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ABSTRACT |

A coincidence apparatus has been developed which permits the measurement

" of energies and intensities of rare alpha groups leading to excited states of

the product nucleus. It has proved possible to measure transitioné with
intensities as low as 10—8, and the technique has been used in the present

study principally to characterize vibrational states. The energies, relative

"~ abundances, and multipole orders of the gamma-ray and conversion electron

transitions which de-excite the levels populated by these weak alpha branchings

can be determined, and these lead to assignments of spin and parity for the
levels.

Excited states with spin and parity O+ (beta vibrations) were confirmed

230 234 238 2Lo

in" the energy level spectrum of Th , U , Pu and Pu . A corresponding

35

state was observed at 780 keV in the energy level spectrum of U2 and was

“givén the assignment 1/2+. The reduced alpha transition probabilities. to

states of this type were found generally to be about an order of magnitude

i . '
smaller than the theoretical value for unhindered alpha decay.

The characterization of these levels simply as beta vibrations
appears to be inadequate in that there are distinct7differences in the modes

of de-excitation for the different nuclides.



I

M

‘e<:1u1ilibrimn'sThaV.p'es.,''De'cféﬁy"—*?schémél_6 and Coulonb-excitation

.-lév . UCRL -9938

ALPHA DECAY “TO' VIBRATIONAL STATES
LK s e RN R ) PR
S. Bjgrnholm, M. Lederer, F. Asaro, ‘and I. Perlman
‘Lawrence Radiation Laboratory
. University. of Calkifornia. | .-
‘Berkeley, California
;Séptember, 1962 :

C:.I. - INTRODUCTION

The eXperiments"repoftéd'hére represent an attempt to develop a
general method for studying collective statés of ‘vibrational character in
. A o ) S 230 .. ,.250 . .
heavy nuclei. The energy levels of ‘nuclel from Th to Cf have been
examined .
Al of thé nuclei in this region are known to have nonspherical

=9

studies have

disclosed é‘number'of excited ‘states which can'be described in terms of

quadrupole and octupole vibrations of an axially symmetric ellipsoid. Some

of-thé reasons for this type of descripfioh are: (1) these states appear
in even=even huélei7belbw'thé'energy—gap defined by the odd-even mass
difference; (2) the EZ'éné’E31transition'probabilities found in Coulomb
excitation are enhanced relative to the singleﬁpérticle'eétimates; (3)
similar levels seem’ to appear"syStematiCall& and show a more or less smooth
variation of‘exéitaﬁion'énergy‘with“chanée;in’mé%s'humbér. 'Vibrainns’of
one class, the beta vibrations, are distinguishéd in their decay by strong

electric monopole transitions. Even though it became ‘evident during the
R . .

‘Course of ‘the present work ‘that ‘these states could not be described simply

On leave from the Institute for Theoretical Physics, University of Copenhagen,

Denmafk'dﬁring therpéfiodﬁbfiﬁhesézSfudieép”‘h
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intérms of a bure_beta;vibrationyljof easg.of,dgscript;on they will be called
”beta_vibrational stat¢sT_}n'ﬁhe remaindeﬁvpf,th;s"papéy,ﬂu-

Although sométhiﬁg islknqwn aﬁput‘the 1Qéaﬁionfof &ibrational states
and of their characteristic;;1itlséeﬁslgéfta§h”éhétlé much more detailed
vexamination would be fruitfﬁl.‘ As:éniéxamplé,.thése states éppear not far
below the energy gap, and an intérplay betweeﬁisingle particle and'collective
aspects may be expected.: The particle aspécts will undoubtedly exhibit
considerable variation from nucleus to nucleus.and this suggests that a
wide range Qf species_be_examined.. |

The principal,obstacle in stgdying this class of energy lévels is
that there exists né wide%ifapplicable means_of;exciting nuclei to the%e
states with the e#éeptignéof Coulomb-ékéitatioﬁi ManyinQClei of irterest
in the heavy elemept rééion do not lend themselves to this method because
of their.short lifetimest’ Such poSsible methods as @he investigation of
neutron—capture gamma rays‘inVoive the same problem.

The  alpha decay process has mﬁch to'recommend it forvthis problem
including the large number of alpha emitters with_éu;tabie helf lives and
the discreteness of alpha:particle energies. Indeed much.hés already been
learnaikw’tﬁis route. .The.iimitation:here is. that states as high as 1 ‘MeV are
very poorly populated-in.alpha_decay and therefore‘ong must devise methods |
for{measuringvalpha groups of very>low_intensityy':ln fhe work reported
heré, §iliéoﬁ semiconductor defectOrs-uééd_as alpha pafticle speétrometers ' .
were applied tq‘this problem.

The demands up§n the eQuipmenf may be gauged by calgulatingﬁfrom ¥
alpha decay théory the maximum expec%ed intensity'of'an alpha group leading
to é state at sbme éélecfed energy.above'the ground stafe. (Thé maximum

intensity has reference to an alpha emission process which is "unhindered",
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i.e. the-reduoe@.alpha'transltiondprobabillf?iﬁo%phekspeglﬁﬁgwsbate.is the .
same as to,@he'érouh@,sbape:of:even-éven nucli@esf):hlable I illustrates
these - gulde lines in a somewhat different form.. Here;:.we have-selected3
alpha-group 1nten51t1es of 10 LLf,and_lQ 8;relative to the ground state
transition and have listed the corfesponaing energies of excitation which

