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Electron capbture and alpha decay propertiez of Eu “‘, Pu“JD, and
RS .
Ghe new icotope Pa “J° have been measured. The overals half lives ere hidd
Rl i s . B ] $4
days for Pu~~', 262 minutes for Pu J), snd 2042 minutes for Pul” Two

alpha groups, one of 5.0530,02 Mev and one of 3,2640,02 Mev, wers detected
in the decay of PuZﬁ , one group of 5.:5%0.02 Mev in the decay of Pu“dj,
she “3 0 The *“ar‘%'ial alphe half
for Du , (1.720.%) % 10

for Puc- 7 (L.7#0.,4) wears;

[

and vne of 5.30:0,02 sev

lives correcponding

£

years and (4,%%0.9)

and for Pu” -7, 1lxk days, On the basgis of the experimental data it has
been possible to ealculate hindrance facotr: for the alpha decay and log £t
values for the sleciron capture decay of the three isotopes and to cor-

relate their propertics with the alpha and slectron capbure gystematico,
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I. INTRODUCTION

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

. 22
little investigation since the initial discovery experiments; in fact, PuéJE
23z and Puzgk

some time, Plutonium-235 was first observed by Orth and Street,l who

was heretofore undiscovered, although Pu have been known for
identified it as an isctope decaying primarily by electron capiure with an
overall half-life of 26 minutes. Orthg detected alpha particles of 5.85
Mev energy vwhich he atitributed to the alpha decay of Pu235 and estimated a
yartlal alpha half life of about two years. James, Florin, Hopkins, and
uhiorso first ldentified Pu““T, which was found to deesy by electron capiure
“with a half life of about 40 dmys. A study of the gamme spectrum and
electron capture decay of Pu” =37 was nade by Hoff, b who measured a ratic of
L to K electron eapture of 0.88, Kalkoteinb has recently redetermined the
L to ¥ electron capture ratio to be 1.2.

In the present work, overall half lives, partial alpha half lives,
and alpha decay energies have been redetermined or determined for the flrst
time for these three isotopes. From these data it has been possible to

; 5 ’
calculate aspproximagte.vyalues of the departure,o or hindrance,?

Tactors for
" the alphe decay and log £t values for the electron capture decay of these
nuclides and to correlate their properties with the alphap’7 and eleciron

‘ca,ptureo systematics,
II. EXPERIMEATAL FPROCEDURES

) The threc isotopes studied were produced with helium ions from éhe
Crocker Laboratory GO-inch cyclotron by the reactioas:
0733 (o, 4m) Pn?33
233 (a,zn) Pu

@35(aﬁm)F$35
(at,2n) Pu“37.
study of the excitation functions

and 3“35 2 which in turn 1is

part of a broad program of investigation of spallation-fission in the heaviest

elements.lo

The bowbardments were carrled out as part o

WIS
L

far reactions - induced by helium ions in U a3
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For most of the experimenis, uranium was electrodeyoﬁitedll on a
digh-shaped aluminum backing plate and bombarded in & microtarget assembly,
Wwhich gerved =g a cémbined.targét hélder and Faraday cup. For the production
of Pus>? by the (a,hn) reaction on 6235, 5 3-mil uranium metal foil was
bombarded in & siumilar target assembly, The bombarded targets and aluminum
cover and backing foils were dissolved in agua regla and the plutoniwm was
isclated by a precipitation and ion-exchange procedure. = The purified
plutonium was electrodepoaitedlB cn 8 Z-mil platinﬁm plate and the radiations
were counted in a standard alpha-pulse-height anslyzer, When the short-

o 223 235
lived isotopes, Pu -~ and Pu 22

, were to be studied, the tiwe for the chemical
operations wes kept to between an hour and an hour and a half,

The electron capture decay of Pu235 and PuzB? was detected by counting
the Auger and conversion electrons acecompanying the electron capture in a
continuous-flow-methane proportional counter ("Bucleometer”, Radiastion Counter
Laboratories, Inc., Skokie, Illincis), a windowless counter particularly
sensivive to Auger electrons. The counting efficiency, or ratic of number of
counts to number of disintegrations, of this instrument, which varies from
nuclide to nuclide and appears to depend on the decay scheme and deegy energyv
of “he nuclide in yuesticn, has beern a matter of comsidersble unceriainty. The
vroblems involved and several determinations of ?he eounting efficiency will
be presented by Glass, Carr, Gibson and (3(3?:»‘02!.9.335'L In the present experiments
it was necessary to determine the counting efficlency of the counter for cach
isctope studied, Ip general, the most recentlyldetermine&l& values range from
60 to 95 percent, although lower values have been.measured.lb It was not
feagible to umeke measurements on the electron'capture decay of Pug33 because
of the impossibility of resolving the gctiviiy due to the decmy of Pu233 from
235, pu®3% ) ana m®3 (the daughier of PuSd),
all of which have similar half lives, ‘

