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DECAY PROPERTIES OF Pu235, Pu23'l, .AND A }lli:\il. IS<Y.POPE Pu233 .J(· 

t ' . * T. Darrah Thomas, Robert VandenboGch, 

R:Lcht-,.rd A • Gle.G ::; , § and Glenn · T.. Seaborg 

Radia;tion Laboratory and Depar'l:J.ilent of Chenri;3~y 
U~iversEy of California, Berkele.:r, C{>.lifornia 

.. ·· .. 

fJ3S'IRACT 
. ~ ·. 

n Pul~37 Pu2J5 Electron capture and. alpha decay properties or · , . 1 a.."ld 

the nevr i ::::otope 

days for Pu237, 

2'~·'1. 
Pu J,) have been meam.ired. 'lhe overall half lives e.re 44±2 

26±2 
22r 23 

minutes for Pu J/, and. ~O:t2 minutes for Pu. :) • Two 

alpha groups, one of 5. 65±0. 02 Mev and one of 5. 36±0. 02 ~iev, were det·ected 

in the decay of Pu237 , one group of 5.1:)5±0.02Mev in the decay of Pu
335, 

and one of 6.30::tO.o'2 Mev in ·!.;he decay of I:-,}33. 'll!.e part.ial alpha ha.lf · 

lives corresponding to thc:se t:ilpha gn;ups are, for PU
237, (1. 7±0,4) x 10

1
} 

years and (4 .. 6±0.6) x 103 year~;, ref;:pectively; for Pu<)5, (1.7±0.~-) years; 
·;:;·-< ·. 

and for Pu~..,.:;, ll±lt days. On the basis of thG experimental data it hao 

been possible to calculate hindrance facotrs for.the alpha d.,;cay and log ft 

values for the elec·cron capture decay of the three isotopes and to cor-

relate their properties ~orith the alpha and electron capture systematics. 

* T'nis worl~ ;.;a;:.; performed under the auspices of the Atomic Energy Con:uuission, 

It is based in part on worl~ do:J.e by '£. Darrah i'homas and Robert Vandenbosch 

in :fiartial fulfillment of t.he requirements for the Ph.D. degree at the 

Univer3ity of California. 

tNational 8c).:mce Foundation Pre doctoral l<'ellow, 1954-1957. 

*National Science Foundation Predoctora.l Fellov1, 1955-1957. 

§Present s..ddrE.;ss: Stanfvrd Reseai'ch Institute, Menlo Park, California. 
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I. INTRODUCTION 

.The odd-mass neutron-deficient isotopes of plutonium have received 

little investigation since the initial disc0iery e.xperiments; in fact, Pu233 
. 232 2?4 . 

was heretofore und_iscovered, although Pu and Pu J ha.ve been lmown for 
1 

some time. PlutoniUlll-235 was first observed by Orth and Street, \ilho 

identified it as an isotope decaying primarily by electro11 capture with an 

overall half-life of 26 minutes. Orth
2 

detected alpha particles of 5.85 
Mev ener_gy which he attributed to the alpha decay of Pu235 and estilllated a 

partial alpha half life of about two years. James, Florin, Hopldns, and 

Ghiorso3 first. identifi-ed PuZ37, which vras folJ!ld to decay by electron capture 

· with a half life of about 40 days. A study of the gamma spectrum and 
-;>-:>7 4 

electron ·capture decay of ,Pu ... .J was made by Hoff, who measured a ratio of 

L to K electron capture of 0.88. Kalkstein5 has recently redetermined the 

L to K electron capture ratio to be 1.2. 

In the present work, overall half lives, partial alpha half lives, 

and alpha decay energieb have been redetermined or,·determined for the first 

time for. these three isotopes. From these data ·it. has been possible to 

calculate a.:pprox1L"lB.te:~ ya.lues of the departure, 6 ur hindrance, 7 factors· for 

· the alpha decay and log ft values for the electron capture decay of these 

nuclides and to correlate t~eir prope"rties v:~t.h the alpha 6 , 7 and electron 
. t . 8 t ti · cap ure sys ·ema · cs. 

The three isotopes studied were :produced with heliun1 iqna from the 

Crocker Laboratory 60-inch cyclotron by the reactions: 

u233 (a:,4n) Pu233 

u233 (a,2n") Pu
235 

u235 (a, 4n) ?U235 

u235 (a,2n) Pu237. 

