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ABSTRACT

. . . . ) . . § . . lz.qr- 27 - .
Electron capture and alpha decay propercies of Pu “(, Pu,JD, and
£yan . .

. : 233 ; o d . . ks
the new isotope Pu ~” have been measured,  The overali half lives are hha2

’ 2" . 20T ) ) 5
days for Pu“jT, 2612 minutes for PuaJ), and £0*2 minutes for'Puajj. Two

A

alpha groups, one of 5.6520,02 Mev and one of 5.3620,02 Mev, wers detected
2

' 7, one group of 5.0520,02 Mev in the decay of Pu‘jﬁ,

C

in the decay of Pu
and one of $.30$0.02 Mev in the decay of Fu“ >, fhe partial alphs half

, , . : C 23 ‘ 4
lives corresponding to these alpha groups are, for Pu 37, (1.7+0.4) x 10

years and (4.5%0.6) x 103 yeary, respectively; for Pu?’?, (1.7%0.4) years;
and for Pusjj, 1134 days., On the basis of the experimental data it has - , E
been possible o calculate hindrance facotrs for the alpha dacay and log ft -

values for the electron capture decay of the three isotopes and to cor-

relate their properties with the alpha and electron capture systematics,

* . o A
This work vas performed under the auspices of the Atomic Energy Comuission,

It is based in part on work done by ‘F. Darrah Thomas and Robert Vandenbosch
in partial fulfillment of the requirements for the Ph.D. degree al the
Urtiversity of California,.
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National Science Foundation Predoctoral Fellow, 195Lk<195T7.
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Nationsl Science Foundetion Predoctoral Fellow, 1955-1357.

dpresent sddress: Stanford Research Institute, Menlo Park, Califormia.
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I. INTRODUCTION

The odd-mass neutron~def101ent isotopes of plutonium have received
little investigation s;nce.the initial discovery experiments; in fact, PuaJ3
was heretofore undiscovered, althouéh Pu232 and PuZBh have been known for
some time. Plutoniwm-235 was first observed by Orth and Sﬁreet,l who
identified it as an isotope decaylng primarily by electrog capture with an
overall half-life of 26 minutes. orth? detected alpha particles of 5.85
Mev energy which he attributed to the alpha decay of pu?3? and estimated a
partial alpha half life of about two years. James, Florin, Hopkins, and |
Ghiorqo first identified Puz“’7 which was found to decay by electron capture

- with a half life of about 40 days A study of the gamme spectrum and

electron capture decay of Pu 3T was nade by Hoff, who measured a ratio of
L to K electron capture of 0.88. Kalkstein’ hes recently redetermined the
L to ¥ electron capture ratio to be 1.2, . |
 In the present work, overall half lives, partial alpha half lives,
ana alpha decay energies have been redetermined or determined for the first
time for these three isotopes. From these data it,has been possible o
calculatéV&pproximatelyalues of the departure,6 or hindrénce,7 factofs‘for
* the alpha decay and log £t values for the electron capture decéy of these
nuclides and to correlate their properties with the alpha6’7 and electron
“capture8 systematics, |

- II. EXPERIMENTAL PROCEDURES

The three 1botopes s»udied were producod with helium.iona fram the
Crocker Laboratory oOolnch cyclotron by the reaculons.
y23 (a,lm) GEE
(233 (,m) B

[(¥V)

yé3> (a,hn) pu?3?

