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ABSTRACT

The long-range particles emitted during the spontaneous fission of

2. 3

Cf have been investigated, confirming the emission of lH, H,
9

6 8 6 7.. 8 9

and “He. In addition it was found that He, “Li, 'Li, "Li,

' E L
e H, jHe, “He
1i, “Be, lOBe and
probably other isotopes of Be are also emitted. A detailed search for the

T 9

emission of the heavy helium isotopes He, “He and lOHe yielded no evidence
for their particle stability. Relative intensities and most probable energiles
for all emitted hydrogen and helium isotopes (except 5He) and for the Li and

Be ions were obtained.

'1‘ . ) . . . .
Work performed under the auspices of the U. S. Atomic Energy Commiscion.
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rnatics might be a better candidate for stability than
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1. Introduction

Several investigators have reported the observation of long-range

1-3,8 3 1-7

protons,l’2 deuterons,lvtritons, He particleslvand Q-particles
emitted during the spontaneous fission of 2)2Cf. In addition, Vhetstone and
Thomas2 have reported the definite observation of 6He particles (and possibly

25

8He particles) from 20f fiséion. These 1a£ter data suggest that particles

with charge 2‘2 and mass number 5 6 might also be produced during tlhe fission
process; although‘théir production rate appears small compared with that of
q—particléé. |

Since all the knéwn'hydrogenvisotopes which are stable to nucleon

emission are emitted during the fTission process, it seems reasonable to assume

that all nucleon-stable helium isotopes could be observed during the fission

252

o

Cf. The observation of EHe, uHe and. 6He along with the absence of )He“

which is knowm to be particle unstable (5He —the'+ n + 0.957 MéV)9 tends to

bsupport this aséUmption; Thus, a detailed study of the long-range helium

isotopes emitted during the spontaneous fission of 2'52Cf might be expected to

: ‘ : 1
yield information concerning the particle stability of 7He, BHe and OHe.‘ At

7

present Heihas been predicted to be nucleon uﬁstable from a calculation based

1 (Be, vhile

on a Coulomb correction to the knownlo T = 3/2 states in Li and

He has been recently observed as a delayed-neutron emitterll and its mass

has beeﬁ measufed.le In an effort to determine whether helium isotopes of

mass number >*8-exist, we have searched the long-range fragments from “or

fission for the presence of lOHe, which due to neuvtron pairing energy syste-.:

n

€.
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Additionally, a knowledge of the various lighﬁ fragments'emitted during
asp . v

the'spontaﬁeous fission of Cf, along with their relative intensities and o
energy distributions, might be of help in better understanding the mechanism

of the fission procecs itself.

2.. EXPERIMENTAL

The two soqrcesvused fofvthese measurementsicqnsisted of 20 and 12 pugm
of 252Cf) respectively; deposited‘on platinum backings énd.having a nominal
source diameter 6f 0.3 cm. The 20 ugm source was covered with a 6.66 mg/cm2
aluminum foil and the 12 pgm source with a 15.83 mg/cmg'gold foil. Additional
foils were added externally so that the total foil thicknesses were 8;26
mg/cm? of aluminuﬁ and 24.75 mg/cm2 of gold, reépeétively, each sufficient to
sﬁop the 6.11 MeV a—pérticles produced in the natural decay of 25?0?. The
fositions of the source and external foil with respect to the defector
assembly are sthn'in'.FigT l.‘ The éolid angle subtended by the detectors was
0.00T sTr. as‘défined by the series of tantalum collimators. For certain runs
the external foil was removed and the solid angle subtended By the counter
 felescope decreased to 0.0006 sr; this permitted the 6.ll.MeV decay Q-particles
to strike the first detector, markedly increasing its counting rate. ‘

After penetrating the cover foil, long-range particles frOm the source
paésed betweeh the poles of a small magnet, which deflected most of the low-
energy eiectrons,.énd traversed a detector telescope consisting of 3 (br W)
bhosthrous—diffused and/or lithium-drifted éilicén detecfors, depending on X

¥

the partiéleé being studied and the method of data collection. The entire : e
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detector assembly was kept in a vacuum while data were being collected; however,

. 2 . . :
~ 33 ug/cm of air at one atmosphere pressure was trapped between the cover

050

Cf source. All measured energies were corrected for losses in’

e

foil and the
this air layer, the. cover and external foils and the detector dead layers. .
Foilowing preamplification, pulses  froin the detectors were routed td
delay-line shapéd linear anplifiers with cross-over pick off. An(abbreviated
block diagram of the electronic equipment is shown in Fig. 2. A particle which

traversed the two "

5?” detectors and stopped in the "E" detector (i.e. particle
1 in Fig. 2) generated three pulses which were amplified and fed to a fast-slow
coincideﬁce.syStem with a fast coincidence resolving time of 50 ns. The pile-

ﬁp rejector éectibn of the coincidence system was not emplbyed unless specifically
indicated iﬁ.the'fext. If the coincidence reguirements were met, thesé threé
pulses were presented Lo the particle identifier (PI) along with a timing pulse.
Particles which did not stob in the "E" detector (i.e. parﬁicle-2 iﬁ Fig. 2)
generated a pulse in the AE—reject"'detector‘whicﬁ was used to reject the:event

in an aﬁti—éoincidence circﬁit. This was necesséry bécaﬁse particles which do

not lose their entire energy in the first three detectors yield én improper
didentification pulse.

