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ABSTRACT

The alpha and gamma spectra of Pﬁ238

‘have been studied with an
.alpha particle spectrograph and gamma ray scintillation and propor-
tional counters. Alpha groups of 5.495 (72 percent), 5.452 (28
percent) and 5.352 Mev (0.09 percent) and electromagnetic radiations
of 17_(13,percent), 43.8 .+ 0.5 (0.038 percent), 99 + 2 (0.008 percent)
and 150 + 2 kev (0.001 percent) were observed. .Spins and parities are
assigned to the energy ievels.and the results are evaluated with

respect to the developing theory and systematics of complex alpha

spectra and excited states of even-even nuclei.

.

¥This work was performed under the auspices of the AEC.
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/THE ALPHA AND GAMMA RAY SPECTREI OF Pu’30

Frank Asaro.and .I. Perlman
Radiation :-Laboratory and Department of Chemistry
“University of California, Berkeley, . California

November 25, 1953

" I. .INTRODUCTION
'Marked,regularities‘have been observed in the alpha spectra of
different,gzgaigzggVnucleivindicating_stronglthhaf corresponding
spectroscopic states are involved.in~the»decay‘processes. - Among
the heaviest nucleivthe low-lying excited states are spaced in;sueh 8,
,fashlon as to suggest that they constltute a.rotational bandl
interpreted accordlng to the Bohr and\Mottelson theory which unifies

independent partlcle and collectlve aspects of nuclear states.

3

-In another publlcatlon ithe detalls of the alpha spectrum and

gamma, spectrum-of‘Cm 2kz were reported and discussed in terms .of the

-238 238

-excited states of Pu” .The" present communlcatlon deals with ‘Pu

‘and -the ‘energy levels of - U23 . The_close-similarity,between;Cm zh2

238

and Pu ,spectra.can:bé éeen from the decay schemes shown in Fig. 1

and it will be seen that the gamma ray conversion coefficient data

8180 show;that'comparable:SpectrOSCopic states are involved.

-II. .METHODS
238"

The samples of. Pu“>° used in the present-measurementsh were made

‘by,the-prolohged-neutron irradiation.of«Am?ul through the following

series of reactions:
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2h1, . o2ham B 242
-Am n,y)Am Cm
( )Y) : 1611‘
g a )
Cm?hzv =5 v.Pu238.
162 4
The primary. objective of 1;'he-irI»'adia:l;ion’s,.Was..to‘m,a,kef'l-'?uzl’L2 through
the electron capture'branching,anl6-houf»Am2h2m so sizable amounts
of this isotope were present, -Also in a-long,irradiation.the‘Pu238
captures neutrons -to give successively Pu239,sPu240 and Puzul, all

.of which:were also present in small quantities. .Mass.spéctfémetric _

5

were made on -two .of the preparations and the results are

39

analyses

shown .in Table TI. .The large;amount;of-Puz .in Preparation II was

-the‘resulté of»Pu239'present in the Am?ul.before irradiation. .Since

‘Pu238

hes & half-1ife which is short relative to the alpha decay
half-lives of the other isotopes, the alpha activity in both

preparations was predominantly;that,Qf;Pﬁ238

. .In ‘Preparation.l. the
‘Bu238 comprised 99.9 percent,of.the-alpha.éctivity and in‘P£eparation’
CIT it.was.Sl.perdént. -However,  the differences in.composition,were
used to assignithe rarer;alpha_éroups. |

‘A third sample (Preparation III) of P38

‘was n&t-maSS-analyzed
but should have been free oonther.plutonium”isotopes.since-it came
from some previocusly purifiedvcurium:(émzug) which_had decayed through
approximately one half-life.

-All samples were mounted by vacuum sublimétion,of plutonium
chloriaé oﬁto a platinum plate which was masked to present a band
1 in. x”l/8/in. Thisitechnique as well as the spectrograph descrip-

6,3

.tion and operation have appeared in other reports. .As,before,,the
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alpha particles were caught on a photographic plate and the track
count plotted according to position on the plate in order to reproduce
“the  spectrum.