P (a,20) Pa®,

The bombardments were carried out as part of a study of the excztation functlonn R

for reactions - “induced by helium ions in Ua33 U235 9 which in turn - is

part of a broad program of investigation of‘spallatlan-fisslon in the heaviest
10 ' ’
elements.
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For most of the experiments, uranium was alectrodepoSitedll on & .
divhnshapéd aluminum backing plate and bombarded in e microtarget assem]ol:,f,'12
which served ac a combined uarget holder and Faraday cup, For the prodncnlon
of Pu 235 by the (a,in) reactlon on U 35, a 3-mil uranium metal foil was
bombarded in a 1mllar tarbet assemnly. The bomberded targets and alumlnum
cover and bachigg foils were dlssolved 1n‘agna.regia and the-plutoniﬁmvwés :
isqlated by & precipitation and‘ion~eichange procedure.12 The purified

13 on a Z-mil platinum plate and the-radiations

plutonium was electrodeposited
wvere covnted in a standard alphawpulse-helght analyzer. When the ohort-
lived isotopes, Pud“’3 and PuZJ), were to be studied, the time for the chemical
operations was kept to between an hour and an hour and a half '

235 snd Pu237 was detected by counting

The electron capture decay of Pu
the Auger and conversion elecfrons.accom@anying the electron capture in a
continuous-flow-methane proportional counter ("Fucleometer", Radiation Counter
Laboratories, inc.,-Skokie, Illincis), a %indowless counter particularly
sensitive to Auger electrons. The counting efficiency, or ratio.of'number'of
counte to number of disintegrations, of this instrument, which varies from
npuclide to muclide and appeers to depend on the decay scheme and decay enérgy'
of the nuclide in question, has been a mabter of considersble uncertainty. The
problens involved and several determinations of the countiag efficiency vill
e presented by‘Glass, Cair; Gibson and Cob‘ble.lh in the preseny experiments
it was necessary to determine the counting efficiency of the counter for each ‘
isctope studied. In general,lthe most recentlyfdeterminedlu values raﬁge from
60 to 95 percent, although lower values have been measured, 15 It vwas not .
feagible- to meke measurements on the electron capture decay of Pu 233 becaube
of the imposcibility of re&olvxng the actlviuy due to the decag of Pu 233 from
that due to the decay of Pud’?, Pua32, and Hp' 233 (che daughter of Puzjj),
all of vhich have similar half lives. |

ITI. EXFERIMENTAL RESULTS

A, Plutonium-ajj The alphe energy spectrum of the plutonium fraetion

isolated from Yoo bombarded with 46-Mev helium iong showed s peak at the
channels corresponding to 6.3 Mev, with an average on four experiments of 6,30
+ 0,02 Mev, One of the pulse analyses is shown in Fig, 1. The peak labelled
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239

on the figure as Pu is due to Pu 233 tracer which was added when the narget

tas -dissolved to determine ithe chemical yield . The other peaks are due eicher
to plutonium activities produced By the ge3s (agxn) reactions or the U228
produced by thé alpha decay of PuZBZ, The peék corresponding to 6.3 Mev -
disappeared in successive pulse analyse with a half life of about 20 minutes,
Individual values ranged from 17 5 to 2hk,l minutes to glve an oversll half
life of 20 # 2 minutes. A typical decay curve is shown in Fig. 2,

The pOBolLlll'tj ‘1% investigated that the observed actlvity migh‘t‘ fae ’
due to contaminetion by Th b, which has anialpha.particle energy of 6.33 Mev
and a half 1life of 31 minutes and vhich is-a meﬁmer'of the Pu‘3L decay chaln,
However, a pumber of coﬁcluuive éxperimentr showed thaa the amount of anqb
produced was nov Vuff1c1enu to account for the cbserved activity. _

The assignment of this activity to the previ@usly unobserved‘nuclide
Pu233 is based primarily on three types bf evidence:: a rough excitation |
functlon, the appearance 1n bhc Pulbt enalyses of alpna particles attributable
to the U 229 daughter of Pu® J*, and the comgatab111ty of the alpha helf life

&
wxnn the alpna deca  systematics, 2

-Gince it was noi po sible o measure the electr¢n capture dlblntegrahion '