238

‘an unhindered transition would reach. For example, in the decay of Pu R

the alpha 1nten51ty of a group leadlng to a hypothetlcal state inU 3”

at -
620 keV should not be greater than 10 h If we are looklng for a state at
about 1170 keV, we should not expect an 1nten51ty greater than 10~

| ' To observe a’suff1c1ent number of events requlres alpha-count rates
'up to 105 counts/seca for intervals of the order of se&eral days.‘ The
importanee ofvsemicohductoricounters, compared to éas ionizaﬁion‘chambers,
lies in‘the very rapid collection'of the charge‘gehefated by the alpha
particle, which mekes it possible to record a highef number of evehts per
unit time withouf serious loss inrenergy resolution from pile-up effects.
Stlll, a dlrect recordlng of alpha groups of 1ntens1t1es 10 ~* - 10—8.
relatlve to. the ground state alpha group. is not: pos51ble since the weak
groups will ‘be masked by the low energy-tail from the main alpha peak.
The tran31t10n to the ex01ted state, however, occubs :in coincidence with
hlgh ehergy gamma rays or conver81on electrons and 1is hereby distinguishable
in alpha—gamma and alpha electron coincidence measurements. The high solid
angle obtainable wibh semioondactor couhters as cOmpared to. magnetic spectro-
meters is herejessential.

: Coineidence;experiments_of the bype Jjust mentloned will also yield
ihformation on the modes of de-excitatioh of the eécited state. . Such
ihforﬁatiohpvill inoludeggapha%%ay:bhaheh}hg ahd”oon&e?sloh coefficients,
data which will be of importance fofvbheheharaoterlzabion ;ﬁa olassiflcati@h

of the state.
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Table I..

T - . o . Excitation energy - _
Parent nuclide Half-life =~ corresponding to an alpha ’ Cos
" . R . intensity of: )

0T 0 .

Ra 2 .. 3®se .| . 900k - | . 1580 kev

22k . 3.6

e aay | 7o0r | 133007

Ra226. _ ul{6

x10° yr 560 " ~ 10k0 . "

26| 31 min 810 keV | 1500 keV

w1y ek - 1200 "
m?® | gox10tyr | s v 970 "

2% 21 day ‘ 700 keV - 1320 keV

¥# | e | &0 | ko

2314- 25x 10; yr- . | 520 " S 980 "

py 230 2.8 yr 660 kev. 1250 keV

qu238 90 yr 20 v o170 ¢
Euzuo 1 6,6«x 103 yr ) | 580 " I 1060 "

Cm?uo ) . 27 day . - 730 keV (1380 keV

o2 . 1634dy | 20 v | 1330 "

sz%% o S18 yr ... 670 " | 12k "

orf*e - % hn | sokev | 1520 kev .

cf 11 yr . 700 " ‘ 1290 "

252 . C ’ ! N ' "o - g 1] '. ‘ v

- Cf 2.2 yr , 710 1320

254

Fm™~ 3.3 h e | _; 880 keV ‘ 1650 keV
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'soopfu%ven though the total 1nten51ty of the groups was only 2.0 x 10
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Some progress had been made .on: the, 1dent1flcatlon of vibrational
states populated by alpha decay by employlng other types of detectors
>

were sble to measure directly the }ntens1t1es of high energy

gamma. rays from a number of alpha?emitters, These'were ones_which could be

'obtalned 1ns¢ates of hlgh 1sotrop1c purlty and free of other radloactlve

contaminants. Slmllarly, several monopole tran51t10ns were 1dent1f1ed by

_r

'measuringvcoinc1denoes between“the,electron lines (anthracene crystal

i
I

detector) and K X rays All of these measurements could be made w1th intense

and thlck sources because. the alpha partlcles themselves were not analyzed

In one favorable case, the decay of szhh) two of the alpha groups leadlng to

the beta vibratlonal band around 870 keV were seen by magnetlc alpha spectro-'
6
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.. II.. EXPERIMENTAL® . -
A.  Apparatis for Measuring Alphs-Gamms
:;ﬁdiAléhé;Eiéétfbﬂ Coincidences”

'Figﬁféé\l;(éjwéﬁd'lh(ﬁjfshow;ﬁhé‘ébuféé—dééécforHéfranééménf:FHThéH
sourcés'ééhéié%éd‘df.fhin aéﬁésité'gf the éétiVe'métefiélé o5.péiyétyrene‘ 
and Wéré prépéféd ééideééfibea'iﬁ'Sééfioﬁ'iILC}“The aipha'pérticle detector
was a phdsphéféuéldiffﬁééd; p—ﬁijuhééibﬁ; siiiéénJSémicbhaﬁétéf'ofvthe guard
fing'typegll Diffégeﬁézdétééforé:Wifﬁ séhéiﬁi&é éféas from 6.3 to'Z;O em in
diaﬁeter could be iﬁsertéd}mmdét.éffeéténé'ijl cm;ih diameter was used. A
solid angle écceptéﬁcé’cibéeifo‘50%‘Qas”éttéinéﬁié Wifh small sources and
the solidhangle'édﬁidlbé varied by ﬁo#ingﬁﬁhe»bfaés'cylindéf Oh‘wﬁich the
detectbf'was mounted ‘Normeily, no colliméfibh;éf;fhé:alpﬁa beam was
necessary. Some bethe measurements were made with‘surféce barrier counters
and for these, collimation was required to avoid edge effects. The tWo
types of counters were otherwise similar in performance. lThe'bias voltage
varied between 100 and 300 volts for the diffused junction,céunters. It
was about 25 volts for the surface barrie; type.

Figure 1 (a) shows the mounting of the 3 x 3 inch Nal crystal. The
source geometry relative to the crystal was fixed. Careful calibration (% 5%)
‘ of‘Jf}1eLo~veerﬁaJ.l photo -and Compton peak efficiencies was made with the

aid of gamma-ray standards of Na22,'511 and 1276 keV;-Csl37, 622 keV; and

Co6o, 1173 and l333’keV? Othér standards were uéed for energy éalibration.
A set of,calibraﬁed absorberé inserted in the slots between source and
detector were paft of the equipment.