that due to the decay of Pu

-

IITI., ZEXFERIMENTAL RESULTS

4. Plutonium~-233, ‘The alpha energy spectrun of the plutonium fraction

igolated from U7~ bombarded with 46-Mev helium ions showed a peak at the

channels corresponding to 5.3 Mev, with an average on four experiments of 6,30
+ 0,02 Hev, 2 of the pulse analyses is shown in Fig, 1. The peak labelled
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ety T

on the figure as Pu °” i3z due to Pu ™~ tracer vhich was added when the targes

wag dissolved to determine the chemieal yield., The other peeks are due e ther
©o plutcnium activities produced by ithe U235 {x,xn) reactions or the 3226
produced by the alpha decay of Puzgg. The pesk correspﬁnding t0 6.3 Mev
divappesred In suecessive pulse analyses with a half life of ebout 20 minutes,

Individual values ranged from 17.5 to k.1 minubes to give an overall half

Yife of 26 # 2 minutes, A typical decay curve 1z shown in Fig., 2.
T™e poosibility was investigated thali the cbserved activity might be
e
PR, > " e
due to contamrination by Th™” , which has an alpha particle energy of 5.33 Mev

a2k
and a half life of 31 minutes and which is a memher of the Pu™-  decay chain,
Dol

- o~ . : o ) ; Lo - ~ pt'st
However, o number of conclusive experiments showed that the amownt of Th
nroduced was not sufficient Lo aeccount for the observed asetiviiy,

The gssigoment of this activity to the previocusly uwmobserved nuelide

232 .. : . L
Pu"-Y is based primerily on three types of evidence: & rough excitation

function, the appesrance in the pulse analyses of alpha particles atiributeble

-
v a o 9,7
with the alpha decay systematics, !

Sinece it was not possible to weasure the electron capture disiniegration
rate of Pu333 directly with the windowless proportional counter, Rp233, ‘the
electron ecgpture daughter of Pu233, was separabed from an aliyuot of the plutonium
fraction by an extraction of nepitunium~IV from agueous golution inito a Bensene
“solusion of thepoylirifiucroacetone. The activity due o the electron egpture
of Np233 7 '

activity and an assuwed counting effieiency of 0% for the detection of electron

233 . . . 253 »
capture diiintegrations of Np~ -~ the disintegration rate of Hp waes calculated,

was measured in the proportionsl ccunter snd fram this meassured

‘The slectron capbure disintegration rate of Pu233 vasz, in turn, calculsted from
the disintegration rate of ﬂp233 and the extraction yileld of Kp23? tracer added -
to the plutcnium before separation. The ratio of the alpha disintegration
rate to the total disintegration rate, or alphs branching ratio, is (1.2 = 0.5)
x 10-3, fram which is calculated g partial alpha half life of 11 #* 4 days,
‘ \ 1,2 - - .,

B. Plutonium~-:35, The values determined by Orth™" of 26 % 2 minutes

for the oversll hall life and 5.85 = 0,03 Mev for the alpha energy have been

confirmed by the precent work, A revised alpha branching ratic of (3.0 : 0.5}

x 1077 has besn caleulated using an electrun capture eounting efficiency of
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deternined by
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The figure 70 percent is hased on an absolute disintegration rate

counting the X %-rays accompanying the elscltron capture with a

50~chanrel pulee height snalyzer, using a thallim-activated zodium iodide

crystal coupled o a pholomuliiplier tube as a detector,
eleciron capbure events

rate, the known geowetry and counting

fluores

:

Lo whe number

cenee

{'_
S

R 1O
by Gray for
per winute 1t

wers from %

Brysk and Rose,”’ the
egtimated to be 0,23,
phells is negligivle,

c¢an be 2gtimated frow the amount of R@

capture decay

o

a0y

half life ealeuwls

vyield (i.e., the rabtio of the number of vacancies

use of the extremely low counbting rates of the Hp

The number of K-
per winuvte was determined from the X x-~ray counting
efficiency of the counter, and a X

in the K~shell

of X x-rays emitited) of 0.97, which is the value determined

uraniws, To calculate the total number of dlsintegraticns
was necessary Lo Enow what fraction of the electirons captured

