportional to F(v), for 

residues of mass 43 detected at 5° for 13.6 MeV/u 16o + 40ca • 

The centroid, v, of N (v) ;v2 for each mass and angle was 

determined by fitting a Gaussian function to the spectrum. 

These values for 16o + 40ca are compared with those expected 

for full momentum transfer in Fig. 2 (a)- (c) • The measured 

centroids have been divided by case for this comparison. The 

histograms in Fig.2 show the relative mass yield at 5° at the 
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three bombarding energies. 

It is clear that the quantity vjcose depends only weakly on 

the residual mass or the scattering angle. The deviations from 

Vern , averaged over all masses and angles, are also indicated 

in the figure. The deviations increase with bombarding 

energy. If one assumes, for illustration, that a particle of 

mass llm escapes at 0° with the beam velocity before thermal 

equilibrium is reached, the deviations in Fig.2 would 

correspond to fl m = 0.9, 2.1, and 3.8 a.m.u. at E = 8.8, 13.6, 

19.6 MeV/u respectively. The results obtained with 27Al and 

60Ni targets exhibit the same qualitative features. 

The shape of the velocity spectra, mass yield, and angular 

distribution of the residues may also be compared with a 

statistical model prediction as was done in Ref.l3. The 

results of this comparison will be presented elsewhere. In the 

following we shall concentrate on the observed, angle- and 

mass-averaged velocity centroids which we express as a 
i 

percentage of the velocity corresponding to full momentum 

transfer followed by equilibrium decay. This quantity is 

plotted in Fig. 3 vs. the relative velocity of the colliding 

partners at the interaction barrier ( r
0 

= 1. 5 fm ) • Even 

though there is some dispersion in the data an apparent 

systematics is seen to emerge; the amount of transferred 

momentum, expressed as a percentage of the total available 

linear momentum, is governed essentially by the relative 

velocity of the projectile and target nuclei at the barrier. 
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Within errors, the deviations of the averaged centroids from 

the predictions of full momemtum transfer appear to be 

independent of the target, suggesting that the missing 

momentum is mainly associated with the 16o projectile. 

The data also exhibit an approximately linear behavior in 

the decrease of the fraction of transferred momentum as a 

function of velocity as is suggested by the straight line fit 

to our data points. A similar result has been reported by 

Viola et a1. 14 for reactions involving heavier targets. These 

results suggest a common onset of incomplete momentum transfer 

in fusion-like reactions at about 5 MeV/u above the 

interaction barrier. For comparison, also included in Fig.3 

are the results of Ref.8 obtained from fission fragment 

correlation measurements using 16o projectiles and a much 

heavier, 238u target. Except for the highest energy point, 

which lies two standard deviations above the fitted line, 

these results are consistent with our syst,matics, and, 

together, suggest that the relative velocity of the projectile 

and target at the interaction barrier is a relevant parameter 

for characterizing incomplete linear momentum transfer in 

fusion-like processes. The data shown in Fig.3 are consistent 

with there being little or no dependence of the missing 

momentum on the mass of the target. These simple results, if 

validated by additional experiments on a wider range of 

targets, should prove valuable in the evaluation of theories 

of pre-equilibrium emission or incomplete fusion. 
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Figure Captions 

Fig .1 (a) Partial mass spectrum for 16o + 40ca at E = 13.8 
L 

MeV/u and a= 5° (lab). (b) N(v)jv 2 spectrum for A= 43. N 

is the number of counts per unit velocity interval. The curve 

is a Gaussian fit to the spectrum. 

Fig. 2 Comparison of vjcosa of the reduced velocity spectra 

(see text) with the center of mass velocity at (a) 8.8 MeV/u, 

(b) 13.8 MeV/u, and (c) 19.6 MeV/u. The relative mass yields 

at 5° are shown by histograms. 

Fig.3 Systematics of the mean velocities of fusion-like 

residues, expressed as a percentage of the velocity 

corresponding to complete momentum transfer. The abscissa is 

the relative velocity of the projectile and target at the 

interaction barrier ( r = 1.5 fm ) • The energy E and Coulomb 
0 

barrier Vc are evaluated in the laboratory system. 

.. 
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