The electron detector, shown in Fig. 1 (b), was an anthracene

crystal 2.5 cm in -diameter and‘O.3 cm thick. The photomultiplier tube was

sealed vacuum tight against a rubber gasket, and a short light guide provided
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the optical contact. The counﬁer‘was calibrated with a CsS! source (624
keV ‘electron éﬁergy) méuﬁtedfoﬁ”pbiyéﬁyréﬁé; the ‘effective édlidlahéie was
found to be 33%3. in>§fdéf tgjméésﬁfé'fhé’fésﬁbﬁée!Bf thécanthraééne éfyétai
to gamma rays separately, a 0.1 cm alumiﬁum absorber was moved in front of

the counter (see Fig. 1 b)oggThe source backing Qas chOseﬁ:gf Sufficient
thickness so that no,a;pha-pérticles‘would1;eé¢h the electron counter, and
polystyrene was selected because it gives a minimum loss of electrons from
back-scattering. -

The electronic equipment is,shown;@nu the;block diagram, Fig. 2.
The amplifiers for the scintillaiion detectors are of conventional design,

as are the single-channel and multichannel analyzers. The preamplifier for

" the semi-conductor detector was’designed by F. Goulding,ll The decay constant

of the output pulse has been lowered from 20 to 0.5 psec to accommodate
higher counting rates. " A double delay line amplifier,Was chosen in order
to obtain maximum counting rate although the resolution became décreased

13,1k The 5 megacycle

by a factor of about 1.5 relative to ‘RC bﬁlse éhaping.
scaling unit with vafiablé.scélihg'factor served to decréaée'fhe counting
rate before'thE‘bﬁlse'tfain.feachéd the biased amplifiér and the multiéhannel
analyzer. Oufpﬁt bulsgsrfrdm ahy'of the decade units could triggér the
linear gate, andbwith'tﬁis érrénéeﬁehﬁ it.was‘poésibleuto measure coincident
alpha spectra and singles alpha spécffa WifhoutVéﬁéhéé'of‘éouﬁting rate

and amplifier settiﬂgs. A Zerovéfoss_ovefﬁpidkFaff unitt? was used fo
extract a‘ﬁime;éignal‘fbr the fastkéoinCidencé.gifcﬁif.:lA‘pulse_générator
with variable amplitude fed ifito the firét éfagé_of'thé preampiifier. .A

synchronous pulse could be used to trigéér the fast coincidence unit.

This: arrangement proved useful during the dévéiopménf of ﬁhe'systemfﬁ The

¥

pulse generator was stable and linear; and the arrangement was used roﬁtinely

for energy calibration and stability tests.
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The entire alphéVco@ptingvequipment”had\tQ meet very strict require-
ments with_respect,to resolution (< 0.8%) and stability (< 0.2% drift for

periods of days). . - v ‘7;' A ‘ f: , g
;.- B. Gamma-Ray :Spectra Equipment !

Tbtal'gamma épeétrévweré"méasured'withA5'3 x°3 in.-Nal crystal
coupled to a 100 channel analyzer.  Gamma—gamma COinéidehCe“measuremehts
were made with two 3 x 3'iﬁ° cryStals coupled to a standard fast-slow
coincidence arrangement.' The resolving time of the fast circuit was 0.06
usec.

Coincidences betwéen electrohs‘and'K'X—raysaweré measured’with a
slow coincidence unitn(Z-M usec). Detectors were a 0.6 in. diameter x 0.1
in. thick anthracene crystal and:a 1.5 i 1 in; Nai crystai covered‘by a

beryllium'window;
C. Source Preparation

' o : : - 234
Three types of sources were employed. A sample of U 3 was available
S | o o | 2
which had been prepared by vacuum sublimation onto a nickel foil (22vmg/cm
thickness) and covered an area 2.5 ém,in diémeter. Oﬁhen'substanceS'with
. 238 S

relatively low specific activiﬁy (Bu o, Pu239 and Cmghk) were likewise“

mounted by vacuum sublimation'of the oxides or chlorides, but the backing
material for these was polystyrene_ofVS or 10 mg/cm2 thickness. The activities
o | 2k2 52

g a2
covered areas of 0.8 cm diameter. The shorter-lived activities (Cm , Cf 5

593

’

2 E . .
and Fm 5&) were deposited from solution into a thin ion-exchanger film ¥
o ) | . _ .
(10 - 15 pgm/cm”) prepared on the surface of the polystyrene by controlled
sulfonation with fuming sulfuric acid.l6 The diameters of -these sources

ranged from 0.3 to 0.8 cm.



‘adjustable in powers of 10 and ranged from 1 to 10 .
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_-IIT. . PROCEDURE

; Typically; thefgémmaEféy Qf'eleCtronISiﬁgies‘épéétfum was measured
first; employing staﬁdafdé fé; éﬁéfg& éélibratibn as élréadyAmentioned; Néxt,
measurements were made 6f%the:a;pha-partic£é'single§ spectrum tovestablish
the source stfehéth,and to obtéiﬁ an eﬁérgy”dalibfatian 'Thefénergy calibra=-
tmon.was aided by the precisely linear pulée gengratdf. :

In order to avoid excessive countingtratés in the'biased.amplifiermand

pulse height aﬁalyzef in the singles measurement, only thoséfpulsésugated

by the'outpﬁt of the scaling unit were allowed to paéé through‘the linear

gate and into the ‘remainder of ﬁhe equipment. The séaling”factor was
N
"~ After the singles measurements, the delay on the gamma-ray input to
the fast coincidence unit Was'adjuSted using either the source under inves-

2k3

tigation or a Cm standard source.

| Aé can be seen from Fig. 2, in the coincidence measuréments the 1
useé linear gate aliowed‘alpha.pulées to pass onfo;the biased amplifier'if
a faét céincidence'had occurred. Using either of the'single channel analyzers
we had the choicerof“recording the alpha spectrum iﬁ coincidence with a
pafticular gémma energy bénd or the gamma-ray spectrum ih coincidence with.
a sélected alpha energy.> The coincidence measurement normally ran for one
or more days. After_completién‘of the coincidence measurement’ thevsingles
specfra;vthe energy calibrations, and:the measurement of the delay curve

were repeéted to check the stability. The coincidence rﬁﬁs were then

resumed if the stability proved sd%iéfactory'and better counting statistics

" were required.