233

rete of Pu® jj directly with Lhe'wipdswlebg proportional counter, Rp 3 the -

electron capture deéughiter of fuajj, was separated from an aligyuet of the plutonium

fraction by an ext r&ction of nep~un1um~IV from aquuous solution 1nud a bunfene
solution of thenoyl rlfluoroaceuone The activmty due to the electron capture
of hpz7J was measured in the proportzonal counter and frum this measured -
getivity and an assumed counting efficiency of 0% for uhe detection of electron
capture disintegrations of Np'gz the disintegration rate of Rp~ “3
‘The electron capiurse dlalntegrailon rate of Pu 233 was, in turn, calculated from
the disintegration rate of N“d33 and the extraction yield of ﬁpg37'tracer added
to vhe plutenium before separation. The ratio of the alphe disimteéraﬁion ‘
rate to the total disintegrat¢on rate, or alpha branching ratio, is (1.2 % 0,5)

3

x 1077, from which is calculated a partial alpha half life of 11 # k days.

B. Plutonium-235. The values_determinedbby'Orthl’z of 26 % Z minutes
for the overall helf life and 5.65 + 0,03 Mev for the alpha energy have been

cOnfirmed by the present work, A revised alpha branching ratio of (3.0 ¢ 0.5)

vx 1077 has Lesn caleulated using an electron capture counting afflcieney of

was calculaged, o

N,
>4

X
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70 percent, The figure 70 percent is based on an absolute disintegrétiOn'rate
determined by counting the K X~rays accompanying the electron capture with’a'
50-chenpel pulse height snalyzer, using a thalliws-sctivated codium iodide
cerystal coupled to @ pholomultiplier tube ag a detector, The number of K- : . ; ;
electron capture events per minute was determined from the K x-ray counting i J,‘ R
‘raxe, the knovn geometry and counting efficiency of the counter, and a K
fluorescence yield (i.e., the retio of the mumber of vecancies in the K-ghell ;

to the number of K x-fays emitted)lof 0.97, which ig the valuve determined

5 v ’ . ! LR

by Graylo for uranium, To calculate the total number of disintegretions C
per ninute it was necessary o know what fraction of the elecirons captured . ;i;
were from the 1 or higher shells. On the basis of the theoretical work of - - ' ‘ };

>

Brysk and Rbse,l{:the-L electron capture to K'eleétron capture ratic was
estimated to be 0,23, It was assumed that capture from the M and higher
shells is negligivle. This counting efficiency is consisvent with one which E

235 9 o

activ1uy produced from the electron
capture decay of, Puzjj. (Ko reliable value wes obtained by the second method

c¢an be estimated from the amount of Bp~

- because of the extremely low counting rates of the Hpajs.) The partial alpha : s
half life calculated from the above branching ratio is 1.7 2 0.4 years.

C. Plutonium~237 In the early experimeénts on PuZBY, James, Florin, ’ oy

Hopkins; and GhlorbO,J Hyde, . Studier, and.Ghioruo,lg and James, Thompson, &nd : Ty
Hopkinsl9 reported only an approximate half life of 40 days and detected no A
alphe particles which could be attributed to this isotope. The overall half | }i
life has been more accufatély determined in the present experiments to be '
L = 2 days, Furtheréore, low intensity alpha activity decaying with this ;f
half life has been observed in pulse analyées, appearing at the channels '

correspondlng to 5.65 # 0,02 Mev g ;nd 5.36 % 0,02 Mev {See Fig. 3). Thé'yeak
atbtributed to Pu 232 is due to ana’ tracer and the peaks attributed to Pu238
and Pu236-are due to the products of the U 235 (¢,n) and Ugj) (a,3n).reactions, _ L
respectively. The 5.65 Mev group accounts for 21 # 4 pereent'of the alphe ' ‘
activity and the 5'36 Mev group for 79 £ 6 uercﬂnﬁ The fact that the energles

of the two alpha greuns axre peparated by 400 kev buggebts tha{ tho iower

energy group is populating a 300 kev level in the daughter, U 5 . A level . S .é
233 233 20 t

