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The emisasion of two light charged particles in the spontaneocus fission
of 252(2{ hes been ohserved and studied. Two particle telescopes were placed
on the opposite sides of a strong 25201‘ source covered on both sides by
platinum foils. The coilncidences between the two telescopes were mainly of
the type I‘lie - “Hc although l'l-le - 3ﬂ events were also cbserved. The energy
spectra of the detected particles--alphas and tritons, are similar in shape
to the spectra of normel long range particles, but the ﬁ:eln energies are
lower by about 2 MeV. The mean energy of one alpha particle in the "He - hue
coincidences doeas not change as a function of the energy of the other particle.
The angular correlation between these particles heas also been measured in

another experiment (at five angles 180°, 90°, 66°, 45°, 35°) without particle

identification. The overall emission rate of the coincidsat particles 1is

approximately two per million binary fission events. The hypothesis of M ASTER
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independent emission of these two particles seems to be consistent with most
of the observed data. T.ajectory calculations are being performed to deduce

the condition of' the fissioning nucleus at scission configuration.

INTRODUCTION

The process of nuclear fission accompanied by e third light-charged
particle (LCP) has been the subject of many investigations.l The prime
reason for these studies is that the light-charged partlicles appear to be
coming from the region between the larger fragments at a time close to
scission. Therefore, the study of this process is expected to yield infor-
mation on the fissioning nucleus at the scissior point. Recently, Kepoor
gg_g;,a found evidencévfér the simultaneous.emission of two LCP in coincidence
with fission fragments in the thermal neutron~induced fission of 0235. In
the present work we have observed the occurrence of the simultaneous emission

of two LCP in the spontaneous fission of Ct‘252

, we have identified the
coincident LCP and cobtained their energy distributions, and we have measured
the apguler correlation between the two particles. Various correlations
between the two coincident LCP have also been studled,

The experiment has been performed in two parts. In the first part
two particle ;elescopea were used to identify the coincideat LCP and to obtain
the energy distribution of each type of particle observed. In the second part

two surface barrier detectors were used to obtain the yield of the coincident

LCP eventas without any particle identifications for various angles between the

two detectors.

EXPERIMENTAL PROCEDURE

Part 1. The Identification of the LCP in Quﬁternagx Flgsion

oo

Two semiconductor particle telescopes were placed on the opposite

sides of a strong Cf252 source as shown in Fig. 1ld. Each telescope was at a

4
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distance of 1.2 cm from the source. The source strength was 0.6 x 10T fissions
per minute. The source was covered on both sides by two absorber foils

12.5 mg/cm2 of platinum and 3.6 mg/em2 of aluminum. The thicknesses of the
foils were selected in such a way as to prevent the fission fragments and the
6.18 MeV alphe particles from reaching the particle telescope. Two measure-
ments were made using different thicknesses for the AE counters in the
particle telescopes. The first measurement was performed with a SO u AEl and
a b8 u AE2 counter. The second measurement was carried out using a 3T AEl
and a 2h u AE2 counter to study the low energy part of the alpha particle
distributions in quaternary fission.

A four perameter data acquisition system was used to record the
information from the coincidence events. The four parameter system was
triggered by the occurrence of e fast coincidence between the two AE counters.
Therefore, all the two-fold events (AEl-AEz). three-fold events (AE1~-TEL2 and
vice-versa), and four-fold events (TEL1-TELZ) were recorded. The fast
coincidences were realized by using the zero cross-over technique with a time
resclution of 40 nsec. The energy calibrations for all the detectors were
done twice a week during the entire measurement which lasted for two months.
The timing between the two AE counters was monitored using a Th228 gource
(8.78 MeV alpha particles). Essentially, no timirg or pulse-height shift was
observed, The date analysis was done off-line. The particle identificetion

was performed by using a power lew approximation to the range-energy curves.

