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ABSTRACT. -

Energy spectra and angular distributions with respect to the 
light fragment flying direction have been measured for 4He and 6He 
particles emitted in the thermal neutrons induced fission of 239pu. 
The particle identification and energy measurements have been perfo~ 
med by using solid state detectors. The gaussian fits of the obtained 
distributions are reported with the experimental data. The most pro 
bable angles Gk and the relative FWHM result -

Gk = 84° 

FWHM = 24° 

Gk = 86° 

FWHM = 23° 

for 4He and 6He angular distributions respectively. Comments are 
made about the characteristics of the achieved angle/ energy corre
lation. 
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1 . - INTRODUCTION. -

It i s known that in the fission of the heavy elements, in addi
tion t o the normal binary fragments, the emission of long-range light 
particles i s verified with a rather low frequency(l). At first these par 
ticles have b een identified as 4He ions and more recently the emission 
of Hy dr ogen and Helium isotopes has been pointed out with some other 
rarer nuclei having Z > 2(2-7). 

The unusual high energy and the angular distribution sharply 
peaked at about 900 with r e spect to the fragments direction have sug
gested t hat these long-range light particl es are released from the neck 
of the d eformed n ucleus at i nstants very close to t h e fragments separa
tion . Due t o the place and moment of the emission , the correct know
ledge of the light particle and correspondent fission fragments featu
res can supply new infor mation about the dynamical and geometrical 
conditions of fiss i oning system, indications can be obtained about the 
open ques ti on if the fission is a slow (statistical) rather than a fast 
process. 

Recently we prepared a computing program that, by assuming 
a three - sferical- charge model, is able to evaluate the conditions of 
the fissi oning system at the moment of the scission(8). Contrary to 
other preceding works j.t does not act as a fitting of assumed distribu
tions but it is rather a technique for achieving the initial conditions of 
the consid er ed problem from the experimental measurenents, except 
the angula r di stribution . In particular the weights in the distributions 
of the vari ous initial parameters are deduced from the measured ene~ 
gy spec trum of the ligh·; particle and the reliability of the calculated 
results are obtained by comparing the measured angular distribution 
with that derived from t he calculations. 

The r e was up now no experimental angular distribution relative 
to the light fragment direction regarding long-range particle other 
than alphas . In fact in the preceding works regarding 235U (9-11) , 
238U (1 2) and 252Cf fission(l2-16), the experiments have been per
formed without the identification of the light particles or with refe~ 
ring to t he light and heavy fragment irrespectively. The second pro 
cedure can give informations just about the symmetry of the distribu
tion. 

We report in this article for the first time the angular distri
butions of 4He and 6He identified particles relative to the light frag
ment direction as obtained in the 239pu n-thermal fission . 

• 0'" tJ ...; 
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2. - EXPERIMENTAL PROCEDURE -

The neutron beam used in the experiment has been extracted 
from the TrigaJ\1arkII reactor of the University of Pavia. In order 
to minimize the nuclear noise on the detectors the beam has been 
collimated on a 2 cm 2 surface by a collimator having an optically P9. 
lished internal Ni surface; so, in addition to accurate collimation, 
due to the total reflection under limit angle, an enrichement in the 
thermal component of the beam was obtained( 1 7). Along the neutrons 
path, just the 239pu target was interposed. 

The identification of the light particles has been obtained by 
using a solid state DE. E telescope consisting of two silicon detec
tors; the first one had a thickness of 20 fJ.m and the second detec
tor, 500 }lorn thick, was able to stop all the transmitted 4He and 
6He ions. A Ni absorber 11.6 mg/ cm 2 thick was placed between the 
target and telesccpe in order to prevent the fission fragments and 
the natural alpha-particles from reaching the DE detector. 

The fission fragments have been contemporaneously detected 
by five low-resistivity surface barrier detectors connected in parallel 
and each one placed at the same angle with respect to the direction be 
tween the centres of the DE detector and target. 

The pulses from the detectors were fed into three low-noise 
FET preamplifier - delay line non overloading amplifier systems. At 
last the signals in triple coincidence with a resolution time of 40 nsec 
were analysed by a three parameters PHA constructed in our labora
tory and recorded by a tape paper punch. 

The experimental analysis chain, conventionally equipped, is 
shown in Fig. 1 that is almost self-explanatory. 

For the energy calibrations a precision pulser and the alpha 
particles from the natural decay of 241 Am were used. 

The experiment has been performed in four different runs 
each corresponding to an angle between the directions of the two seg
ments whose extremes were the centres of the target, DE and frag
ment detectors. 