Th(~ bombardments \'fere carried out as lJart of a study of· the excitation ~unctions 

for reactions , . induced by helium ions in. u233 and u235_, 9 which in turn .. is 

part of abroad program of investigation of spallation-fission in the heav:~est 
10 elements. · 
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For most of the experiments, uranium \laS electrodepositedll on a 
12 

dish-shaped aluminum backing plate and bombs.rded in a microtarget assembly, 
I 

which served as a combined target holder and Faraday· cup. For thB production 
235 . . . 2~5 . ot: Pu by the (a,4n) reaction on U ,). , a 3-mil .uranium metal foil vas 

bom.barded in a sira.ilar target assem'oly. The bombarded targe·ts and ~uminum 

cover and backiz;s foils -vrere dissolved in aq_ua. regia and the plutonium vlei.S 
1") 

isolated by·a precipitation an~ ion-exchange procedure. ~ T"ne purified 

plutoniUm. was electrodepositea13 on a 2-mil platinum pl~te and the radiations 

lrere counted in a standard· alpha-pulse -height analyzer. When the short._ 
2~3 2?~ . 

lived isotopes, Pu .; and Pu .;/, were to be studied, the time for the chemical 

operations was kept to between an hour and an hour and a half .. 

'lh~ electron capture decay of Fu235 and Pu
237 

1-1aa detected by counting 

the Auger and conversion electrons accompanying the electron capture in a 

continuous-flow-methene proportional counter ( UI~ucleometer11 , Radiation Counter 

Laboratories 1 Inc., Skokie, Illinois) 1 a windowless counter partic'Ularly 

sensitive to Auger electrons.· The counting efficiency, or ratio of ntt:mber of 

counts to number of disintegrations, of this instruni<;mt, 'mich varies from 

nuclide to nuclide and appears to depend on the decay scheme and decay energy 

of the nuclide in g_uestion, has been a matter of contiiderable uncertainty. The 

problems involved and several determinations o.f the counting efficiency will 
lh . . 

be presented by Glass 1 Carr 1 Gibson and Col;>ble. · In the present experiments 

it 'tvas necessary to deterraine the counting efficiency of the counter for each 
. . .· 14 . 

isotope studied. In gene raJ., the most recently determined values range from 

6o· to 95 percent, althou.g.h lower values have been measured. 15 It was not 
. . 233 

feasible· to make measurements on the electron capture decay of Pu becau!3e 

of the impossibility of resolving the activity due to the decay of ru233 from 

that due to the decay of p-.}3.5 1 Pu232, and Np233 (the daughter o:f Pu233), 

all of Hhich have sim:i.lar ha.lf lives. 

Ill. EXPERI14ENTAL RESUL'rS 

A. Plutonium-233. The alpha energy .spectr'Ulll of the plutonium fraction 

isolated fro...'ll u233 bo .. mbardeQ. with 46-Mev helium ion~ shm..red a peak. at the 
channels corre spondj.ng to 6. 3 Mev, with an average on four eX]_::~eriments Qf: 6. 30 

± 0,02 ~..ev. One of the pulse analyses is sho1m ·1n Fig. 1. The ;peak labelle·d 

..... 
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239 23° on the figure as Pu is duB to Pu 7 tracer 111hich w-as added when the target · 

vra$ disoolved to determine the chemical yield. The other peaks are due either 

to plu~t.0nium activities produced by the u2~U (a,xn) r.eactions or the u
228 

2'.)2 
produced by the alpha decay of Pu J • The peal'>- corresponding to 6. 3 Mev 

disappeared in succe~sive pulse analyses with a half life of about 20 minutes. 

r:nd.ividual valuez ranged from 17.5 to 24.1 minutes to give an overall half 

life of 20 ± 2 winutes. A typical decay curve is shown in Fig. 2. 

The possibility was investigated that the observed activity might be 
'.)')6 

due to cont&-11ination by Th'-'"' , 1.rhich has en aJ.;pha particle energy of 6. 33 l\.1ev 
. 9~4 

and a half' life of 31 ininutes and \<Ib:ich is a member of the Pu~J decay chain. 
226 

Etovrever 1 a number of conclusive experiments showed that the amount of 'J!n 

produced 'iras not sufficient to accoun:t for the ob;::;erv:ed activity. 