The,particle identifier (PI) showﬁ schematically'in Fig. 2 was developed
at thié laﬁofatorle and is an aqgmented version of an earlier modellu also
.developed here. This new identifier, like its predécussor, generates an identi-
fication pulse based on an empirical relationship between tﬁe range of a particle,
El'75-

R, and its energy, E: R = a The proportionalitly constant a is different

for the various particles, decreaging with increasing mass and charge. The

»
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three-counter identifier producés three identification pulses for each pérticle.-
Avschemétié derivation of.these'three puises using the three energy pulées
(&F2, AF1 and E) and the relationship R=af " is presented in Fig. %. It e
is seen that the identification signals are proportional to the AE2, AEl and |
(AE2 + AF1l) detector thicknesses, respectivély. The»Ident. 1 and Ident. 2
pulses (see Figs. 2 and 3) are tﬁen compared. If their ratio agrees within
presel adjustable limits, a linear gate is openéd allowing the third‘identifi—
catiog)pulse (Ident. % on Figs. 2 and %) to emérge as the PI outputf In the
abovp manner events which produce an abnormal energy loss (due to blocking,
éhanneling, etc.) in a single AE detector.and(which would thercfore identify,
impropefly are eliminatéd}_ Tests have shown that these "badﬁ.evénts — nhich
:predominantly fill the valleys of thevidentifier épectrum — can be.removed
while 95 to.99 per cent of the fotal counts are allowed through the particle
jdentifier. | o

Tybical PI spéciré for hydrogen and helium isotopés obtainéd using the
.three—countéfbidentifier described above are shown in Fig, U; In these cases,
~ fwonper cent of the total hydrogen isotope counts and & three per nent of the
total helium isotope cdunts were rejected. The thréejéounter identifier was
desiéned,so that it is alsn capable of being operated aé a conventional two-
counter_idenfifier. ‘The lower energy data presented in this report were taken
with the PI operating in this mode (one AE detector, an E deteétof and an E-
reject detector). .

Three méthods of  taking data were used in the course bf this experiment _-&,

(see Fig. 2):
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MODE 1.:

MODE 2:
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To investigate'relatively low-yield particles in detail, the

L2, LB} (AE2 + Bl + E = E and PI pulses were fed into

total)
a 4096 channel ADC-Buffer system which was gated by the appro-

. priate region of the PI spéctrﬁm. These four pulse heights

were recbrded in an on-line computer and were later indivi-
dually analyzed using=the known detector thicknesses ahd
rangé—enérgy relations in silicon for the partiéles of inteiest.
The range-energy relations which were used for the analysis:

of these individual events were coded at this laboratory15 and

agreed very well with available experimental data and pridr

'computatipns.lé

To collect the energy spectravof the more populﬁus particles
in their higher energy ranges, the particle identifier ocutput

was fed to a four-channel router. Four singieéchannel analy-

. zers in the router were set around the peaks of interest in

the PI spectrum and -their outputs were used to route the energy

‘signals intb the appropriate quadrants of a 4095-channel pulse-

height analyzer. In this manner the energy specﬁra of four
particles could be collected simultanedusly. To_effeét good
separation of peaks in the PI spectrum, the energy loés in

the E detector was normally required to be > 3 MeV for hydrogeh
isotopes and > 6 MeV for heiium,'lithium and béryllium isotoﬁes.
To.iivestigate energy spectra at low energies, the particle

identifier'palse and the total energy pulse were fed to a
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h096-channei pﬁlse—height analyzer operating in a two-dimen-
sional (64 x 64 channels) mode. When taking two-dimensionai
~data, no requirements were placed on the E signal, allowing
the minimum energy possible to be recorded. A representative
two-dimensional spectrum for the hydrogen isotOpes is shown.

in Fig. 5.

The detectors used in this experiment were energy calibrated by comparing

a precision'puléer'with the energy lossec of a—particles from a'glgPo - 2]‘2}31

natural d sourgé. The uniformities and thicknesses of.tﬁe thip detectors were
determined by observing'thé energy loss profiles of natural a-barticles and
selected narréﬁ eﬁergy bands of long-range a—particleé and 6He particles from
2%2¢r frission.

Sincebruns varying in duration from 7 to 220 hours were regquired to
collect the data presented in the followiﬁg section, the'energy éa1ibra£ion of
the electronic equipmont was freq#ently checked using a previoqsly calibrated
pfeéision pulser. Tﬁe'entire system was Very stable — typical.drifts amounted
to less than_o.5 per cent over an entire run. While searchiﬁg for rare events
'(operating in Mode l),.the entire system was energy calibrated every 3l houfs,
thus ihsuring a reliable energy scale for those events. |

In Table I are shown the various detector thicknesses and modés of
collecting data which were used.for the accumulation of the energy spectra of”

220, In addition, the energy

25

thé‘variaus long-range particles emitted from
range over which counts could have been” observed and the 2Cf source used are

A

given for each case. The energy distributions presented in the fbllowing section

were obtained by appropriately normalizing and combining data from the different

runs.

L
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In order to investigatefthe background counts prdduced by the intense

25

neutron and gamma-ray flux from the 2Cf source; a 25 hour run using the
three-counter particle identifief vas made after a'O.63‘cm Ta . absorber was
placed in the position nofmallyvoccupied by the external foil (see Fig. 1).

No particles other than low-energy protons were observed. The intensity and

energy distribution of theselprdtonsare_discd?Sed.in Sec. 3.C.

..3.. RESULTS AND DISCUSSION

Although the pfimary purpose of this'investigation‘was to seafch

for the possible emission of helium isotopes of mass seven, eight and ten

from the spontaneous fission of 2520f, data on other long—rénge particles
were also.obtained}' These.data are presented in the-followiné sections with
a minimum of discussion thongh the information should be of some help in
better understanding the fission proéess. Although long-range particles
emitted during fission are thought to originate in the sﬁretched "neck"
region of the-fissioning nucleus at the time of scission, this has been
proven only  for O%particles.l7
A. Tritons

Due to the complexity of the.observed proton energy distribution
(see Scc. saC); . the energy spectra.of the hydrogen isotopes will be pre-
sented beginning with trifonS'in order to show the type bf energy distri—

bution normally observed for long-range particles emitted during fission.