The analysed angles are 68, 88, 108, 129 degrees . The nor
malization of the data has been obtained by counting during each run 
the uncorrelated binary fission fragments through the same detectors 
and an independent system that fed a 512 channel pulse-height analyser. 

The triple coincidence of the pulses deriving from the telescope 
and single fragment detectors and the recording of the energies DE, E, 
F (see Fig. 1) event by event have allowed to derive the identification 
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and energy spectra of the light particles with the energy distribu
tions of the associate fission fragments simultaneously. 

The common angular width of the DE and fragment detectors 
relative to the target centre was:!: 5 degrees. 

The target consist e d of a layer of 239 pu acetate enric hed to 
98, 8% and electrosprayed on a 8 m g em - 2 Ni disk while the neutron 
current at the beam-hole exit was 3 x 10 9 cm- 2 sec-I 

The extremely low counting rate has made the experim ent 
accomplish ed in more than one year. 

The achieved data have been elaborated in the following way : 
in a first t ime we considered the angular distributions of the parti-
cles without distinguishing the light from the heavy fragme nt directions . 
Due to the recoil fragm ents angle, the two distributions appear simme 
trical with respect to an angle G # 90 degrees . The angle -

G ; 2 (G - 90) 
r 

can be considered as the measured average recoil angle of t h e frag 
ments . 

FIG. 1 - Schematic diagram of electronic system. The various parts 
are as follows: n - neutron beam; T - target; DE - thin detector; E -
thick detector; F - fission detector; PA - FET preamplifier; A - de
lay-line a mplifier; C - triple fast coincidence; G - linear gate; PTB -
printing time black; TPO - time pick-off; DA - delay amplifier; ATC -
amplitude to time converte r; CK - clock; S - scaler; PP - printing 
programmer; CF - codifier; TPP - tape paper punc h. 

r. 0 () 
t.1 V 
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With regard to the distributions referred to the light frag
ment flight dfrection, we considered that the run relative to a given 
angle Q included informations about two different angles: Q when the 
fragment detected in coincidence with the particle was related to the 
light component of the fragments spectrum and the angle (180 - Q + 
Qr) when the detected fragment was heavy; consequently the experi
mental points in each distribution are double with respect to the nu~ 
ber of the runs performed. Nevertheless we have not considered· the 
data corresponding to some angles where, due to the extreme low 
yield, a very bad statistics resulted . 

The described experimental procedure has allowed to obtain 
the light particles energy-spectra in correspondence of each analy
sed angle and the angular distributions relative to various energy i~ 
tervals in the particles spectra. 

3. - RESULTS AND COMMENTS. -

In Fig. 2 the alpha and 6He particles angular distributions re 
lative to the single fragment direction are shown. In addition to the 
experimental points, reported with the estimated indeterminations 
due to the detectors and target finite dimensions, the gaussian fits are 
indicated as they have been obtained by a least squares program. 

In Table I the gaussian parameters resulting from our measu
rements are compared with some preceding data achieved with various 
techniques for 238U (12) and 252 Cf (12, 14, 15, 16) fission. All the re 
ported peak angles lie in an interval of 3 degrees and this is an obv ious 
consequence of the fact that they are correlated only to the fragments 
recoil angles. For the distributions amplitude, the standard deviation 
obtained in the present experi.ment is consistent with the values inclu
ded in the table. 

The average recoil angles result: 

~r = 6 degrees for 4He accompanied fission 
Q = 8 degrees for 6He accompanied fission 

r 
With regard to the distributions referred to the light fra gmerit 

flight direction, Fig. 3 reports the experimental points with the ·fitted 
gaussian curves, while in Table II t.he gaussian parameters are shown in 
comparison with those resulting from previous experiments(9 , 10 , 11, 1 3, 15) 

Our peak-angle of 84 0 relative to the alpha-particles distribu-
tion is very close to the values obtained in the case of 235U analysis( 9- 11). 

In Table II the results concerning the alpha-particles angular 
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TABLE I - Gaussian parameters of 4He and 6He parti
cles angular distributions with respect to the single fra~ 
ments. Light arid heavyfregments are not distinguished. 