The intensity of a peak.in the coincidence spectrum was calculated

by comparing it to the accumulated number ‘of alpha pulses in the ground state



-10- ' | UCRL -9938

peak determined from the singles spectrum and the length of the counting

interval. Thg intensity had to'be cqrrected_fgr_ab;orption, splid angle,

and detection efficiency,ofvthejscintillator. A.small”cprrectionvfor losses'

from'piie;ﬁp effeqts ﬁas.a;sg yequired, and finally. a éqrreétion‘was made
-fof thé'efficiency‘of'thgbfggtvcoinciéengé gi;cgit} 'For_tﬁisipurpose;_we
used Cm243 which has abgpdanf alpha groups of well known intensityl in.
QOincidepée with 21Q,228 and.278 géV Mlﬁtranéitonsov_We algbvused the more
indifectly deterﬁined intensit;es of'gammajygy§ and conversion electrons

3k 2385

de-exciting the 810 keV‘&D+Q;7'sta$e in U seen in the decay of Pu

In both of these cases we found that coincidence efficiency was 75(+ 5)%

whether gating with electroussor. gamma rays. This efficiency was unexpectedly

low and was doubly puzzling in that it did nbt_depend on the scintillator

used. However, the result was found to be repro@ucibleu_
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"IV: -RESULTS -

Yy P238d 3
e ey ‘ 23& . : . :
' Vlbratlonal states inU obtalned by studylng the beta decay of B
234 3& 2,3
Pa and electron capture decay of Np have been reported T as follows

810 keV. (oo+) 850 kev (oz+) 795 keV (01 ) 922 keV (22+) and 104k keV (oo+)
The spectrum shown in Fig. 3 displays the alpha groups which are in
001n01dence w1th gamma rays of energy > 350 keV Bv setting the‘gamma-ray
gate at thls energy, the‘relatlvely intense alpha tran51tlons to the ground-
state rotatlonal,band.were excluded; However in all spectra so taken the
1ntenserground state tran51tron always appeared because of chance 001nc1dences
It is seen that only a 51ngle alpha group appeared 1n true 001n01dence, this

34 800 (+ 15) keV above the ground state. This level is

to a state in U
1dent1f1ed w1th OO+ state at 810 keV mentloned above There is no evidence :

for a tran51tlon to the 02+ member of this band although the resolutlon is

not sufflclently good to set a very low llmlt

| Somewhat better resolutlon was obtalned When the alpha spectrum was
measured in colncldence w1thvelectrons (see Flg 4) Here again, the only
alpha group seen was that to a state of ~ 8OO keV The~peak shape super-
1mposed in Flg h is that Wthh would have been obtalned 1f the populatlon
to the Oz+ v1brat10nal state was relatlvely the same as to the analogous
02+ state of the ground state band and 1f the EO tran51tlon probablllty

\

from the 02+ state were the same as from the OO+ state It may be worth.

i ,.v, .

notlng that with thls partlcular nucllde, Durham et al 8 failed to see any

EO tran51t10n in thelr otherw1se successful attempts to observe 02+ states

230 232 236 38).

by Coulomb excitation (Th™~", Th™~", U and U
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In the present work the total population of the two levels in the

»

beta band is 1.2 x-lO_6, in good agreement‘as mentioned earlier with the
intensity determined by gamma-ray slngles and‘K X-ray-electron coincidence _ 7
measuremehts.SAuThe alpha;lntenslty‘correspcnds’to a hihdrahce‘ractor of four.
No attempt is made at present to obtaln a.lower llmlt for‘hlndrance factor for
the tran51tlon to ‘the 02+ state | |

For the two hlgher lylng levels found. in Pa234 decay;Aupper limits
can be established on the alpha populatlon and from these, mlnlmum valdes
for hindrance factorsul “We flnd for the alpha decay to the 22+ state at
922 keV, HF > 20; to the thM keV level, HF > 10. ThlS 1nformatlon is summa-
rizedl in Flg 5 along w1th that from other studles. | |

In searchlng for extremely rare events accompanylng.the.alpha decay
process, spgrlous.gamma rays ar1s1ng’from nuclear reactlons of the alpha
particles may'be ehcodhtered ;‘Ah ihtense sample chPu238 which'showed clearly
the 765 keV gamma ray, (from the 810 keV state to the 4l keV state)valso had
a gamma ray of ~ 880 keV which grew in 1ntens1ty as the sample aged. This
was flnally deduced to be the 875 keV transition in O17 excited byethe
reactich, Nlu'(d}P) 017} the Pu238,\whlch.was lnitiaily Wet, gradually dried
permitting'air'to ccme in.contacthwith the alpha particles;' The same gamma,
ray had been rnoted in a;number cf other cases.in which‘the‘source mounting
permitted the;alpha particleuto come'lntcbccntact with air. .Figure é:shows
the gamma spectrum 6f°Pu238; in the top section an air gap of l/8”jwas
'permitted”betweenﬁthe source“ahd.a protecting'foil, in the lower sectioh a ¥
1-mil nickel foil was placed ih.lcose cohtact with the source. It is seen.’