Tritons emitted from 2520f have been observed by Watson,3 Wnger;l

. 8 ‘, 2 . : .
. Horrocks™ and Whelstons and Thomas. The triton encrgy spectrum resulling
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from this investigation is shown in Fig. 6a ; the distribution peaks- at : A
8.0 £ 0.3 MeV with a halffwidﬁh at half-maximum (HWHM)18 of 3.1 % 0.3 MeV.
The. maximum triton énergy obéerved was 24.3 MeV, nearly 8 MeV higher than

3

the previously réportéd maximum of 16.5 MeV. Table II lists the results

of this experiment aiong with those of other investigators who have obscrved
~tritons from 252Cf. The triton intensities listed under the column labeled
"extrapolated" result from e#trapolating both the triton and o-particle |
enefgy spectra to zero energy as shown by thevdashed lines_oq their respective
‘energy distributions, while the values listedlunder the coluﬁn.Héadéd
"measured" result from using only those portions of the energy spéétfavwhich
were actually observed expériméntally. This procedure is followed Lhroughout.
As can be seen from'fable II; the present results for tritons are in'ééédrd
_<with those of other invégtigators.

B. Deuterons

Although deuterons from 252Cf have been obserVédibnyegnef,; né
ehergy distribution has been réported. This is in part d@g to tﬁeir infre-

quent emission relative to most other long-range particles emanating from

,2520f' The energy distribution of deuterons'measured dufing this experiment

is presented in Fig. 6b . The error bars on thé figure represent.counting'
statistics,oﬁly. The>diétribution peaks éf 8.0 £ 0.5 MeV,.hasla}WHmIof

| 3.6 £ 0.5 MeV and extends to 21.5 MeV. This information, along with rclative_ , 3 f
ihtwnﬁity results, is listed in Table II where Wegner’d'ValunS} aro inclﬁded ¥

for comparison.
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C. Protoné

252Cf haé been reported by Wegnerl and Whetstone

Protpn emission from
and_Thomds.z_ The proton energy distribution obtdined from this investigation
is presented ihiFig. Ta.. It is unique among ail thé energy speétra neasured
iﬁ that it apéeérs to be composed of three»separate energy distributicns.. A
possible decomposition of the pfoton energy spectrum into three components
is shown in Fig. 7b?, where the curves are labeled A, B and C. Utilizing
the fact that both the deuteron and triton energy specira eihibit a most
probable energy of about 8.0 MeV with a HWHM of about 3.3 MeV, one might expect
the proton distribution iesultiné from the same reiease mechanism to be similar.v
For this reason iﬁ-appedrs that the proton component labeled A in Fig. b
corresponds to protons emitted from 2520f durihg the fission proceés. This
distribution peaks at ?.8 * 0.8 MeV, has a HWHM of 3.4k * 0.8 MeV. and extends
to 18.8 MeV-quité similar to_the deuterbn and triton energy spectra.

In order to determine whether..the protons of components B and C in
Fig. 7o weré associated with the intense 6.11 MeV Q-particle flux from the

2520f source, a 3 x.lOlo dpm 21+2Cm natural G-particle source (6.11 MeV) was

: . -
chemically purified and packaged in a manner identical with the eoz

-The zasz source was covered with a 2k .75 mg/cm2 gold foil which was suffi-

Cf source.

cient to stop the natural CG~particles. All long-range particleé from this

252

source (in a geometry identical_to that used for the cf meaéuréments)

were then investigated. Only protons were observed; their resulting energy
distribution is shown in Fig. 8a and appears to arise from two superimposad

L

energy distributions which are labeled B and C. The shape and most pfobable
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energy of the-prbtqn distribﬁtién B frgm theVZAZCm source is almost identical

to that of component B infthe observed protoh spectpum from ZSECf (see Fig. 7o), .
while that portion of the proton distribution labeled C in Fig. 8a corresponds
reasonably well with the high energy part of the 252Cf protbn distributipn |
labeled C in Fig. 7D (also'see.following paragraph). The low-energy portion
(< 3 MeV) of component C in Fig%8a_ could not be inﬁestigated due to the

thickness of the gold cover foil. The above similarities strongly indicate

that proton components B and C observed from the 2

et source (Fig. 70)
arise primarily from_the (a,p) reaction on either contaminants in the source
or the air layer beneath the coVer‘foilﬂ

To investigate the effect of thé high neutron (énd gammé)‘flux on
the countef telescépe and the Ta collimators, a 0.63 cm Ta absorber was
piaced between fhe 252Cf-soufce‘and fhé detéc%érs.  No'§arfiélésTother’ﬁhan
idw—energy.proténs were aetected.ﬁ The“énergy'distribﬁtion of these pfotons,,
which are aSsﬁmed_to arise primarily from the (n,p) reaction on the Ta absorber
and/or the first detector, is’shdwn in Fig. 8b.. The collection times‘of the
vtwo protén'distributions shown>in Fig. 8 are jdentical. Although the emission
intensity observed in this manner is almost negligible, normal experimental
conditions would allow prbtons resulting from (n,p) reactioqs on source
contaminants and the gold cover and external foils to contribuﬁe to fhe
oBservedIproton~distributi0n (Fig.7a).ﬂ. Protons of thié origin coula

~account for the slight differences bbserved between distributions B and C

- on Figs. 7b and 8a..
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.as very probable

: -l
upper limit for the 3He/Of_—particle ratio of 7.5 x 10 *. The relevant
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D, M oand o

No evidence for the emiscion of hydrogen isotopes of mass 4 or 5

-
2)2Cf was observed in any of the many particle identifier spectra

discussed herein. This result is taken as additional eviden0919 thét these

isotopes are not stable to nucleon emission.