4He PARTICLES 

Target ref. Technique Peak angle a 

238U+p 12 Semiconductors 95° 14.7° 

252Cf 12 Semiconductors 940 12° 

252Cf 16 Semiconductors 92° 15° 

252Cf 14 Semiconductors 92° 14.5° 

252Cf 15 Semiconductors -- - 16° 

239 pu Present work Semiconductors 93 0 15° 

6He PARTICLES 

252Cf 16 Semiconductors 93° 150 

239 pu Present work Semiconductors 94 0 14° 

a) 
" 

b) 

3000 
~ 

" 

2000 

1000 

L,.--+--+~~_-I I 
" " ro • • _ ,. g, ,. flO 10 .0 .0 100 110 ' 120 130 t 

FIG. 2 - Alpha (a) and 6H e (b) particl e s angular distributions with 
resp e c t t o the sin gle fragm ent dir e ction. Li ght and heavy fragments 
a r e not distingui shed. 

r, 1 fI 
t./..!.v 
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TABLE II - Gaussian parameters of alpha and SHe pa~ 
ticles angular distributions with respect to the light 
fragment direction. 

4He PARTICLES 

Target Ref. Technique Peak angle FWHM 

235 U 11 Semiconductors rv 82° 23° 

235U 10 Nuclear emulsio 83° 29° 

235U 9 Nuclear Emulsion 82° 300 

252Cf 13 Semiconductors 81° 32.5° 

252Cf 15 Semiconductors .rv 830 23.5° 

239 pu Present work Semiconductors 84° 24° 

SHe PARTICLES 

239pu Present work Semiconductors 8So 23° 

a) 

b) 
! 

'0 

. 
~ 

'0 

l , , , , 

'0 

.0 .0 70 .0 .0 '00 110 120 130 '0 70 .0 00 100 110 120 130 t 

FIG 3 - Alpha (a) al' rl 6He (b) particles angular distributions with 
respect to the light fragment direction. 
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distribution amplitude in 252Cf fission show a substantial difference 
of about 10 degrees; the reason of this disagreement is not known, 
nevertheless the FWHM (240 ) resulting from our work lies, with the 
other considered data, in the interval characterized by the two repor
ted extreme values. 

No comparison is possible with the data referring to the 6He 
particles. The features of the obtained angular distribution clearly 
prove that the modalities of the 6He release are the same as in the 
aipha-particles emission. 

The energy spectra of the alpha particles identified at various 
angles are the subject of Fig. 4 and Table III . The reported distribu
tions are referred to the angles where a sufficient particle statistics 
has been obtained. In Fig. 5a and Fig. 5b the resulting curves of the 
most probable energy in function of.the angle can be observed for both 
alpha and 6He emission. More precisely for the latter isotope the av!: 
rage energy of the particles at each angle has been used. 

In Fig. 6 at least the alpha particles angular distributions re
lative to five energy i ntervals are displayed. A progressive flattening 
of the curves with the increasing ener gies is pointed out. 

TABLE III 
Alpha-particles energy spectra parameters at various angles . 

Experimental Energy distribution peak Standard Deviation 
angle (MeV) (MeV) 

680 16.1 4.16 

780 15.2 3 . 72 

880 15.3 3.29 

980 16.6 3.41 

1180 17.3 I 4.30 

From the given results we can deduce the following conclu-
sions: 

i) The curve of Fig. 5a, in agreement with ref. (13), indicates 
that the points of minimum peak ener gy correspond to angle s of ma
ximum alpha particle yields ; this fe ature is a decisive suggestion to 

• '1" ~ .... 
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FIG. 4 - Alpha particles energy spectra at various angles referred to the light fragment direction. 
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consider the potential-energy minimum as the most probable emis
sion point of these particles. We note here that a distribution around 
this point has been obtained in ref. (8) for the particle emission coo~ 
dinates. 

ii) The b;ehaviour of the average particle energy versus asymp 
totic angles concerning 6He particles emission (Fig. 5b), seems to i~ 
dicate that the most probable angle does not correspond to the poten
tial-energy minimum. One can explain this trend by considering the 
average release point of 6He nearer one of the two fragments than that 
relative to the alpha particles; in these conditions the transfer proba
bility of nucleons from the fragment to the forming particle would be i~ 
creased. 

iii) The uncertainty principle and the consideration of Fig. 5c, 
where the alpha spectra s t andard deviation versus angle is considered, 
can provide us with the idea that the particles observed at various an
gles are derived from different states where the largest mean-lives are 
attributable to the states corresponding to the angles of maximum yield 
(and mimmum mean energy). 

iv) We interpret the progressive flattening of the particles an
gular distributions as their energy is increased (see Fig. 6) as a con
sequence of a smaller influence of the initial emission angles at the 
highest energies and as indication of the anisotropY of the process of 
the light particles emission. 
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