Part 2. The Angular Correlation Between the Two LCP

&
The angular correlation experiment wuas cerried out with a Ct"?‘2 source,

stronger by en order of magnitude than the one used in the Part I experiment.
With the new source, the true to chance rate decreased to a ratio of 2 to 1
within the two telescope set up. Therefore, in order to have a reesonable

true to chance ratio both telescopes were replaced by semiconductor detectors
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and the electronic configuration was also modified. The modified config-
uration was not possible with the two telescope set up and the available four
parameter data acﬁuisition system. Two time pickoff units were used to oﬁtain
the timing signals which were fed to a time to amplitude converter (TAZ). The
two linear energy signals from the two counters and the linear time signal
from the TAC were recorded event by event on the multiparameter data
recording system. The time distribufion obtained showed a time resolution of
3 nsec. The window on the time signal was set at 6 nsec as compared to L0
nsec in the first part. The true to chance ratio varied from 20 to 1 for

the L45° measurement to 8 to 1 for the 90° measurement.

Figure 1lb shows the various configurations'éf the two detectors which
vere used to obtain the sngular correlation between the two LCP. These
measurements were divided into three sets. In the first set A the distance
between the detectors and the source was 2.0 cm for the 90° and 180° measure-
ments and 2.2 cm for the 66° measurement. In the second set these distances
were 3.2 cm for the §0° and 180° measurement and 3.5 cm for the 45° meesure-
ment. The third set includes measurements for angles 180° and 35°; the
corresponding distences were L.5 cm and 4.75 cm. For the 90° and 180°
measurements the effective thickness of the absorber foils were identical
for both detectors (1.4 times thickness) where as for 66°,45°,35° the

effective thickness cf the absorber foils vary (1.2-1.15 times thickness).

RESULTS
Part 1. Identification of LCP
The coincident evernts were predominantly of the type Heh-Heh but
Heh-ﬂ3 and Heh-H1 events were also observed. No coincident events involving
particles heavier Z = 2 particles were observed. A significant part of the
events 1nvolving Hl are due to the fast neutron induced {n,p) reaction in the

detectors iﬁ coincidence ‘with long range alpha particles. However, the
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contribution of (n,p) resction to the (Hl.}!eh) events where the energy of u*

is larger than 5 MeV is insignificant.h Table I shows the observed number of
various types of coincidence events using thick 50 p AE counter telescopes.
Table fI contains the rela.tive.yields of protons, tritons, Keh and Ee6
normalized to unity for each telescope in ternary and quaternary fission
events. It t;an be seen that within the statistical error these relative
yields in ﬁormal ternary fission events are equal to the corresponding
relative yields in the fission events with two light-charged particles
(quaternary fission).

" Figure 2a to 2e show the energy distribution of alphas, tritona, and
protons observed in the quaternary fission. ' 'The smooth curve passing through
the experimental points is a calculsted curve. It is obtained by fitting to
the experimental spectrum s Gsussian diastribution with ﬁ. G as the most
probeble energy and variance parameter; after making corrections for tho;-
energy loss in the absorber foils. These energy loss corrections were
performed using s Monte Carlo technique to take into account the finite
sonrc;-detector geométry. The fitted veluzs of ﬁ and 3 for various spectra
are shown in Teble III. The dasﬁed curve shown in these figures i{s the
corresponding encrgy distribution obaerved in normel ternary fission using
the same telescopes. Figure Z2a showa the energy spectrum of alphe particles
in coincidence with alpha particles obtained with the 50 ¢ AE counter tels-
scope in the first measurement. Figure 2b si'lOH’l the same energy spectrum
obtained in the second measurement with the 2!; H AE counter telescope. The
second measurement was needed to obtain reliable values of £ and O for the
alpha particles whereas the firet measurement gives reliable information on

., tritons in coincidence with alpha particles. The energy d:lstribution of
alpha'particlés in coincidence with tritons is shown in Fig. 2c. From these

figures it is concluded that the energy distributions of the alphe particles
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in quaternary fission is lower as compared to normal ternary fission by about
2 MeV as given in Table III. It can elso be concluded that the alpba energy
distribution irn quaternary fission does not Aepend on the charge of the '
coincident 1light particle. The mean energy of the alpha parti¢Yes does not
depend on the energy of the co.ncident alpha particle as shown in Fig. 3.
Figure 2d shows the energy distribution of tritons in coincidence with alpha
particles. The energy spe>trum in quaternary fission is seen to be lower as
compared to the corresponding distribution in the normal termary fission.

The difference in most probable energy f: for tritone In queternary and ternary
fission is about 2.0 MeV., The energy distribution of the protons in coin-
cidence with alpha particles is shown in Fig. 2é. The low energy peak at

k.0 MeV 1s due to the fast neutron induced reactions in the Si detector. The
statistical uncertainties were too large to obtain any information on the

most probable energy.