E. 3He

3

7

Tbe'probablé observation of “He particles emitted during the fission

2520f with an intensity of < .0.5 per 100 long-range O~particles has been
réported by Wegner-l A1l identifier spectra obtained in this investigétion

3He, although the slight tailing

lacked a peak in the position expected for
of the very intense a-particle peak could have obscured a very weak 3He

group. An expanded PI'spéctrum arising from the Setﬁp for the below exper-

“iment and showing the position of the predicted 3He peak is presented in

Fig. 9. In order to investigate in detail the extent to which_3He was

25

emitted from ZCf fission, energy pulses for particles whose identifier

signal fell in the region betweenbA and B on Fig. 9 were collected in Mode 1
and each event iﬁdividually analyzed (see Sec. 3.H). Of the 63 eveﬁts which
were recorded, 16 were definitely established as 3He particles énd 20 more
3He barticles. During the time interval reguired to
accumulate these 63 events, 48,071 a-particles were recorded, yielding an
| 3He

numerical data are given in Table III.

w
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F. o-Particles

Many investigators have observed long-range O-particles from 8520f ' o

fission.lf{ Since approximatély‘88 per cent of all lohg—range particleé

emitted dﬁring the fission oszZCf are O-particles, they have been studied in

mubh greater detail than the other efiitted particles. The ehergy distri-

bution of O-particles resulting from this invéstigation is shown in.Fig. 10a.

“This spectrum appearsbvéry symﬁetric about the- peak enefgy of 16.0 i.OfZ'MeV‘

with a full—&idth at half-ﬁaximum of 10.2 * 0.3 MeV. The highest energy

O-particle observed was 37.7 Mev, almost # MeV higher than héd been.pre—.

&iously reported.S' Table III lists the déta from_the presenf"egperiment

along with the results of‘some other investigationst The résults of this‘ - :;

experiment are in substantial‘agreement with-most preVious work. |
‘Whetsténe and Thomasz haye reported the emission of 6He from 252C'f

ifission. ‘The 6Hé energy distribution of the present investigation (shown in

Fig.'lOB) complements their'résults by ektending the measurements from

13.5 MeV down to 10.0 Mév. This distribﬁtion is seen to peak at lE.Q * 0.5

MéV, has a HWHM of 4.0 + 0.5 MeV and extends 1o 33.3 MeV. Relevant numerical

data for this isotope are tabulated in Table III.

H. (He and 8He ' !

The possible observation of 8He'particle3~ewitted from 2520f has o . o

beén reported by Whetstone and Thomas,2 although ﬁheir results could noﬁ bé_
vconsidcred conclusive. While @his experiment was in pfogress,'the partiule ' L
v‘stability of 8He_Was successfully demonstrated by Poskanzer et al.ll and . e
Cerny et al.l2 We haVé dgfinifel& established the emission of 8He particles |

from 25Z'Cf- fission and have observed ~.1100 of these long-range evénts.f
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To investigate in Qefail the emission of helium isotopes with masg
number > 7, the three—coﬁnter identification system described in Sec. 2
was uéed to take data in.Mode 1l -using a counter telescope consisting of four
fully-depleted phosphorous-diffused silicon transmission detectors (37 u - AEZ;;
15 u - 4B1l; 112 p - Bj and‘127.p - BE-reject). Detector profiles were
6btained for the somewhafﬂnonuniform.37 and 15 p detectors as described in

and PI pulses were then individually recorded

2

Sec. 2. The ABZ, ABL, By i)

for 100 events whose identifier signal was contained in the 7He--a He region

of the identifier spectrum. The percentage deviation of each AE detector

pulse from that expected for a 6He, 7He, 8He or 9He particle of incident

energy E wés calculated for each event using range-energy relationships

total
15

"in silicon and the average detector thickness. Taking into account the
detector profiles, the probability of that event being a 6He, 7He, 8He or
9Hé particle was calculated for each of the two AE detectors. The overall

T

8
€, "He or 9He vas assuned

. probability that a particular event was either a 6He,
. . , . ,

to be the product of the respective probabilities for that particle in each
detector; thevevént was finally classified according to its dominant
probability.

Of these 100 events, 87 were definitely BHE particles; the reméinjng

7 9

13 were randomly distributed among 6He; He and “He and were attributed to

background arising from: il
a. The relatively high intensity of the 6He peak (~ 70 times more
intense than the 8He peak under these experimental conditions)

permitting 6He particles with abnormally high energy‘lossés in

both 4B detectors to simulate M.
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Chance coincideﬁces between fwo Quparticles‘with appropriate rela-
tive energies and timing, which can simulate anything from 6He tQ
6Li.‘ At the tiﬁe these 100 eveﬁts were accuﬁulafed,‘the pile-up.
rejector shown invFig. 2 was not in the circuit. Even though a

50 ns faét coincidenéé was reQuired between the\cross—over‘pick
off signals from thé three detéctors,‘it'wés found that two
akparticlesvof appropriatemipérgies traversing the coﬁnter telef»_
SCOperwithin a time A$ § 400 ns could satisfy the fast coincidénce
reguirements beééuse_the'cross;over points of all three energy
signéls were shifted‘in the same direction by approximately the
samg amount. Teéts indicated that, in the L6 hours reéuiréd to
acéumulaté the 100 individuai'eveﬁts; we could expect éxh to. 9
éouhts in the‘7Héithrough 9He region due té this phenomenon ..
Chénce coincidénces of Qéparticles with protons, deuterons and
'tritons, which can simulate 7He, 8He'and 9He, respectively.l2
_Dﬁe fo the much,éreater ﬁumber of protons and tritons observed
‘as comparéd fo déuterohs (~ 10.to i for both pfotons and tritons;
see Sec. 3.A, 3.B and 3.C) this effect would yield ~ 10 times

9He particles than‘SHe parficles. The

more simulated 7He and
chance rate in this experiment for such coincidences is small;

in L6 hours one would expect < 1 a-p and <1 a-t chance coincidence

of this type. ansequently, one would expect essentiaslly no o-d

ST . . .8 X
chance coincidences which simulate "He particles.
. . _ v .