L or higher shells,
17

On the basis of the theorstiecal work of

L slecircn capture to K eleciron capture ratic was
It was assumed that ‘captm’e from the M and higher

This counting efficmncy is ceansistent with one which

g
actrn 5 2

produced from the electron
(%o reliable value was cobtained by the second method
237 ) e partial alpha

%z 0,4 years,

P Ca
of Puo”,
ted from the above branching ratio is 1.7

ol

In the early experiments on PQ“JT,, James, Florin,

C. Plutonium-237.

Hopkins, and

Hopkinslg

alphe particles

1ife has been
L + 2 days

half life has
corresponding
attributed o
and Pu‘“’g are

espec ulvely

activity and the 5,30 Mev group for 76 +
cf the twc alpha groups are separated by 30

energy groug
this cne

of

Ghiarso,

i

 Hyde, Studier, and Ghiorso ,lu and James, Thompson, and

reported only an approximate half 1life of 40 days and detected no

The overall)l half

more aceurately deteraninsd in the present experiments to be

which could be attributed to this isotope.

Furthermore, low intensity alpha activity decaying with this

heen obeerved in pulse anelyses, appearing at the channels

to 5.55 & 0,02 Mev and 5.30 % 0,02 Mev (See Fig. 3). The pesk
239 . .o puE39 wtibad e 230
Pu is due "o Pu tracer and the peaks attributed %o Pu

ge32 (Gﬁ,n) snd U3 {e,30) reactions,
%+ 4 percemt of the alphs
The fac

kev suggests b

due to the products of the

The 5.65 Mev group sceounts for

6 percent, % that the enmergles

% the lower

,,

popula.tiﬂg 300 kev lswl in the dsughter, U ‘J, A level

n e

a0

rgy has alsce besn observed in t.f 233 frem the beia decay of Pa”
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The counting efficiency of the proportional counter for P! was

jetermined by two methods: by X-ray counting, giving a velue of T7h and by

cr

a8 nass n&ccuroanetric technicue, giving %1%, The x-ray counting experiment
was sinilar to that on Pu‘ ?. The K x=rays following the electron capture
wers counbed and the disintegration raite was calculated from the X x-ray
countving rate, the known geometry and counting efficiency of the coumbter,
a K fluorescence yield of 0,77, and the estimated contribution of electron
capture from the L and higher shells, I{ali:stuin‘sf’ value of 1,2 for the
L 4o X eleciron capbure ratio was used and the contribution of eleciron

capture from the M and higher shells was assumed to be negligible., In the
236
and

s 17

Pu”’ r was mass anulj'ﬂd to determine the ratic of the number of Pu”~' atoms

mass analysis experiment, a portion of a sample containing both Pu”

. 6 . ‘s , . g
©o the nmber of Pu £5 atoms, The actbivity from another poition of ithe
of

i

seme sample was measured in the proportional counter, in en ionizaticn
chamber wizh a known efficiency for the detection cf alphe disintegrations,
and in an alpha—-tmlsm -heigh*' analyzer, The fraciion of the alpha acti'vity
which was dus to Pum 236 was determined from the pulse analysis, From this
fraction, the alpha disintegration rate, and the half life of Pung s the
nwaber of atoms of Puzf}a was caleulated, and, from this figure and the atom

~
4‘(
~

. 237 - Ty
ratio of Pu 3t to m in the sample, the nmumber of atoms of Pu 2!, The

15 .
electron capbure diziniegration rate of Pu.‘”j7 was, in turn, celculated on
the basis of the number of atoms and half life of Pu 37. Pinally, the
counbing efficiency is equal to the ratio of the proportiomal couwater

+

activity to the disintegration rate, Calculation of the alpha branching

.\r

ratiocs for the two cobserved alpha groups, using T2 percent fur the sleciron
caﬂture counting efficiency of the proportional co: nuer y gives G-

0.3)
x 1077 for the 5.35 Mev group and (7.1 + 1.5) x 107" for the 5.55 Mev grouy,
These values correspond Lo ‘081‘1’18.1 alphe half lives of (4.3 = 0.5) x 103
years and (1.7 + 0.4} x lO years, respectively.
The resulits for the three isotopes have Leen suumnarised in Pable I,