that the peak at 880 keV is strongly dimihished;
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| The aipha spectrum in c01nc1dence w1th gamma rays of energy > 480 :
keV Flg 7, shows two peaks w1th energles correspondlng to the Ol— state
at 610 keV and the OO+ state at 870 keV 6 .It appears that the alpha group
-to the 610 XeV ”state” is 1rregular and broad 1nd1cat1ng a considerable
populatlon of the hlgher lylng 03- rotatlonal state

Figure 8 shows the gamma- ray spectrum which is in c01nc1dence w1th

the alpha group (h 92 MeV) which populates the beta v1brat10nal state at
870 keV. It reveals unexpected complex1ty There is seen not only an
825 heV (EB) tran51t10n, but also the gamma rays de- ex01t1ng the Ol— state
plus a 262 keV transltlon‘ ThlS can only mean that the 00+ level de-excites
via the Ol— state A gamna éanma c01nC1dence experlment conflrmed quailtatlvely
and quantltatlvely the ex1stence of the cascade A.portlon of these cascadlng
gamma rays will be recorded~s1multaneously by the NaI-crystal, because of the
close geometry, and contribute as a sum peak to the 825 keV events 'Correcting

N

for thls we flnd the 1nten81t1es shown 1n Table II.

| ~Table II.
vazguu r in coincidence ﬁ'th
[y rays ‘i incidence with ag.
Energy (keV) ~ Type Intens1ty per cn® ™ o decay
262 o owm 1.2 (£ 0.3) x 10 6
570 B (£ 0.3 0
61d§v S .El 1.4(+ 0.3) x10

_7'

825 L 1}7 (B2) U 65 (x 2) x 10
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It is possible to determine the total‘conversion coefficient of the
‘262 keV tranSition by a comparison of intensities in the cascade They
should be equal 1f no 1nternal contersion tahes place-“ Us1ng the theoretical
conver31on coefficient of the 570-610 keV El groups we' find for the 262
keV transitdion a total converSion coeff1c1ent of O LQ\\ Q. 08 The theoretical
coefficient is 0. 06 for an El tranSition, O 33 for EB, and much higher values
for other multipolarities. | . | | o
The_c01nc1dence spectrum between aipha.particles and electrons of
energy greater than MSO keV lS shown in Fig 9 The only alpha group with
inten51ty greater than l X lO -8 was that to the 870 keV state In particular;
the upper limit can be applied to the states at ~ 600 keV and confirms the
'El as51gnment for the trans1tions to the ground state band V
The 1ntensity of all electron c01n01dences from the 870 keV level 1s
9.5 (tkz) X lO 8t If we assume the 825 keV transition to be B2, its contri-
»bution to the conrer51on electrons is 1.2 x lO 8Vand we are left w1th ‘
8.3 (£ 2) x 10 -8 for the 870 keV monopole tran81tion This interpretation.
is consistent with the assumption that the 870 keVv level is a 00+ state.
If this were not so the 825 keV gamma: ray could be an ML transition in
‘which case'all of the intensities would be different-andsthe 870 keV
trans1tion could not be EO HoneVer, the 870“keV state"isimost likeiy the
same as the 867 keV state found in. the beta decay of Np uo‘which~was
shown definitely to decay by an EO trans1tion .
The total population of the Ol- band is 1.1 (¥ 0.2) x 10~
HF = 100 £ 20 and of the 0O+ band 2.3 (+ 0.4) x 10 0 S 3k 015 As'
mentionedvbefore, a direct measurement with a magnetic‘alpha spectrograph

showedlO two alpha groups which were identified as populating the beta

band. The intensities were 1.55 (¢ .16) x 10-6 for the 00+ state at 863
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keV andior5Q'(t Q.QS)jfulQ;é forvtheﬁOZf:state at 903 keV. The present
determination compares reasonably well withrthepsum,_Z,OS'(i ,l8) x lO-6,
A 22+ state haswbeen reported at 9k2 k_eV,6 The absence of a
corresponding alpha‘group:in.the present_study permitsvus to»set a lower
limit on the hindrance factor_for this group: HF >.lOQ, All of the infor-

mation discussed here is summarized in Fig. 5.

' 233 - .
C. ngMZ g—) Pu 38-
o 2k o ‘
In prev1ous measurements of the Cm high-energy s1ngles gamma.-

ray spectrum,s’ 18 gamma rays of 562 605, and 890 keV Were observed Ak

Electron spectra measurementéilndlcated a 9k, M(+ 2) keV tran51tlon with
" an 1nten51ty of 5 X lO 7.A The 605 and 562 keV tran51t10nsvwere characterlzed
as El transitions originating from a Ol- state at 605 keV and decaying to”
the ground and first excited states of Pu238. The 890 keV photon and the
941 keVbelectron trans1t10ns were characterlzed as E2 and EO tran51t10ns

respectlvely, decaylng from a OO+ state to the flrst excited state and

238"

ground state of Pu Albrldge and Hollanderu measured the conversion

238 238

electron spectra in the beta decay of Np to Pu and tentatively

as51gned the 00+ state at 943 1 (+11) keV .