These.data were then supplemented by longef runs without individual energy

v e fa 8 : . ‘
analysis (i.e. Modes 2 and 3). The energy spectrum of He particles emitf=d



-15-. ' _ UCRL~17127

[~ ’ .
from 2)ZCI’J fission is shown in Fig. 10c, and the relevant numerical data aré

tabulated in Table III. fhe lowest energy portion of.the 8He distribution
shown in Fig. 10c was obtained in Mode 3 with the external gdld foil removed
(see Figf-l)."Thése data;did'not dverlap data taken with the external foil
in place, and hence the normalization gf.thesé points (denoted with an X in
Fig. 10c) to the higher enérgy data'is‘less éertain than fof tﬁe,other cases
in which there was an overlap Eetween the high- and low-energy data.

ﬁnder the“expefiméntai conditions of the aﬁove Mode 1 run, the
relative inténsity ofvemiséion of.helium isotopes of A>L decreased by a
factor of ~ 110 for 6He reiatiye to uHe and by a factor.of ~ 70 forFSHé
relative to 6He. Frdm this trend one might expect the inténsity of emitted

7

(He to be ~ 9 times that of 8He. No "He -emission of this intensity was

observed experimentally and an upper limit for its emission can be set at.

1/12 the 8He intensity.zo' We take this as strong evidence for the particle

7

He which was predicted in reference 10.

9

instability of

A weak upper limit of one “He per thirty 8He particles emitted from

25

'2Cf fission can bé-set from'ﬁhese data; however, the following section

9

presents data which allow a more stringent limit to be placed on “He emission.

I. leHe

' As indicated in Sec. 1, if lOHe were particle stable we would expect

it to #é émitﬁed during 252Cf fission. The three-counter identifier syétgm
was set-up to record data in Mode 1 using the samevdetector telescope as was
used}'for the detéiled 7Hef;BHe study (see Sec. 3.H). Based on the syste-
matics of the relative intensitieé and the most probable z2nergies for the

observed even-mass helium- isotopes,.we would expect under these conditions
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at least 1 lOHe for 70 8He particles, or-about one loHe event every 32 hours.

As described in the previéus seétion, background events arising from Q-q

chance coincidences would completely mask a counting raﬁe of this magnitude.
.The pile-up rejector shown in Fig. 2.was designed'to decrese this backgrognd.
With the pile-up rejector; é?ents which consisted of two particles.traversing
the detector teiescope‘with reiative timinglg 75 ns were rejected. Tests

after installation éhowed that the background in the One region Of the particle
' identifier spectrum was feddced'to approgimately one count every 500 hours,
giving a pbssible true-to~éhance ratio of ~ 15 for lOHe events.

A continuous 220 hour study of pafticles Whose PI signal was con-

tained in the 9He —> lOHe portion of the identifier spectrum yielded'four’

events. Individual analysis (as described in the preceding section) showed

9

that the most probable assignments.fbr these events were three “He particles

and one lOHe particle. The one lOHe event ié withih thé expected background
-counting ratebfrom'oka chance coincidences ‘and well beloﬁ the léwer limit of
seyeﬁ expected counts for the 220 hour period. The three probable 9Hé'events
are also within the expected backgrodﬁd counting réte from a) Q-0 chance

coincidences and b) 8Hb particles with abnormally high energy losses in both

)

AE detectors which could simulate a “He.

These data, along with the relative intensity and energy systematics

. of the helium isotopes emitted from ZSCCf‘fission, provide reasonable evi-

dence for the partiéle_instability of loHe. Very recently,ﬁlOHe has been pre-

-dicted (o be unbound to 8He + 2n by ~ 10 Me\l’.2l

9

In addition, these results

9

’ . ' ’ :
set anm upper limit for the emission of “He at 1 “He/160 8He particles; since

at most 1 9He pér 9 8He particles would be expected from the systematics,

T

©

A
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these data also indicate the.parﬁicle instability of 9He.
J. 1i and Be

. R - [
- The possible observation of Li and Be ions emitted from 2)dCf Tfission

oont”

" has becn reported;2 howeVef, the authors state that the identification of
these particles is not very certain. We have observed ~ 2500 Li and ~ 2250

Be ions emitted from the fiséion of 252Cf. In addition, 100 individual Li ion

events of enérgy'g 2k MeV [6Li] were accumulated using the three-counter particle
identifier and Mode 1 operation (see Sec. 2). An analysis of these events
identical to thatvdescribed'in Sec. 3.H showed that the composition of these

100 Li ions was as follows: 10 - 6Li; 69 - 113 13 - 8Li; and 8 - Li particles.

Thus it appears that about 70 per cent of these higher energy Li ions emitted

2>

during ZCf fission are 7Li. During the 90 hours required to'accumulate the

100 Ii events, 6 individual ‘Be ion events of energy.z 38 MeV'[gBe] were also

PBe and 4 were "OBe particles. The

recorded. Anglysis révealed’that 2 were
‘recdnstructed PI spectrum resulting from these individual events taken in Mode 1
is shown in Fig. -lla. It can be seen that the lithium isotopes are well‘
separated by the three-counter particle identifier. |

The Mode l.data on Li and Be ioné were supplemented by longer runs
using the two-counter partiéle idéntifier, Mode 2 data accumulation and a thin
(15 ) AR detecfor. A PI épectrum showing the separation éf Li and Be ions
obtained with the two-counter PI (external foil in place) is shown in Fig. 1lb.
Tﬁe expected positions for the various isotopes of Li and Be'ére'indicated on
the figpre, but no sepération of these isotopes was possible due to the non-
uniforﬁity of the AR detector.zz ~ Because of this,,the energy spectra presentsd
in Fig. 12 are for all ILi iéotopes (a) and for all Be i;otopes (b); absorover

