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Government. While this document is believed to contain correct information, neither the 
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ABSTRACT 

Excitation functions and angular distributions have been 

measured for the fission of 232Th, 238u, 244Pu and 248am in-

d d b 86Kr d 136 . . . h . . . f uce y an Xe 1ons at energ1es 1n t e v1c1n1ty o 

the Coulomb barrier. No large differences .as a function of. 

either target or projectile were found. These results,suggest 

that the main process occurring is not Coulomb fission. 
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The possibility of fission induced by the Coulomb field of ions with 

sufficiently high nuclear charge (Z > 50) has been of interest [1-3] for 

some time. The availability of such heavy-ion beams has recently per-

mitted these ideas to be tested experimentally. We have reported measure

ments of excitation functions for 
86

Kr(Z = 36) .and 136xe(Z = 54) induced 

232 . 238 
fission of Th and U which showed that fission of the heavy targets 

could be induced at incident energies below the Coulomb barrier [4]. 

These data did not show unambiguously that there was any pure Coulomb 

fission although there were some positive indications. The present work 

was undertaken in an attempt to resolve this question. 

In order to distinguish Coulomb fission from that caused by nuclear 

processes, we have studied the dependence of the fission cross sections 

on projectile Z at incident energies below the Coulomb barrier, where 

pure Coulomb effects are expected to increase relative to nuclear proc-

esses as the energy decreases. We have also studied the dependence of 

the cross sections on the fission barrier, to which Coulomb-induced 

fission might be expected to be sensitive. In contrast, those nuclear 

processes which involve excitations comparable to or greater than the 

fission barrier, would be unlikely to be very sensitive to the barrier. 
/ 

In addition, we have measured angular distributions of the fission frag-

ments. The angular distribution for Coulomb fission should peak at 90 
0 

to the beam axis for head-on collisions provided the fission takes place 

when the projectile is still very near the target [1,3]. On the other 

hand, fission following direct nuclear processes, such as transfer 

reactions or deep-inelastic scattering, is more likely to peak forward 

and backward along the recoil direction [5]. 
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In this letter we report new measurements on the Kr and Xe induced 

fission of 232Th and 
238u (barrier heights 6.0 and 5.8 MeV respectively 

[6]) d 1 f f . . f 244 {b . . [ , an resu ts or ~ss~on o Pu arr~er he~ght 5.4 MeV 6]) and 

248em. One might expect that the Coulomb fission cross section would 

depend quite strongly on both the fission barrier height ahd the de-

tailed shape of the potential energy surface. The spontaneous fission 

half-lives are also sensitive to both of these·quantities (.though not 

in the same detailed way) and the wide spread of these half-"lives in these 

232 21 238 15 244 10 248 nuclei { Th, > 10 yr, u, 7Xl0 yr; Pu, 3Xl0. yr; and Om, 

6 5 x 10 yr) suggests that there might be appreciable differences in ;the 

probability for Coulomb fission. 

The 136xe ·-and 
86

I<r beams were produced by the SuperHILAC- at ·the .. 

Lawrence Berkeley Laboratory. Beam energies were measured·.by time-of- · 

flight and, for the · Kr runs, independently checked by magnetic· analy·sis; 

the uncertainty was 0.5%. 2 232 The rolled 2.0 mg/cm Th target was self-

supporting: 2 238 . 2 the--0.64 mg/cm . U was evaporated on 0.5 mg/cm Al. 

2 248 
The 0.94 mg/cm · Cmt in the ·form-of Cm:F3,was evaporated onto a 

1.2 mg/tm2 Al backing, and the 0.30 mg/cm2 24~Pu, in the form Pu0
2

; 

was ·electroplated on 1.2 mg/cm2 
Ni. 

The detect'ion system for the excitation functionmeasurements is 

identical to that· described before ·[4] and allows detection of coincident 

fission fragments in four .1. 5 x.o. 8 em detectors (each subtending 

0 

70 in <P 
0 

and about 10 in 8), in (triple) coincidence withthe 

backscattered projectile detected in an annular counter. The average 
0 . 