Part 2, Angulsr Correlation of LCP

The experimental results of the eight measurements are given in
Table IV. The lover energy cutoff used in the off-line analysis of the data
was 5.0 MeV in the two counters to reduce the contribution of the fast neutron
iaduced reactions in the detector material which are in coincidencs with the
pormal ternary fission events. The coincidence rate varied from 3 events per
-hour to 0.1 events per hour. The measurements were carried out for a period
of about six months to obtain good statistics. During the eatire measurement
no deterioration 1n. the detector performance was observed. Table V gummarizes
the experimental information on the energy apeetrn of the coincident LCP and
various other quantities of interest. The yields are given in terms of the

constant P defined as follows:

nl(e) = N.P3 ﬂl(ﬁ) g
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nz(e) = n.93 ng(e) 5
um(e) = N.Ph-(e) 91(9) Qz(e) g-¢

where
N is the source strength fissions/hr

P, and Ph are the probabilities of ternary snd quaternary fission per

3
binary fission »
91 and 92 are the solid angles for the two detectors at angle 6. g, &
n-']'_. l;".‘ are the correction factors due to the’ absorber foils
end the lower energy cut;:ffs
Nl(e) and N2(6) sre the no. of ternary events in or‘le' measurement
N12( 8) is the no. of quaternary events in one messurement of duration

H. hours.

¥, ,(6).H.

i NORNO)
Nl 0;.N2 0

np,‘.(e) 9,(0) 9,(0). ¢ &. P(0) § g , .
= 1

2 g ,(6) 9,(8) g ¢ N.P32 g 5

The probability of gmxternary fission P!‘ can be obtained from P, using the
above relation. In Fig. 4, the measured value P for eight measurements is
plotted against the angle O between the two detectors. Figure Sa shows the
plot of Ph versus €. These values were calculated us:lng Eq. (1) and taking
into account explicitly the finite source and finite detector geometry of the
vaerious measurements. The correction factors E.l.' FE si 5 ware calculated
assuming that the energy spectrum of the light particles does not d».pend on -
angle 8, The paremeters for the_ energy distribution involved were taken ;_rrom

the previous measured with the two telescopes.
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The meen energles of pa.z;ticles detected in one counter does not depend
on the energy of the particle detected in the other counter, as shown in Fig.
6 for one messurement. This con.élﬁsion holds for all the measurements. More-
over, it 1s cohserved that the most prohable energy E of the particles in
quaternary flssion does not depend on the angle between the two counters as
shown in Table V for four measurements. The total ‘probability obtained by

integrating Py(6) is (1.5-*:0.5'10-6) per binary fission.

DISCUSSION

The experimental resulté on the energy distridbutions, esngular
correlation and the relative sbundences of various particles in quaternary
and ternary fission indicate that the two processes have very much in common.
The relative sbundances of tritons and alpha particles is identical within
statisticel error in the two types of fission events. The energy distribution
of alpha particles in quaterriary fission does not seem to depend on the
nature of the coincident particle (tritons or alphas).

The energy distrlibutions of tritons and of alpha particles in
quaternary fission are very much similar to .the corresponding energy distri-
butions in the normal ternary frission except for the fact that mean energies
for theae particles in quaternar} fission are lower than in ternary fission.
The angula) correlation experiment shows tht the yield at 90° is smaller than

&t 30° or 180°, although the yield at 30° is higher then the yicld at 180°.
It seems that the emission mechanism of light perticles in quaternary fission
is similar to the ‘e—miss:lon mechanism of light particles in ternary fission.
If one essumes that t..« 1light particles in ternary fission are produced at
scimgion from one of the two fragments when the interaction hetween the two
fragments has vanished, then the quaternary fission events represent the
aases where each fragment has contributed one LCP, Under the assumption that ‘

euch fragment cen emit only one LCP with probability Pi, which does not
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depend on the other fragment, the total probability of quaternary fission
is Ph = Pl P2 The probability of ternery fission will be equal to Pl + P2.
Taking the experimental value ‘gf Pl + Pa = 1/300 and assuming Pl = P2. Ph is
equal to 2.6 x 10'6 per fission, which is in good agreement with the
experimental velue of Ph' This hypothesis is also comsistent with the
constency of relative abundances of tritons and Heh in two types of fission
events.