. ‘ . ey s . 10, - -
corrections to the energy distributions were made for 7L1 and Be, respectively.
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-

In addition,vthe energy spee@rum‘resulting froﬁ the 69 individaal [Li events
previously discussedbis‘ehowp as an inset in Fig. 12a. 1In an attempt to deter—
mine the most probably enefgy for the Li and Be ions, tlhe extefnal gola foil
was remeved allowing the lower portien ofvthe energy spectra to be extehded.
es2

Relevant numerical data for the Li and Be isotopes emitted from Cf fission

are tabulated in Table IV. 4

K. Particles with Z = 5, 6

The expected positions for boron and carbon groups are indicated on

the PI spectrum presented in Fig. 11b. Only boron ions > 33 MeV [lOB] and carbon

ions > 43 MeV {12 ] could have been detected under the experlmental condltlons
which prevalled when the data of Fig. 11b were taken. No significant intensity‘
of these ions was observed; 1t should be noted,that the two-counter PI (whicﬁ |
has a much higher backgreund.eounting rate fhan the fhree—counter Pi) was used

for accumulating.these data.

4. SUMMARY
This study of the long-range particles emitted during the fission of |

252Cf has confirmedl—8 the emission of lH 2H, 3 3

and found in addition that 8He,76Li, L1, QLJ, Be, Be and probably some

H, “He, uHe'and 6He particles>
other isotopes of beryllium are also emitted. 'The_detailedvdata obtained on
(He, 9He and loHe emission indicate that these helium isotopes are particle
unstable. Energy spectra for all the observed hydrogen and helium iéotopes

’

(with the exc;ptlon of 3He) and for the" Li and Be ions were obtalned, and Llhe

most probable energy for each determlned End-point energy graphs for the

X

Cw

L4
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various long-range particles observed in this,investigatién are shown in Fig. 13
where for consistency an exponential behavior of these high-energy secctions has
been éssumed. It should be noted'that the end—poinﬁ energies appear 1o increase
slowly with improving ovefali statistics and hence are not necéssérily reliable
except as lower limits. | .
Relevant numerical data resulting .from the "measurédf and "e&trapolated”
energy spectré of this studyrére~summarizea in Table V, and the relative
intensities of emission of fhe various long-range particles are-shown.in Fig. lh.t

The "measured” values resulted from using only data obtained experimentally,

‘while the "extrapolated" values were obtained by extending each of the energy

distributions to Zero enefgy as shown by the dashed lines on the various energy

spectra.
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Table I. List of detector thicknesses, modes of data collection (see text),
‘Qbservable‘enefgy‘rangés,and'252Cf source used in the various experimental
configurations.. :

Detected -~ Observable = Mode of Silicon Detector Thicknesses(p) Source
Particle Energy Range ~ Operation AE2 AEL E E-reject (hgm of
- (MeV) ' : 222¢r)

Proton 2.0- k.2 2 15° 125 587 12
Proton 3.0~ 8.6 2 '37b e 148 12
Proton 6.0-23.7 2 37 32 - 3045 148 - 12
Proton 4.0-23.7 3 37 %2 3045 148 12
Deuteron - 5.3-31.7 3 . 37 3 30k5 148 12
Deuteron  8.7-33%.0 2 112 82 3200 507 20
Triton 5}5'37-7 2 '37 32 3045 148 12
Triton 9.2-39.3 2 112 82 3200 507 20
e W.2- > 50 1 82 37 1200 507 . 20
).I, ’ ] b’. ' .

He 8.3-38.2 2 15 612 127 20
he b > 50 37 15 1000 127 20
He 10.0-1%.8 3 15 37 82 12
®He 11.0-45.4 2 15° 612 127 20
6He 15.7- > 50 37 15 1000 127 20
8e 9.3-11.0° 3 15° 37 148 12
8He 12.0-15.1 '3 15b 37 82 12
8He, 14.0- > 50 2 3ub 1000 127 20
8He 17.3-24 .8 1 37 15 112 127 20
8ite 17.3- > 50 2 37 15 1000 127 20
Li jons  15.2-39.3%°¢ e 15° 127 587 12
Li ions *20.0- > 50° 2 15° 612 127 20
Li ions 2k ¢ 1 27 15 112 127 20

.0-k41.9
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Table T. (cdntinued)

Detected Observable Mode of Silicon Detector Thicknesses(y) Source
. Particle Energy Range Operation A4E2 = AFl E E-reject éggm of
- (MeV) ' | - “cf)
. , =8 d L b S o
Be ions - 23.0- > 5o 2 15 127 587 12
Be ions  28.8- > 50 2 15° 612 127 20
Be ions 58 0- > 50 -1 37 15 o112 127 - 20

810 effect thesé measurements, the external foil was removed and. the solid
angle subtended by the detectors was reduced from 0.007 sr to 0.0006 sr.

Where only one value for the thickness of the AE detectors is listed, the

- equipment was being operated as a two-counter particle identifier system.

7Li.
10

cTh,e observable enérgy-range given was calculated for
dThe observable energy range'given was calculated for Be.