Our measurements w1th szuz were compllcated by the presence of a

243

few percent by act1v1ty of Cm in the source. Thus it was not possible

2h2

from our measurements alone to establlsh which groups belong to Cm and
which to Cm 43; i |

The alphavspectrum in c01nC1dence w1th gamma. rays showed groups of
5. 51 5.27 and 5 18 MeV (see Flg lO) The alpha spectrum in ceincidence
w1th electrons showed a predomlnant peak at 5. l7 MeV w1th very llttle

_ev1dence for the 5 27 or 5 51 MeV groups (see Flg 11). The gamma-ray
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spectrum in coincidence with the 5.18 MeV group showed gamma rays of 755
and 900 keV and”weaker'ones of 470 and'580"keV.'_Tniboincidenoe:with'the'A'\ \.
5.27 MeV group was, predomindntly the gamma ray &b 755 keV (see Fig. 12).

The 5.51 MeV group agrees well w.ith'the expécted energy For 'populating
the previously assigned Ol-: state at 605 keV. Tts intensity, 2.8 (£ 0.5) ¥ 1070,
is likewise in good agreement with ‘the sum of the intensities Of the 562:and
605 keV radiations previously Observed,5 3.2 % 16—6. Comparison of the
intenslty of the 5.51 MeV groupiin.eoincidenoe with gamma rays and electrons
establishes a maximum conversion_coefficient for the ~ 600 keV gamma rays of
1%. ThisAvalue is consistent;only with an El assignment‘forjthese transitions
and conflrms the" spln‘and parlty ass1gnment of l _— for the 605 keV level.
The hlndrance factor for the alpha populatlon to thls level is l60 éO
from our measurement | | |

The 5. 17 MeV alpha group whlch we observed in 001n01dence w1th
electrons agrees well w1th the ‘expected energy for populatlng the OO+ state
at ~ 9#0 keV  The observed 1nten51tw 3 L (+ 0. 8) x 10 z is in reasonable
agreement w1th the prev1ous measurement of the convers1on electron 1nten;>
sity, 5 X lO 7; The 1ntenslty of the 9OO keVVgamma ray 1n c01nc1dence
with the 5 18 MeV alpha groups, 2. 6 (+ O 8) X 10 7, is apprec1ably smaller
than the 1nten51ty of’ the 890 keV gamma ray observed in the prev1ous gamma-
ray slnéles measurement 8 x 10 7. For the reasons glven in the earller

238 : - '

sectlon on Pu results,vthe s1ngles measurement probably contalned a

con51derable portlon of an 875 keV gamma ray resultlng from a N (a,p)

L7

0] reaction. The 1ntens1ty of the conversion electron de- ex01tlng the

940 keV state relatlve to the gamma rays is only con51stent w1th the
presence of an EO tran51t10n.' Thus our results conflrm the OO0+ ass1gnment
238 -,

for the ~ 9&0 keV state in Pu The total populatlon to the beta band 1s

6 (1. 5) X lO 7 g1v1ng a HF of lO 3. No populatlon of the gamma vibrational
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state (:22+) at 1030 kth is obseé%éd and:a:igﬁér.limit of 20 can be-set for
thie Hindrarice' factor. = a | ‘

*" “The 580 keV'gammé féy"obéérved:in cbihCidéﬁce1with-fhéié.lB'MeV‘"
alpha group could represent a small “amount of ‘decay ‘of the 00+ state through
the OL- state but it must be caused at least.ih'partvby'a small overlap of
the relatively intense-5,5i'Mév*aibhé”gfoup'in the 5.18 MeV gate. Therefore,
the intensity of the 580 keV gamma ray, 6 x'io_8; fepresentsf6hly‘aﬁ upper |
limit‘t&‘the'branchihg from the 00+ through the 01- state (:5 10%) - This
relativély small Qalue i's in contrast to the COfréspondingfsituétion in Puzuo
wherémthié?branchiﬁg”iS'over 6% | |

: The 755 keV gémma“raijas observed tQ’Eevin éoihcidehce with both
“the 5,18'and 5.27 MeV élpha groups . Néugamma.ray bf this energy has been
observed in either the sihgles'gémmé.ray spectrum of'sz)1L2 é;pha-decay or

238Iu If thé 5.27 MeV alpha group belonged to Cm 3

243

the betd decay of Np
P

:”(infenéity’l;O X 107 “pér Cin ‘alpha'decay)'it.would pobﬁlate a state

~ 800 keV above the ground:étaté of Pﬁ239, This stéte\Could then de-excite
239 | |

o ‘thé ‘kiiown state of ‘Pu”>’ at 57 keV by an ~ 750 keV transition, in good

agreement ‘with the observed gamma-ray energy of 755 keV. The 755 keV gamma
ray in coincidénce with the 5.18 MeV alpha group, as well as the 470 keV

T i L e L coL-aks
transition may also belong to the decay -of Cm 43.

o More redent measurementsy on a pure szuzbsampie'préﬁe'that the
5.27 MéV‘élpha'grouﬁ and.thevh70“and 755 kév"gémma rays do not belong to.
b2 |

the decay of Cn°*?." The Iimit o the El cascade transitions has been reduced

to 0.T% of “the. total population of the 00+ state.
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D. Pu239_g¥U235

‘As mentioned in the intrdducfioﬂ,_the chéracterisfic_gssocigt}onﬁof .
strong eiectric mdﬁopplé trénsiténé with bgtavyibratioﬁai étates might make
it po§sib;e‘#Q'idgntify_one'in‘éﬁ oddevﬁuc;eus Wheré;the_high d¢n$ity"of a
partic;g,states makes the;identif?catidn of vibrationéllstatesfdifficulp. '»
Figure 13 showégth? resulf of an élphaQQlectronhdoinc;deﬁcg mgasuremen% yith
Pu239.'.Forty?§ix events weré obser?ed in gg‘many‘hours, bgt they‘stil;v
establish vefy‘clearly’an a}pha group'to a sta;e,or a.bgnQ gt 780 KeV,'
de-exciting by electron em;séiog of inten§ity 7 (¢-2)lx 10_8,: This agrees
reasonably well with the value found by K-X-ray.electron cpingidgnces;