Under the assumption that each LCP in the guaternary fission has a
sharply peaked angular distribution with respect to the motion of the fissicn
fragment as in normal ternary fission and assuming that the two LCP are
emitted statistically independent of each other, there is an engular cor-
relation between the two LCP as shown in Fig. 5b. The celculated curve is
symmetrical around 90°. The magnitude of W(180°)/W(90°) quentity is of the
order observed in the experiment. However, the experimental correlation is
not symmetrical around 90° as calculated under the hypothesis.

. Trajlectory calculations are being performed in an attempt to explain

the lower mean energles of particles in quaternary fission as compared to

normal ternary fission and the observed asymmetry in the anguler correlation

data.



[sl

[b]

-10- f-BL-l905

REFERENCES
HALPERN, I., Ann. Rev. Nucl. Sei. 21 (1971) 2bs.
KAPOOR, S. si. CHAUDHARY, R. x.; KATARIA, S. K., MURTHY, S. R. 5.,
RAMAMURTHY, V. S., presented at The Nuclear Physics and Solid State
FPhysics Symposium, Chandigerh, Indie, De-:_:mbg; 28-31, 1972. (Proceedings
to be published.)
GOULDING, F. S., LANDIS, D. A., CERNY, J.,‘PEHL, R. H., IEEE Trans. Nucl.
Sci. N8-13 (1966) 51L.
CBPM, S. W., CERNY, J., GATTI, R. C., Phys. Rev. 154 (1967) 1193.



-1l LBL-1905

Table I. The total number of events for various types of coincidences between
the two light-charged particles (LCP) emitted in the spontaneous fission of
Cf252 observed in the experiment using 50 u AE telescope systems p - protons,

t - tritons and o~ alpha particles.

Telescope = 1 = Telescope - 2 No. of events

p - P 10

p - t 0

P - o 16

t - P 5

t - t

t - a 66

a - P 12

a - t 82

a - o 551 °
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Table II. The relative abundances of protons-tritons and alpha particles
normelized to unity, observed in each telescope for quaternary and ternary
figsion events with 50 u AE telescopes in the experiment set 1.

Relative Prob. Quaternary Ternary
Tel=1 Tel=2 Tel~l Tel-2
Protons .035+.01 .03:,01 .03%,01 .015+.01
Tritons 097,01 0.11+.01 .09t.01 .09%,01
Alphas 0.87+.01 0.85#0.01 .88+.01 .8952.01
6

He .01%.005 .01%.005
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Table IITI. Experimentel and fitted parameters for energy distributions shown

in Fig. 2a to 2e. ﬁ end b are the wost probable energy end the variance parameters
of the Gaussien distribution. Fitted E and 0 represent the mean energy and the
variance of the energy distribution with (Em in = 8 MeV for a-psrticles and

Emin = 4.0 MeV for tritons) computed after making corrections for the energy

loss in the absorber cover foils to the Gaussian distribution. Experimental

% and O are the mesn energies and the variance calculated from the experimentally

observed energy distributions.

Identification Fitted Paresmeters Exp

E P E T E g
iiﬁii;naf;”?ﬁiifivem 13.5:0.5, 5.0  12.9 , 2.8 12.910.5, 2.9
zzz;:;mﬁﬂ(‘:::)i:vms 14.00£0.8, 4.0 13.06  , 3.2 12.75£0.5, 2.9
i::;iry 2},32:;5 in 16.1:0.2, b.b 1.5 , 3.6 14.2£0.2, 3.7
iﬁ:;i;nngp?:::)igmn 14.00.6, 4.2 12.9 s 3.b 12.720.6, 3.6
i:‘;;ﬁ,, ﬁﬁg:;: in 16.2¢0.2, b,b  1b.2 , 4,2 14.120.2, b.2
iﬁi{i;mf;i}‘:f_‘;)i:“n“ 6.6:0.8, 2.6 1.2, 1.9 7.3:0.5, 2.1
Set=1l. Tritons in 8.8£0.5, 2.8 8.7 . 3.0 8.8:0.5, 2.8

ternary svents




Table IV. Summary of angular correlstion experimeptel data. El and :‘.‘—2 sre the mean energies cf the

distribution chserved in detector 1 and 2 with Emin = 5 MeV. Quantity P is a measure of the angular
correlstion es defined in the text.