IV, ALPHA 18D ELECTRON CAPTURE SYSTEMATICS

In compering partial alpha half lives, it is informative to caleulate
o 4
hindrance factors,! ¥, for the alphe decay. The resulis of such calculstlons

e 233 235 s pa3l s 3 : ;
for Pu ", Pu 77, and Pu are given in Table I, 45 comparilson of these
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hindrance Tactors with thoese of other odd msss plutonium.is&topesT shows that

the hindrance Yectors for the most sbundant alpha transition in these isotopes

241 239

are all of the same order of magnitude. PFor Pu” , F is 3.3, end for Pu™”7,

On a plot of alpha particle energy versus mass number, the alpha
N s

energiss’ of the most agbundant transitions of the odd mass plutonium isctopes

feil low relative o the line /oining the poinits corregponding to the epergies
of their even mass neighbors, {See Fig. 4). If one plots, instead of the

. e . _ what is presumed to be
epnergy of the most abundant transition, the energy ofpathe ground stabe transition
n Ll s . " . . : . .
Tor Pu ~ and Pu y Ghe resuliing points Iie on the line joining the epergies of
the even mass isctopes. On the poussibility that those isobtopes whoese highest
known energy transition falls on the lower line have a higher energy transition,

an experiment was performed to loock for a possible higher enerzy alpha group.

in Pu”””, %o such group was seen and it was vpossible to set an upver liwit of
= N

ot

5 percent for the sbundance of eny alpha group in the energy range 5.5 to 6.5 Mev.

. -
The electron capiure nalf lives of Pu and PQ“BT have previously been
. . 1 , . _— : ‘ &
corrzlaced with other electron copture half lives by Hoff and Thompson, who

[T Rovs 5

calculated log £t values of 5.1 for Pu”’’ and 5.5 for Pu”~ , uging the agsump-

tion that the sleetron capture Yraunsitions were ground siate transitions. .
D3 L] ey
- s Sl . o &
From closed energy cycles  ’ and the measured alpha decay eunergy for u 23

;

S,

one can caleculate an electron capture decay energy of 2.00 Mev for Pu”~’, If
' Ly el

. , N e . i . 455 .
the assumption that mo:t of the electron capture events in Pu 29 procead o

k

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

. o v L 1T ,E83
correspond to a log £t value of 5.6 1523

indicating that the transition is
allowed, The helf life and decay energy correlate well with the half lives
and decay energies of similar transiﬁionsb in other heavy elements., Using
the values for the electron capbture decay ensrgies of Pu235 and Pu537,
calculated from their alph. &ecay'energfes by the method of eclosed cyclesg
the above values for the half lives, and the assumpiion of ground stéte
transitions, log £t values of 5,2 for Pu”9? and 6.5'for =37 have been
ealeulated,

It is inieresting to note that the electron capture decay of ?u237
ig first forbidden and that the alpha~decay hindrance factor for what is
presumzd to be the ground state transition is relatively very nigh, On the
235

other hand, in the case of both Pu and Pu he electron capture decsy

is allowed and the hindrarnce factors ars low,
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Alpha Decsay Electron Capture Decay
Isotope Overall  Partial-Alpha ilpha Hindrance Calculated® Log %
Jal? life Half life Energy (Mev) Pactor Eleciron Capture
' P Decay Dnergy (Mev)
RS 20+ Z2m 11 xia 5,30 £ 0,02 3.4 2,08 5.6
255 - L. = [ -
P’ 6 xzm 1.7 04y 5.05 ¢ 4,02 1.2 1.17

<
-

o3
R
1.4‘!
=
(&

(U3}

[®)]
»

£

N 'V. K }
sox 2 d  (L.7.00x0t y 5.65

N
L
s}
4
&
o
15V}
-3
o

(%.620.8)x 107y  5.36

The methods of reference 22 together with data given in reference 21 and the
energies given in the present work were used to caleulaie the electron cepture

decay energies,
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FIGUREZ 1. Pulee analysis showlng alpha activit

239 ~
Pu and of the products from the U

e

o

dus to the decay of
3
3

.

{a,;m) reactions,

FIGURE 2. Decay curve showing the decay of the pulse amalysis peak

corresponding to 6.3 Mev,

TIGURE 3. Pulse analysis showing alphe activity due o the decay of

S
oy B3

< . , ) o
" and of the produects from the U 22 (cs.,xn) reactions,

FIGURE 4. Alpha decay energy vs mass number for plulonium isotopes,
. ebundant transition & - highest energy transition

23 2k
(for ?u""T apd Pu” ).
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