1.5 (£ 0.8) x 10—7; In the alpha»spegtrum_in cbingidence with. gamma rays
ofrengrgytabéve 680 keV the peak isvfoundAggain,iw;thnintensity‘l78 (x 0.7)3110;{
The totel “intensity: is 2.5:(: 0.8) x 10—72 ggrrespoﬁd}ng.to HF ;.25vt 8¢3 |
The lével:decéys by_28% glgctrqn_emission andl72%.gamma emission.ﬂ This
demonstrates the Qccurre9c¢ pf an»EO transition-and thus of,a“beté vibrational
state (or band). The least hinderéd'aipha:grpgp‘in'Pu239 has HF = 2.5, so.
relative to'this group thie HF for*the al?ha.decay{tp ﬁhe 78Q kgV stg@e is

only 10 £ 3. Thé least hindered group populates the well known.;/2+ isomeric
5 _ : ,

leyel,in sz » a few electron“vo;tstabove”pheNY/Z - grognd §tgte?i Tpe‘”
logical assignment to the 780_kev leyel is then }/Zf. _It is inpgregt;ng toﬁ
consider the possibility“pf anpfher befa Yibrgtigng;:bapd pasgq ﬁpon.the_
ground state of U235J éne whicﬁlcould be régcheq p& Coulomb gxqitationf

V“if the discriminator level for the gamma:qounter,isllbwered to 580
keV a peak at 4.51 MeV is observed'pqr?espopding ?9 a_level_gt 650 (# 20)

v : : 21-22
keV. Gamme radiation in this energy range has been previously observed. 1

Our intensity, 8 (*3) x 10-7,-corresponds to a HF of 75 * 30, or 25 + 8
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relative to the least hindered alpha group. The 4.51 MeV peak is not seen

in the electron run, the conversion coeff1c1ent derlved is. equal to or less

than 0.01 Wthh allows an unamblguous ‘EL a551gnment We have a551gned the

state as K = l/2 - innanalogy to;the l—-states in even-even nuclei (see.

Fig. 5). A similar type of assignment has been made in the energy levels
2 ‘ " 239 < - ol 3
29 23 and for levels in U at 690

22 : . :
of Ac > populated by Pa alpha decay,

keV and at 665 keV deduced from measurements of gamma rays follow1ng thermal
. 238 20

neutron capture inU

234 a 30

E. U - Th.

Several levels gbove the ground state rotational band were previously

5 ) ’ .
known in Th 30; a Ol- state2§526 at 508 ké\lf?,?/.a00+.state5’2‘6’27 at 634 keV

and a 22+ state26 at 783 keV. Figure-lh shows the alpha spectrum found in

'coincidence‘with electrons in the present work The energy of the state in

U

Th 30 populated by the L. 12 MeV alpha part1cles,650 (+ 20) ke% is in
234 "2

good agreement w1th the value deduced from U 3 gamma, . ray > and electron

spectra,5 ~ 635 keVJ and a more precise value-of 634 keV, measured in the

230

electron capture decay26 of Pa The value for the intensity of a650 in

-7

coincidence with electrons, 2.1 (l 0.5) x 10 7, is'higher than previously

'reported 2 6 X lO -8 for the K-llne The gamma spectrum measured in coincidence

w1th 3 98 —94 38 MeV alpha partlcles (see Table III) was in good agreement
234

>
with the results of a measurement of the singles gamma spectrum 0 of U
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Table III.
~U ‘gamma rays -in coincidence with alpha particles 7 -
o LI 23k o o 25,27
a energy (keV) . Intensity per U Q decay Previous work.
510 : : b (i 1) x 10 o | .~v3 x 10
- . T ) - R R . »_7,.
585 __ _12( 05) x10 © ~ 1.6 x 10
(ko) <0.3x1077

The hindrance factor for the 0l- band is 300 £ 80; for the 00+ band it
is 4O * 10; and for the 22+ state HF > 20.

252 a. ., 248

'F. Cf 5 Cm

The measurements were compllcated by the presence of spontaneous
f1551ons (3% of all Cf 52 alpha decays) These produced abundant electrons
and gamma rays Wthh contrlbuted not only chance c01nc1dences w1th alpha‘.
partlcles but also true c01n01dences wlth the flSSlOn fragments gamma rays
maklng 1t dlfflcult to observe Very low 1nten51ty alpha groups | Saturated
pulses from the hlgh energy flSSlon fragments trlggered the ZET0 Cross-over
pick- off unlt later than those from the lower energy alpha pulses V‘It was
thus poss1ble to stop most of the hlgh energy flSSlOn pulses from pass1ng
'through the llnear gate and floodlng the biased ampllfler whlch was sen-
51tlve to hlgh_count rates.' N

The alpha spectrumgin”coincidence with'gammaArays oflenergyvgreater
than 225 keV gives indication of an @alpha group»of.abundance 1 r 10_5
going to an excited state at 680 keV. More prudently it can be said that
there is no evidence for the population of excited states above 400 keV
decaying directly to the ground state band by transitions of intensity
-5

(greater than 2 x 10 The corresponding limit for an alpha electron

measurement, discriminating at 400 keV electron energy, is 6 x 10_7.



‘s

e1-- UCRL -9938

‘FrOmjthie it is easily ealculated bhat;thereiare“no‘unhindered alpha -
transitions to levels in szuB between 820 keV and L0O ker There are no
alpha transitions with HF $ 10 to levels between 660 keV and hOO keV, etc.