Set-Det Events P

Angle Time Quaternary Ternary
hrs. - - — -
El E, By E,

A. 60° kos 581 2.8+0.3 10.1%0,2 9.85%0.2 12.61%0.2 12.72:0,2
90 220 309 1.650.2 10.7+0.5 10.00.5 12.20#0.2 11.91£0.2
180 187 335 2.2:0.2 9.240.6 10.2+0.4 11.77¢0.4 11.710.2
B, Y50 520 Lo 10.2+0.6 10.1£0.2 9.8£0.2 11.30%0.2 12.20£0.2
90 520 13 1.520.2 11.2%0.5 9.9%0.5 13.5%0.3 12,740.3
180 384 109 2.3:0.2 10.210.5 10.240.5 12.240.3 12.7¢0.3
C. 35° 362 19 8.5:1.0 9.5:0.7 9.4:0.7 11.91#0.2 12,3%0.2
180 691 52 2.1+0.5 0.3%0.8 9.420.8 12.3720.2 11.8%0.2

S06T-1491
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Taeble V. Fitted parameters E and ¢ are the most probable energy and the

variance parameters of the Geussien distributions for alpha particles fitted

to the experimental spectra observed in angular correlation experiment. The
energy loss corrections used were based on assumed values of triton/elphae
probability and the assumed perameters for triton energy distribution as observed
in part 1 experiment. The fits were made only to four measurements.

g o E o

Set Detector Queternery Ternary
A 66° i 13.15:0.8 4,20 15.3%0.5 h.72
ii 12.70£0.8 3.65 16.30%0.5 4.90
90° i 14,06£0.8 4.0 15.6%0.5 4.6
i1 15.010,8 4.8 16.05£0.5 4.21
180° i 14,2210.8 3.63 15.0%0.5 L.70
i1 13.5%0.8 4.3 15.5%0.5 4. hs
B kso i 11.810.8 L.20 1k 420, L.24
i1 12.88+0.8 3.65 15.2%0.5 4.20
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FIGURE CAPTIONS

Fig. la., Tue schematic diaegram of the detector-source configuration used in
Part 1 experiment. The first set of measurements were made using 50 u AE
and h8.u- AE2 counter telescopes. The second measurement used 37 p AEl
end 24 p AE2 counter telescopes.

Fig. 1b. The schematic diagram of the eight measuremen‘ts of the Part 2
experiment. Three different distances were used for 180° and two distences
were used for 90° measurements. Three measurements were made for 66°, 4s°
and 35° angles between the two detectors.

¥ig. 2. The kinetic energy distribution of LCP in quaternary fission. The
dashed curve is the kinetic energy distribution of LCP in normal teraary
fission. The continuous curve is the fitted curve as explained in the
text.

) hﬂe K.E. spectrum in !'He - l'He events with 50 u AE telescope

hﬂe K.E. spectrum in l‘He - l‘He evente with 24 y AE telescope

b)
c) hﬂe K.E, spectrum in hﬂe - 3H events with SO u AE telescope
d) % k.E. spectrum in hﬂe - 3 events with SO0 | AE telescope
o) 1 k.E. spectrum in hHe « 1 events with 50 p AE telescope.

Fig. 3. The mean kinetic energy diastribution of alpha particle detected in
teleacope 1 plotted as & function of the kinetic energy of the coincident
alpha particle detected in telescope 2.

Fig. 4, Plot of the quantity P which is a measure of the angular correlation
ag defined in text for the eight measurements. The abacissa are the
respective angles between the two lines Jolning the centers of the
detectors to the source. No corrections were mede in this plot.

Fig. 58. Plot of the angular correletion between the two light-charged

particles corrected for the energy loss in the absorber foils and the

finite geometry of the detector-source geometry.
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Fig. 5b. The angular correlation expected for gquaternary fission based on
the angular distribution of light-~charged particles in ternary fission.

Fig. 6. The mean energies of light-charged particles in detector 1 in
quaternary fission as a function of the energy of the second light-

charged particle for set A-3.
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