:i'he assign:tuent of this activity to the previously unobserved. nuclide 
2"''? ?u )...; is 'based primarily on three types of evidence.:- . a rough excitation 

function, the appearance in the pUlse .analyses of alpha particles attributable 
~29 2~~ 

to the Uc... daught.er of Pu -'-', and the compatabihty of' the alpha half life 
"' ·-

with the alpha decay systematics. iJ' { 

·Bince it was not possible to measure the electron capture disintegration 

rate of Pu233 directly i>rith the vrindow-less proportional counter, Np
233, the 

23'-
electrou capture daugliter o.f Pu .:l, was separated from an alitluot of' the plutonium: 

fraction by an extraction of neptunium-IV fr01n aqueous t:lolution into a benzene 

solu~Gion of thertoyltriflu.oroacetone. 'l'he activity due ·to the electron capture 
2-; .... 

of Np _):; was measured in the proportional ccunter a:nd :from this meaaUI"ed 

activity and an. assumed counting efficiency of &J~ :f'or the detection of electron 

capture. dbintegra:tions of Np
233 the disintegration. rate of Np233 was calculat~d. 

'l.'he electron capture disint.egration rate of Pu233 was, in turn, calc·ulated ·f~cim 
. 233 '"'37 the disintegration ra"'..;e of Np wd the extraction yield of' Npc tracer added 

to the )~lutcniurn before separation. The ratio of the alpha disintegration 

rate to the total disintegra-tion rate, or alpha branching ratio; is (1.2 ± 0.5) 
x lO -3, from which is calculated a part:i.al alpha half life of 11 ± 4 days. 

1 2 
B. Flu'!:~onium-235. 'I'he values determined by Orth ' of' 26 ± 2 minutes 

:for the overall half life and 5.H5 ± 0.03 !»iev for the alpha energy have been 

confirmed by the present work. A revised aJ.pha branching ratio of (3.0 ± 0.6) 

. x 10 -) has been calc:u.lated usin.g an electron carJturc cou .. f).ting e:f'fi.ciet'lcy of 

. ' 

·;; 
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. . 

70 percent. The figure· 70 percent is based on an absolute disinteg:ra:t.ion rate 

determined by counting the K x .. raya ·accompanying the electron captu,re w.i t.h. a · 

50-channel pulse height anaJ..yzer, usin'g a thallium•activa:ted -sodium iodide 

crystal coupled t.o a, photomultiplier tube as a detector;. The number of K­

electron capture events per ·minute was determined from the K x-ray coWlting 

· rate J the lmovm geom.etry and counting efficiency of the counter, and a K 

fluorescence yield (i.e.,· the ratio of the number of vacancies in the K-she~ 

to the IWnl.ber of K x-rays emitted). of 0.97, which is the valu.e determined 
16 

by Gray for uxanium. To calct.j.].ate th.e total num1)er of disintegrations 

per minute it lms necessary to kno\.r what fraction of the electrons capttu'ed 

were from the Lor ·higher shells. On the bs.sis·of the theoretical.work of 
. l .... : . . 
Brysk and Rose, 1 t;he L electron capture to K elecJGron capture ratio vras 

estimated to be 0. 23. It 1.;as assurJ.ed that capture from the .M and higher 

ohells is negligible. 'I'hie cou..'lting efficiency is con3istent vri th one \-Thich 

can be estimated from tj:le amoUnt of Np235 activit)'9 produced from the electron 

capture decay of. :P\}~35 • (No reliable value was obtail.1ed by the second method 

because of the extremely lc1>r counting rates of the Np 235. ) 'fue partial alpha 

half life calculated from the above branching ratio is L 7 t 0. 4 ;year:s. 

2"'7 
C. Plutonium-2JJ. In the early experiments on Pu 5 , James, Florin, 

? ill 
Hopkins; and Ghiorso,-' Hyde, . Stud.ier, a.nd Ghior.so, end Jmn.es, Thompson, and 

Hopkins19 reported. only an. appro:r..imat.e half life of 4o day~ and detected. no 

alpha particles which could be attributed to this isotope. The overall half 

life hat> been more ac~urately determ.ined ir.~ the ~r:.'!sent experim.ent~s to be 

41~ ± 2 days. Furthermm.·e, lmr intensity alpha activity de,caying •lith this 

half life has been observed in pulse ana.lyses 1 appearing at the charmels 

corresponding to 5.65 ± 0.02 Mev ~d 5.36 ± 0.02 Mev (See Fig. j). The ·peak 
2]9 ')""'0 . 238 

attributed to Pu is due t-:> Pu'"'5 -' tracer and t.he p-~aks attl•ibuted to Pu "" 
2''6 '"'35 2~r: ·. 