Teble II. Numerlcal data derived from the energy Sggcbra of the hydrogen isotopes emitted dur-
~ Ing the fission of

Detegted Measured Intensity Relative.to ' Most HWHM " No. of

Particle Energy Range Emission of 10C O-particles. = Probable (MeV) Particles
(MeV) b _.C Energy Observed
| Measured Extrapolated (MeV)
Tritons® 6.5 - 2k.3 6.2 £ 0.20 8.46 % 0.28 8.0+ 0.3 3.1 %0.3 75700
Tritons® 3.7 - 16.5 6.7 * 1.1 mmmrmmimeen 8.0 3.5 3l
Tritons 5.5 -.16.0 6.0 % 0.5  cemeemeeana- . 8.5% 1.0 mcmccmema > 100
Tritons® ~ —mccmmemn- 6.7 % 0.2  memcmmmmoen mmmmmmmn e L
Deuterons® 5.3 =.21.5 0.63 + 0.03 0.68 * 0.03 . 8.0% 0.5 3.6 £ 0.5 5600
f ’ :
Deuterons™  =-==me-—-- : <05 mmmmmmm———— | eemem——— - e ———
rotonsd 7.3 - 18.8 1.10 £ 0.15 1.75 * 0.30 7.8 £ 0.8 3.4 0.8 269C0
£ _ :
Protons” 5.5 - 16.0 . 2.2 0,5 @ memmemee—— - 8.5 £ 1.0 -~--=mmem- N

8299 fissions/o-particle is the best available value for @Ree. see Ref' k.

D . - ‘s . : - . :
Numericel walues under this column were obtained by using only those portions of the energy
spectra which were determined experimentally.

CNumewicaw,valueSw under this column were obtained by using energy‘spectra extrapolated to zero
energy as suown Ou the individual energy distribution graphs..

'dResults of this investigation.
“Results of Watson, see Ref. 3.
fResults of Wegner, see Ref. 1.

CResults of Horrocks, see Ref. 8.

-
5
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Table ITIT.

L3

Numerlcal data derived from the energy. Engctra of the helium isotopes emitted during
uﬂe fission of

Detécted Measured- Intensity Relat;ve to Most WM No. of

Particle Energy Range Emission of 100 O—partlcles Probable (MeV) Particles

: ' (MeV) o b _ Energy ' Observed
| ’ - Measured. Extrapolated (MeV)

Zuet .2 - 21.3 < 0.075 mm———mm—ee smmmmmesss —eeeseee £ 36
re® mmmtmmemmee <0.5 R mmmmmmmmm | memmemeie ———-
nes 8.3 « 37.7  emmmmmmmemm o emmmcmmmes 16.0 £ 0.2 5.1 % 0.2 1558000

£ '
He™ 1.4 - 34,0 e ————— ~ 16.0 ~ 5.5 ' ~ 20000

L e
He® 6.5 = 31.0  mmmmmmmmmmm mmeemieeeee ~16.0. ~T.5 b5

R 1.5 = 29,0 @ memmmmmemee mmeeeeeee- 17.0 £ 1.0 ~ 5.5 ~ 20000

uHel_ 8.0 = 34.0  mmmmmmmmem e ~ 19.0 ~ 5.0 ~ 200 .

tred 10.0 = ~30.0  mmmmmmmmeme meeemee—o- ~ 15.0 ~ 6.5 -

)

FheX 10.0 = 30.0  mmmemmmmeme m——e- - ~ 16.0 ~ 5.0 ~ 600

Opre 10.0 - 33.3  1.95% 0.15  2.63 t 0.18 12.0 £ 0.5 k4.0 * 0.5 71300

el

bpe 13.5 - 24.0  1.k5 t 0.1% ~ 2.0 mmmmmmemme e 119

Bt 9.3 - 27.7  0.062£0.008  0.090%0.012 10.2 £ 1.0 k.0 % 1.0

a c . . . ‘ . '
299 flSSlons/a—partlcle is the best available value for

252

Cf. See Ref. L.

bF’We* cal values under this column were obtained by using oqu thege portions of the energy

‘'specira which were determined exper

FRS=RGRT VIRV -

1 rical

imentally.

values under this column were obtained by u51ng energy soebtra extrapolated to zero
the individual energy dlstrlbutlon graphs. ‘

this investigation.

see Ref. 1..

Wegner,

‘Whetstone and Thomas,

Watson, see Ref.

2
see Ref, 2.
.

h .
‘Resul

i oo
Results of

“Results of Fraenkel

ts of Nobles, see Ref. G

Muga et &l

1

., see Ref., 5.

and Tkomp on, .

o _ Y ‘
3. : ‘ Results of Coleman et el., see Ref. 7.

L2TLT~T80Nn

see Ref.

L -Ga2 -



Table IV. Vumerecal data derlved from the energy dlstrlbutlons of the
' isotopes emitted during the fission of 252¢cr,

lithium and beryllium

Detected Measured

Intensity Relative to

Most ' HWEM No. of

Particle Energy Range Emission of 100 OG-particles®  Probable - (Mev) Particles
‘ (i4ev) Measuredb' Extrapolatedc Energy Observed
. (MeV)
614 24,0 - 33.2  0.0011%0.0005  =====m===m=—- ——ee- remee. msccemme- 10
L1 25.4 - 38.3  0.0081%0.0012 = =====-=-=-=--- R el 69
B 26.8 - 37.5  0.0015%0.0006  ==-==m=m-cme=  meecemmee ememeeeo 13
L1 - 28.1 - 37.1  0.0009%0:000k  wcomcmmmeccems  eeecmmene meeeeeeoa 8
Ii ioms 15.2 - 37.3 0.126 *0.015 0.13%32 * 0.016 20.0 £ 1.0 3.3 £ 1.0 2hog
9Be : ©39.3 - 43.9 ~ 0.0002 it i p———— 2
10p, S 41,0 - 45.6  ~ 0.0004 e e SR — b
Be ions © 23.0 - b9.1  0.156 $0.016  0.201 * 0.020 ~ 26.0 ~ 5.5 226k 0
o
2 : [
299 fﬁss1ons/a-partlcle is the best avallabTe value for 520f See Ref. k.
b“umerlcal values under this column were obtained by using only those portlons of the energy
spectra which were determined exoerlmentally
ch;merlcal values under this column were obtained by using energy cpectra extrapolated to zero
energy as shown on the individual -energy distribution graphs. :
e
e
T