£ this energy has also benn observed in 134 from the betae decay. of Pa ..
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The counting efficiency of the proportional counter for Pu237_was-‘
determined by two methods: By x-ray counting, giving a value of 7% and ﬁy;'

a mass specirometric technique, giving &1%, The x-ray counting experiment .

was sinmilar to thal on Pugss. The K x-rays following the. electron ca@tuie
vere counted and the disintegration rate was calculated from the K x-ray

'counting'rate, the known geometry and couniing efficiency of the counter,

a K fluorescence yield of 0.97, and the estimated contribution of electron -

capturé from the I and higher shells. Kalkstein'ss Qalue of 1.2 for the
- L to K eleciron capture ratio was used and the comtribution of electrdn
“capture from the M and higher shells vas assumed to be negligible., In the
mnass analysls experiment, a porulon of a sample containln both Pu 236 and

pu 237 237 _,

was mass analy"cd to determine the ratio of the number of Pu atoms

236

to the number of Pu 3 atoms, The activity from another portion of the

seme sample vas measured in the proportional countﬂr, in an 1onizax10n

chamber with a kuown gff10¢ency for the detec»10n cf alphs dlointegratlons,'

and in an alpha~nulse~heléh* analyzer, The fraction of the alpna autiv1ty

vhich was due to Pu 3 vas datermined from the pulse analysis. Prom thlu
fraction, the alpha disintegration rate, and the half life of Pu 36, the

"‘3

nwaber of atoms of Pu®> was caleuvlated, and, from this figure and the atom

ratio of PuaB{ to Pu“ 236 in the sample, the number of atoms of. PQ 3? The
electron capture disintegration rate of Pqu7 was, in'turn,‘calculatﬁd on
the basis of the number of atoms end half life: of Pu237. Finally, the
counting‘efficiency is equal to the ratio of the proportional ebunterl

activity to the disintegration rate. Calculation of the alphe bréanching

ratios for the two observed alpha groups, usiag 79 percent for ‘the electron -
cepture counting efficiency of the proportional counter, gives (2.6 ivo_s)i
x 1077 for the 5.26 Mev group and (7.1 + 1.5) x 10 -6 for the 5.55 Hev group,

These values correspond to partial alphs half lives of (k.6 +0.6) x 105
1
yeers and (1.7 ¢ 0.4) x 107 years, respectively,
The reoulns for the three isotopes have been summarired in Table I

IV. ALPHA AND ELECTRON .CAPTURE SYSTEMATICS

In comparing partial alpha half llves, it is informative o calculute '
hindrance factorb,' F, for the alpha decay. . The results of such calculations '

for Pudjj, Puaj , and Pu” 231 are given in Tsble I, 4 comparison of these

N R A

™. T e
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hindrance factors with those of other odd mass plutonium isotdpes7 shows that

the hindrance factors for the most abundantfalpha transivion in these isotopes

are all of the seme order of maegnitude. For Puzhl, F is 3.2, end for PuS37,

Fis 2.9, .

On & plot of alpha particle energy Versus-mgsavnumber, the alpha
energie57 of the most abundant transitions of the odd mass plutcnium isotopes
falivlow relative io the line ;oiﬁing the ppints cbrresponding ©o the epergies

of their even mass neighdors. (Bee Fig. 4), If one plots ,'1nstead of the
what is presumed to be

unergy of the most abundant transition, the energy ofzthe ground state transition