and Pu'5 arc due to the products of the uc. (a,n) and u jJ (a,3n) reactions, 

re specti veiy. '.fhe 5 .65 Mev group accounts for 21 ± 4 percent of the alpha 

activity and the 5. J? Mev group for 79 ± 6 1:1ercent. .1l".b..e fact that the energies 

of' the tvo alpha groups are separ-ated by 300 kev suggests that the lo,•er 
2- ., 

energy group is popul.a.'!;;big a 300 kev level in the daughter, U j.) A level 

of this energy has P..lso ·~been observed in u2'33 from the beta d-ecay of Pa 233. . 
20 

' t 
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The cmmting efficiency of the proportional coui'lter for Pu237 was 

determined by ttro methods: by x-ray counting, giving a value o.f TT%· and by 

a 11ass spectrometric technique, giving blcf,. 'rb.e x-ray counting ex;perintent · 

was similar to that on Pu235. The K .x-rays following the. ele-ctron capture 

were counted and the disintegration ·rate ·v;-as calculated f1·om the K x-ray 

counting. rate, the known geometry and counting efficiency of the cbunter, 

a K fluorescence yield of 0. 97, and the estimated contribution of eiectron 

cap·ture from the Land hig.l:ler shells. Kallcstein'} value of 1.2 for _the 

L to K electron capture ratio was used and the contribution of electron 

· cQ.pture from the M and higher shells vras 

mass analysis t:xperiment, a portion of a 

assumed to be negligible. . In the 

sarnple containing both Pu 236 ·$10. 
2~ . 

Pu .J vtas nw.ss analy::.ed to detennine the 
2""7 . 

ratio of the .nt.lmber of J?u .i atoms 
. . 2'-'6 

to ·~be number of Pu J atoms. The activity from another portion of the 

se.me sample \-raG measured ih the proportional counter, in an ionization 

chamber with a 1{.110"\•m. efficiency for the detection of alpha disintegrations, · 
. . 

and in an alpha-pulse~height analyzer. The fraction Of the alpha activ-,ity 
2~6 

vThich 1rras due· to Pu ..J wa8 determined :t,'rom the pulse a.nalysj.s. From this 

fraction, the alpha disintegration rate, and the half life· o.f Ptt
236 , the 

. 2~6 . . . . 
number of atoms of Pu :J was calculated, and, from thl.s f~gure and the atom , . . 

237 . 23b . 237 ratio of Pu to P'J.. in the sample, the number of atoms of. Pu · • :rb.e 
e.lectron capture disintegratidn rate of Pu

237 1-1as, in tu.rn, calculated on 

the basis of the nuiuber of atoms and half life of Pu237. Fin~ly / the 

counting efficiency is e'1ual to the ratio of the proportj.onal c.owJ.ter. 

activity to the disintegration rate. Calculation of the alpha branching 

ratios fer the two obcer-.,red alpha groups; using 79 percent :for t,he electrori · 

capture counting efficiency of the proportional counter, _gives ( 2.6 ± O.j) 

x 10-5 for the 5. 36 Hev- group and ( 7 .1 ± 1. 5) x 10-6 
for the 5. 65 l•lev .group. 

1hese valueG C·~:rrespond to partial alpha half lives of (1;..6 ± 0.6) -~ l03 
1 

y-ears an~ (1.7 ± 0.4) x lO·:t years, respectively. 

The results for the three isotopes have been Enmllll.al'ized in 'fable I. 

IV. ALPILn. /l.ND ELECTRON .CAP'I''URE SYS'J3El-1.ATIC.S 

In comparing partial alpha half lives, it is infor-wati ve tO calculate 
.... 

hindrance fa.ctorG, .I F, for the alpha decay. The results of such calculations 

for Pu 233, Pu235, an.d Pu 237 are given in Table I. _; comparison of these 

'· 
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hindrance factors with those of other odd ii!ass plutonium isotopes 7 shows that 

the hindrance factors for the most abundant alpha t~a'rlsition in these isotopes 

al.l Of the "'"'=e order f · · . · For Pu241 F· ·· - " d f Pu. 239 · are "'"""" o magru:cuae. ... 1 ~s j.Go, an or . , 

F is 2.9. 
On a. plot o:f a.lph,a. parUcJ.e energy versu.a. ma.ss number, the alpha 

energies'' of the m.ost abundant transitions of t.h.e odd mass plutcnium isotopes 

fall lcn.r relative to the line Joining the points corresponding to the energies 

o.f their even mass neighbors. (See Fig. 4). I:f one plots, instead of the 
what is preswned to be 

ene_rgy of the r1ost abundant transition, the energy of Atlle ground state tra.nsi tion 
2":<7 2l~l 

for Pu ..- and Pu , the resulting points lie on the liue ~1oining the energies of 

the even mass isotopes. On the possibility that tho-se isotopes v1hose highest 

knowLl energy transition.falls on the lower line have a higher energy transition, 

an experiruent was performed to look for a possible higher energy alpha group . 
l·n Pu235. No such group 1-ras seen .and it rlas po::;sible to s.et an upper lilltit. of 

5 percent for the abundru1ce of sny al.pha group in the energy range 5. 5 to 6. 5 Mev. 