If we define a '"regular" beta Vlbratlonal state as having HF § 10 and decay-
ing by fast EO and E2 transiﬁidns'in equal*inﬁensityi we can‘say that there
ls no Tregular”dbeta band in C_mz.a8 between 860 keV and 400 keV. |

253 a 2k9

G. E- Bk -

From’an alpba:epeotrum'measured in oolncldenee witb‘gamma rays of
energiee.abowe“héd keV bbereilSIQueStionable indioatlon‘of a lewel at 980
kéV"bopuiaféd'iﬁ“an'intehg§t§"é i¥16;6.: More safely;a limit of 4'x:l0—6 is
established. A.measurement with electrons of energy"abowe'ﬁOOnkeVdgives a
limit of 1 x 10_7. The llmlts apply to levels above 700 keV. Below this
energy the spectrum is obscured by a rotatlonal band bullt on a 388 keV
1ntr1n31c state and decaylng by Mﬂ tran51t10ns

It follows that no unhlndered alpha groups populate states 1n Bk 49
(decaylng within O. 02 usec by radlatlon of energy greater than 460 keV)
between lO7O keV and 700 keV. No alpha trans1t10ns with HF < lO goes to
levels between 900 and 700 keV etc Ithcan_also be sard that there is no

regular” beta band below llZO keV B - |
| 25h a % cr SO

A llmlt of 7 x lO -6 can be establlshed from an alpha spectrum
measured in c01nc1dence wlth gamma energles above 540 keV A.llmlt of
€ : . . : - . .
3 x 10 resulted'from a measurement w1th electron energles above 500 keV.
' ' 250 ‘

There is thus no unhindered alpha transiton”to levelsiin Ct

between 1080 keV and 540 keV, and no alpha group with HF < 10 populates
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levels.betweenHQBQlkeV;andHEMOnkeV;etc. There 'is no_!regular" beta band

below 930 keV. -

V. . SUMMARY AND DISCUSSION...

Figure 5 summarizes the results. ‘The information Obtained‘for the
octupole bands and the gamma vlbrational band_s does not 80 substantially
beyond what 1s already known and will need no discussion here

A quantlty of 1nterest28 for‘the characterlzat1on of the Ob% beta
v1brat10nal ex01tatlon 1s the.retlo.of‘the EO k conver51on electron 1ntens1ty
to the E2 gamma 1nten51ty | | o |
W, (20)

W (E2) -
U G

QK"(b' 5 2)

The experiment measures the‘totel Eb;intensityz The ratio of L to K
conver51on has been consrstently found to be 3 O 2 in accord w1th theory
Allowing for.conver31on in hlgher shells, we w1ll use K/KLM v O 77 as
a,correctlon factorsln‘order to obtaln thevK conversion 1ntenslty.' Unfor—”'u
tunately the.energy‘reéolutionwhes'not ln generalébeen sufficlentﬁto resolve
the 00+ level from the 02; rotational state. ;It‘ls aAreesOnahleﬁessnnption
though; supported by the_experiment;:that at least YO%Aof the alpha decay
goes to the OO+ level. The measurement therefore relates largely to the
00+ state.: The p0551ble error lntroducedﬁln the ernerlmental “K (O' —)2)

is accordlngly of the order of 20- 40% at most _With this reservation the

data can be presented as shown in Table Iv.
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L E 230
The alpha decay hindrance factors are low with the exception of Th'3 .

No beta vibrations have béen-observed in the nucLei‘lighter than Th23o. It

would be interestihg to‘know;whethér tﬂis has to ao ﬁith a systematic increase
in the hindrance fé.ctor and,/or the excitation energy

35

The 780 keV state in U is similar to the 00+ state in the neighbor,

23k

U , although pK_is someyhat'smaller._ The well established concept of the

low-energy level spectrum'offa deformed'odd—A nucleus as resulting from a
single particle céupledvtb an even-even core in which the particle can be
excited independently can thus, very logically, be extended to include low
energy excitations of the core. It would be interesting, and it seems
possible, to investigate éthér odd-A alpha emitters in the same mass region.
A startling feature of present studies is the drop in My by a
. o238 . 2ko . oo

factor of ten occurring between Pu-~  and Pu . It is very difficult to
understand this in terms of a purely ¢ollective model of adisbatic vibrations.
It gives evidence for an inability to distinguish ﬁhe_collectivé vibrational
aspect from the périicleféspéct invany;genefal waye' Keeping in .mind the lack
of success in identifying "regular" beta vibrations in thevétill heavier
nuclei, one might'gpeculafe that fhe'ﬁell established vibrational states

, s 230 238 o L
found in the region from Th © to Pu = may not be general for all nucleil
in the regions of&étable defbrmatiéns; An alternative'deSCription in terms

29‘321;‘ : 30

of quasi particle§'may-be_frﬁitful ; eé.g. Voros et al.” have calculated

o S . . : S okl
a O+ quasi particle state should lie as low as 1.2 MeV for PuZMO and Cm .
It is interesting to note that a réceqt theoretical treat@ent of the vib-

31

- showé the prevalent collective’

238

nature of the vibrational states found in the regionrfrom Th23o,to Pu is .

rational quadrupole excitations-by,Maréhalek

considerably weakéned for those nuclei which haVe higher masses, but remain

below the 152 neutron subshell.
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Fig. 1. Source detector arrangement; (a) for alpha -gamma,
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coincidences. . The position of the semiconductor alpha
detector can be varied relative to the source whereas the
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electrons > 450 keV. The squares refer to a control
experiment in which the response of the .anthracene detecto:

is recorded separately.
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Fig. 12).
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at the position of the 4,12 MeV peak for comparison (thin
line). The squares refer to a control experiment in which

‘the response of the anthracene detector to gamma rays is

recorded separately.
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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.