2hl

for Pu a3t and Pu~ ~, the resulting points lie on the llne Joining the energles of

the even mass isctopes. On the possibility that those isotopes whose highest

known eénergy transition falls on the lower line have a higher energy cransition,

an experiment was performed to look for a pO¢sible higher energy alpha group

in Pu“Js. No such group was seen and it wa s possible to set an upper iimit of

5 percent for the ebundance of eny alpha group in the energy range 5.5 to 6,5 Mev,
The electron capture half lives of Puag) and Pu e3r have previously been

correlated with other elecnron capbture half llves i Hoff and Thompson, who

r ym

calculatea log ©t values of .1 for Pu 235 and 5.6 for Pu” J7, using the assump-

tion that the electron cagturc transitions were cround state transitions,. v
From closed energy cycleg™ &L, df and the measnred alpha decay energy for Pu233
one can calculate an electron capture decay eqergy of 2,00 Mev for Pu233.:f1f

the assumption that most of the eleciron capture events in Pu 233 proceea to

the ground state is valid, the 2,08 Mev decay energy and 20 minute half life

correspond to & log £t value of 5.6 17,23 i

allowed, The helf life and decay energy correlate well with the half7liv§é'

ndicatving that the tran51t10n 13

-and decay energies of similar transitions  in other heavy elements. Usiné
the values for the eiectron capture decay energies of Pu235 and'PuESY, 2
calculated from their alphs decay emergies by the method of clpsed cycléég
the above values four the half llVéS, and the as sumption of ground state
Lran31tlono, log £t velues of ) 2 for Putd’ and 6.5 for Pur3? have been
calculatod.

' 79
. It is interesting to note that the electron captiure decay of'PuGJ?

1

is first forbidden amnd that the alpha-~decay hindrance factor for what is
presumed to be the ground state transition is reletively very nlgh On thé
other hand, in the case of both PuZJD and Pu” 235 the electron capture decay

is allowed and the hindrance factors are low.

L



5

-8 7 UCRL-3561

V. ACERCOWLEDGMENTS

We wish t0 express our appreciation to Maynard C. Michel for doing
the mass enelysis of the plutonium isotopes, It'is.a pleasure to acknowledge
the assistance of W. B, Jones, P, F. McWalters, J. L, Wood, and the crew of )

fhe Crocker Leboratory 60-inch cyclotron and of Mershall Lombardo and-oﬁher
members of the health chemistry and transportation"groups of the Radiation
Laboratory for their expeditious delivery of the bombarded targets.

. o
t o .
1 ST
. L
¢ -
.
!
t
§
’
.
Pl
I
i
¥
.-
I
.



-9~ YCRL-3661

Table T _ : L

| S __Alpha Decay [ Elécfmn Capture Decay -

Isotope ~ Overall  Partial-Alpha Alpha Hindrance Celculated® Log £t
Half life  Half life Energy (Mev)  Factor Electron Caphure K

' S P Decaz_Ene:gy (Mev)

11 2 k a 6.

g
W
o
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(@}

4

N

=

oY
<

£0.,02 3.1 2,08 7

0N
LAd
Ut
\Jt
2]
4~

L. 7 & O 4y J

4

0,02 1.2
£ 2 d (1 710 u)xxo ¥

[9%]
(03
H
)
g

“Pu

23 £0.02.  1,1x 103

s
. .}
=
F
b
RS
o\
i

N
(WY
c_\".

<(k,bi@,o)3ﬁlo3y' ) £ 0,02 7.0

® The methods. of refercnc» 22 tegether with daLa &iven in reference 21 and the
energies given 1n hhe prcsent Work were uscd Lo calculate the elecnron capuure

decay energiles,
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FIGURE 1, Pulee analysis showing alpha sctivity due to the decay of

,51239 and of the products from the y?33 (,sn) reactions,

FIGURE %, Decay curve sh§ﬁiﬁg the decay of the pulse analysis peak
corresponding to 6,3 Mev, ' k
FIGURE 3;  Pulse analyslo shovwing alpha activzuy due to the decay of

PuCJ9. and. of the products from the § 235 Gx,xn) reactlong.

FIGURE 4. Alpha decay energy vs mass number for plutonium ic otopea

* - m03u dbandant trangluion - & - highest energy transzuion_.
(for PuZ3T ana Py, ' o
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