'l'h.e electron captUre half lives of Pu235 and Pu237 hav-e pl~eviously been 
8 

correlated with other electron capture hai:f lives b;y Hoff and Thom:pson, ,;rho 
2":.''- . . ??? 

calculated log ft values of 5.1 for Pv. J-:J and 6.8 for Pu~...~ , using the assumpM 

tion .that the. electron capture transitions '"ere. ground state tre.n£-iitions. 
?1 2? "~3 

l!,rom closed. energy cycles~ ' ~ and the measu.red alpha decay energy for Put::i.) 

z~·· 

one can calculate an electron capture dq!cay energy of 2.08 r.Jev for Pu 55 •.. If 

the a.ssU!llption that most of the electron captu.re events in Pu
233 proceed. to 

·the ground state is valid, the 2.08 t;1ev decay energy and 20 minute half .l~fe 
-17 2') . 

correspond to. a log ft value of 5. 6 ' J indicating that the tra'lsi tion ~J 

allowed. The half life and decay energy correlate well wi·th the half li v~s 

·and decay energies of similar transitions 
8 

in other heavy ele111ents. Usind 
235 '>';<7 the values f'or the electron capture decay energies of Pu arid Pu .... .J . , l , 

calculated freta their. alph;;.. d~cay energies by the method of closed cycles,; 
the above values for the half l~ves, and the -assumption of ground state 

·transitions, log ft values of 5:2 for Pu235 and 6.5 .for Pu
237 have been 

calculated. 
•"'")7 

It is interesting to note that the electron capture decay of PuG.). 

is first forbidden and that the alpha-decay hindrance factor for what is 

presumed to be the gruund Gta.te tra.11dtion iS relatively very hl,gh. 0n th~ 

Pu233 ,,.,d Pu235 other hand, in the case of both ........ the electron capture decay 

is allol-ted and the hindrance fac·tors. are lmr. 
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.Table I 

AlpP.a Decay 

Isotope Overall · Pa.rtial-1Upl1a 
Half life Half life 

1Upha. 
Energ,y {Mev) 

Pu233 20 ± 2 m 11 ± 1~ d 6.30 ± 0.02 

p 2~5 u ~ 
.,-,/ 
GO :I: 2 m 1.7. ± 0.4 y 5.85 ± 0.02 

'.Pu237 44 ± 2 d <L 7±0·.·~:y~~4 y 5.65 ± o.OG 
( 4 .~. ,-) l 3 .b±O.o xO y 5.36 ± oc.o~r 

. , .. 
. .. :. ' 

IIindxan.ce 
Fac·bor 

F 

3.1 

1.2 
.. 

103 .1,. L"'t 

•7.0 

Electron Capt-ure Decay .· . · 

calculateda. Log rt :,~: 
Elec~Gron Capture .. .. ~:. 

DecaSi: .Enertw ·(ME;!v) _....__..):~ 

2.08, 

i.l{.: ··.·. 
.·.·.·\:·) 

0 .t~.2. 

.:.< 

a The methods of'· referen~e -2·~.';t.egether >vi th .da'ta · gi veil in ref'ere.:nce 2·i. and the;· 

e17ergies given in the PI:esent work ••ere used tO ~al~;llate the electron capi\lre 
' . ·. ' 
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FIGURE -1. 

FIGURE 2. 

FIGURE 3. 

PulE!e analysis showing alpha activity due to the decay of 

Pu239 and of the products fi-6n1 the u233 (a,m) reactions. 

Decay curve show·ing the decay of the pulse analysi-s pe.ak 

corresponding to 6 . 3 l-:1ev. , 

Pu:lse analysis showing ·alpha activity due to the decay of 

Pa239. ~- of the products from the u235 (a,xn) reactions. 

Alpha decay energy vs mass number for plutonium isotopes~ 

' • ' - most- abUndant transition 

(for Pu237 and Pu
241

). 
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