TABLE V. Summary of numerical data obtained from this investigation of t".he long-range particles -

emitted during the fission of

52ce,

3

Particle | Measured Intensity Relative to ! Most Probable! HWEM High Energy’ Uncorrected Data®
Detected | Energy Range_ I')nissi% _o.f_J;QO_ q—ip_a:rwt}igl:ﬁra ' " Energy- ! (MeV) Cut-off Most Probable Absorber
(MeV) Measured ) Extrapolated” P (MeV) v : (MeV) Energy (MeV) (mg/cmg)
: —— : i S
.Proton 7.3 -.18.8 1.10 * 0,15 l, 1.75 £ 0.30 7.8.+£ 0.8 3.4 +0.8 18.8 7.26 25,75 - Au ]
Deuteron | 5.3 < 21.5 | 0.63 * 0.03 0.68 £ 0,03 | 8,0%0.5 | 3.6 % 0.5 22.4 7.1 24.75 - Au
Triton 6.5- 2.3 | 6.42 0,20 | 8.46 £0.28 . 8.0%0.3 | 3.1£0.3! 245 6.99 24.75 - Au
e .2 - 21.3 | £0.075 O SN [ Poeeee - 8.26 - AL
:’:“e 8.3 - 3757 | meemmmececee- [ !‘ 6.0+ 0.2 | 5.1%0.2 g'& 37.9. . 13.66 '8.26 - AL
He 10.0 - 33.3 1.95 t 0.15 2.63 £ 0.18 - 12.0 * 0.5 4,0 £ 0.5 32.6 7.85 8.26 - AL
8 e 9.3 - 27.7 | 0.062 * 0.008 . 0.090 £ 0.012  10.2 * 1.0' | 4.0 * 1.0 28.7 6.56 15.83 - Au
61y i24.0 - 33.2 | 0.0011 * 0.0005 =-em~mememee= | ccecccecee | mec;eeooo | meen ———- 8.26 - AL
Ty 1254 - 38.3 | 0.00BL * 0.0012 =-c-scmcmmmae  cmmmememce | cmeceeeee LS - 8.26 - Al
8Li 26.8 - 37.5 0.0015 % 0.0006 =m-femececccm  mcmmemceac | cmmeceeeo P ! R 8.26 - AL
94 '28.1- 37.1 | 0.0009 * i S S — - ‘ - ‘8,26 - AL
Li fons |15.2 - 37.3 | 0.126 * 0.015 - 0.132 * 0.016 = 20.0 £ 1.0 | 3.3 * 1.0 | ‘* 38.0 4,13 15.82 - Au
IBe [39.3 - 43.9 | ~ 0.0002  sesmecemcecee i emmcemces | amecooee D eeen e 8.6 - M1
Be  IBL0 <456 |~ 0.000h | emmmememmcion emmdecoie | cceeeeee £ eaen ! - P26 - m
Be ions j'23.o - 9.1 ., 0.1% * 0.016 0.201 * 0,020 .~ 26.0 ~'5.5 45.0 ; 14.80 115.83 - Au !
L i : : . :

29) fissions/0-particle is the best

available value for 252Cf. See Reference 4.

These values were determined from Pig. 13.

These two columns give the experimentally measured peak energies for the various distributions and the

thickness and type of absorber which covered the source at the time of measurement of the peak energies.

Numerical values under this column were obtained by using only those portions of the energy spectra

which were determined experimentally.

Numerical velues under this column were obtained by using energy spectra extrapolated to zero energy as

showr on the individual energy distribution graphs (see Figs. 6, 7, 10, and }lZ).

_Lz..
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FIGURE CAPTTIONS

Experimental arrangement of the Q)QCf_source with respect to the

. cover foil,.magnet, external foil,.collimators and detectors.

An abbreviated block diagram of the electronic equipment. .
A Bchematic-derivation of the three identification pulses generated
by the three-counter particle identifier.

Typical spectra from the three-counter particle identifier resulting.

from 1bng~range particles emitted during 25£Cf fission. The thick-

nesses of the detectors which were used to accumulate these data
are indicated.

A two-dimensional contour plot of a particle identifier vs. fbtal
252

Cf fission.

eD24p

énergy spectlum(j‘the hydrogen iéotopes emitfed from
Energy specfra of (a) tritons and (b) deuterons emifted from
fission. The error bars repfesent counting statistics only; wheﬁ

no errbr bér is shéwn, the error is cdntained within the point.
Energy distribution of protons emitted frém the 2520f source. Part
(a) shows the experimental data.and part (b) a possible decomposition
of the spectrum into three components (see text for discussion).

The observed proton energy distributions from (a) the ehQCm a=-source
and (b) a background run in which a‘O.63 cm Ta absorber was placed

252

between the Cf source and the detectors. Di.stribution (a) is

decompbsed into two possible components labeled B and C.

An expanded particle identifier spectrum showing the expected po-

)

sition of & “He peak.v The region of the spectrhm befween-A and B

was investigated in detail (see Sec. 3.K).
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Y

Energy.speétra ofvlong-range (a) 4He', (v) 6He and.(c) 8He particles
2520f fission. Thé error bars represént counting |
statisticé ohly; |

() A three-éounter particle identifiér\spectruﬁ reconstructed Tronm-
Ii and Be ion_individual events, and (b) a'twofcounter partiblé
identifier épectrUm showing Li‘and Be 1i1on separéﬁion and‘frediéted‘
positiqﬁs éf B and C.groups.

Energyvspectra of (a) Ii and (b) Be ions emitted from 2?ECf fission.

(a) also shows data for 7Li particles taken in Mode 1. . The error

bars represeht countihg statistics only.

End-point energy plots for particles detected from 2520f fission.

Relative intensities of particles emitted from 2520f fission. The

(a) measured and (b) extrapolated values are explained in the text.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation,’expressed or

implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus; method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