c .m. scattering angle was about 164 ·. · 
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In order to determine the differential fission cross sections with 

respect to the backscattered projectile, ~ , which are shown in Fig. l, 
p 

we have assumed that the collision is nearly elastic, that the fission 

fragment mass distribution is asymmetric, and that the fragment angular 

distribution has the limiting form dcr ~ l in the c.m., h e is dnp sin8f w ere f 

m~asured from the direction of the recoiling heavy nucleus. The last 

assumption gives an upper limit to the cross section and is in rough 

accordance with the measurements over the limited range of angles used 

(Fig. 2). An assumption of isotropy for the angular distribution would 

change the efficiency by 30-40%. At the lowest beam energy for each 

target and each projectile, the values of the backscatter solid angle, 

target thickness, and accuracy of the beam charge collection were veri-

fied by comparing the measured elastic scattering rate with that expected 

from Rutherford scattering. It was estimated that the overall uncertainty 

in the measured cross sections from all sources, including the assumptions 

made, is about 50%. The relative uncertainty between the Kr and Xe ex-

citation functions is better than 35%, whereas for the same projectile 

the uncertainty between runs at different bombarding energies and on 

different targets is no more than 20%. This last error is included to

gether with the statistical errors in the values of:~ shown in Fig. 1. 
p 

Finally, the effective bombarding energy Eeff corresponding to the meas-

ured value of :~ was determined in an iterative procedure, using the 
p 

self-consistent relation: 

dcr 
dn 

p 
(Eeff) measured = f. -~ (E) dE/ f dE 

target dnp target 
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2 
Th f . · f t 1 d' t 'b · d a d e ~ss~on~ ragmen angu ar ~s r~ ut~on an dnf , was measure 

p 0 

with a single counter with solid angle~ 0.05 sr, subtending about 5 

in 8. By requiring a coincidence with a backscattered particle, only 

0 

those heavy fissioning nuclei which recoiled at about 10 'to the beam 

axis were selected. The recoil direction was further restricted to 

0 

± 45 in cf> by masking the annular backscatter counter. It was thus 
0 

possible . to measure the angular distribution as far forward as e f = 40 

. . • 0 

(c.m.) without placing the fission counter closer than 20 (lab) to the 

beam axis. In the Xe runs, the angular distributions were normalized 

to the total number of elastically backscattered p~rticles ~ ·. For the 

high. energy 'Kr + cin run, this was not possible because of backgr6unci 

from.the spontaneous fission of Om; in this case, the normalization was 
.. 

made using the total beam current integrated in.each run. The values 
2 

of ~na dn shown in Fig. 2 include an uncertainty of 20% which is 
p 'f 

inherent in the estimated relative values of the c.m. solid angle of 

the fission counter. 

The excitation functions for each target shown in Fig. 1 are quite 

similar, a~d the variation for different targets is small. The large 

difference between the Xe and Kr excitation functions reported previously 

[4] is no longer apparent. This inconsistency is due mainly to an 

arithmetic error of 2% in the beam energy measurement in the previous 

Kr experiment. The previous data, corrected for this error and in 

addition a smaller normalization error, have been included in Fig. 1. 

Although the large difference between the Xe and Kr cross sections for 

238u has disappeared, nevertheless the Xe cross sections for 238u, 
244 248 . Pu and Om rema~n ~ 50% larger than those for Kr. The fission 
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angular distribution measurements are shown in Fig. 2. They indicate 

d2cr o 
dQpdQf is larger at small ef than at 8f=90 'though the data for two 

of the systems are consistent with isotropic emission of the fission 

fragments. 

The fission events discussed here do not appear to be due to pure 

Coulomb fission because there is no large variation with projectile, 

target or fission fragment angle. However we cannot exclude the presence 

of appreciable Coulomb fission since 1) the Xe cross sections are signif-

icantly higher than those for Kr for the U, Pu and Om targets, 2) the 

dependence of the Coulomb fission process on the fission barrier is not 

reliably known, and 3) there is uncertainty as to the exact form of the 

angular distribution for both nuclear and pure Coulomb processes. It 

seems more likely that the observed events are due to a nuclear process 

such as transfer induced fission. In this case the lack of sensitivity 

to the fission barrier probably indicates that the process involves 

excitation energies comparable to or greater than the fission barrier. 
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FIGURE CAPTIONS 

Fig. l 

Fig. 2 

Differential cross sections with respect to the backscattered 

. . 1 dcr < . > 8 o < > > 86 proJect~ e dQ ~n c.m. at = 164 c.m. for a Kr and 
p p 

b) l36x . d d f' . f 232 h 238 244 24_8em e ~n uce ~ss~on o T , U, Pu, as a 

function of bombarding energy. The incident energy E is 

expressed as a fraction of the Coulomb barrier E evaluated 
c 

using an interaction radius R = 1.16 (A~/3 + A~/3 + 2) fm. 

Fission fragment angular distributions 
d

2
cr 

dQpcillf 
at e p 160 

0 

(c.m.) for a) 
136

xe + 238u (E = 1.04 E and E 0.95 E.); and 
c c 

b) 
136

xe + 248
em (E = 0.95 E) and 

86
Kr + 248

em (E = 1.01 E). c c 

The horizontal bars reflect the range of 8f seen in the fission 

detector caused by its finite solid angle. The best fit for 

a l/sin8 distribution is indicated by the solid lines. 
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