-Gamma ray spectra were'measured for the most part with.a sodium
.iodide scintillation .counter coupled with .either a single channel or
milti~channel pulse height analyzer, .In some experiments a.xenon
filled proportional counter was used to produce the pulse for the

analyzer,

.Teble I. Mass composition of plutonium preparations

238 239 240 241 - 242
Prep I 62.9.% 11.7 % 1.6% 0.0 2l
_Prep II 1.5.% 80.0 % 2%  0.59 13.7 %

e

Table II. Record of alpha-particle spectrograph exposures

- Exposure -Plutonium _Exposure

number = preparation duration Defining slit
Exp. 73 ~ Prep IIT %0 hr 1.in. x .12 in.
Exp. 204 Prep I 114 hr 1 in. x .12 in.
Exp. 205 Prep -1 75 min 1l in..x .12 in.
.Exp. 243 ‘Prep IT 37 hr 1l in. x .12 in.

Exp. 283 , .Prep I 54 min .75 in. x ,018 in.
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III, RESULTS

A. Principal Alpha Groups of»Pu238

A sample of szhz which had decayed six-monthsvwaS-ruhvon‘the

spectrometer (Prep III, Exp. T73) and showed two new alpha groups-.at
238

about the energy previously reported for Pu - from range measure-

7,8 L2

ments. The intensity of the alpha groups relative to cm?

groups was 0.6 percent in agreement with expectations for the

particular growth and decay period. .The main alpha group .of szhz

was used as an energy standard (6°llO:Mev)3,and the value for the

238

main group of Pu”~~ was found to Bé 5.492 Mev. - The second group

was of 42 kev lower energy and therefore 5.450 Mev.
’ W1

. The curium.of-Prép III,couldvhave containedrAm? which has a

prominent alpha group at 5.476 Mev which could distort the energy

38

determination of . the Pﬂ? bgroups; ‘However; it was found that the-

sample contained less than 2 percent by weight of Amzhl and its

alpha group would therefore be at least 300-fold less intense than

“the 238vgroup,
' ' 238

> was also measured in Exp. 243,

9

. The particie eﬁeigy of Pu

of Pu239 as a standard. . This -
-238

Prep. II, using the 5.150 Mev group
gave 5,497 Mev for the mainfgroup/of‘ and a:42;5,kev separation
for the second grdup° In;EXp.:283lthe separation between the gfoupsv
was .again 42.5 kev. We shall take as the best value for the main
_group'S,h95'Mév and 5,453 .Mev for the second group.

These_groﬁps presumably. lead resPectively tp:the groupq state

and first excited state of U23h. Applying the recoil correerion to

the energy separation we find that the first excited state of'UzSu
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is 43 kev . above the ground.state. -If we use the terminology described
in previous publications the alpha group populating the ground state
will be designated &y and that populating the h3-kev state, Q3 The
38

'intensity‘of’ah3'relative-to,totalquz .alpha particles was found .to

be 2k percent.in Exp..73 and 28 percent in Exp. 283.

In Exp. 243 (Prep II) and Exp.. 204 (Prep.I) a third group of

pu?38

was observed. The separation in particle energy between this
5.238 ‘ .

group and o) 5 of Pu“~" .was found to be 101.5 kev in Exp. 243 and 98.6

kev in Exp..204. .The average value of 100.kev is accepted which means

that ’f,h'ever:;ergy,]‘.eve'l-ova.23)'L is 102 kev above the 43 -kev level and

145 kev. above the ground state.

-Although a is .in very low.intensity (0.l percent of total

Pu238)

145
.it was proved.to belong to Pu238 bécause of its constant

relationship with the Pu238

alpha particles in the two preparations
which differed widely in isotopic composition. .This information is
.shown in.Table III. |

.The .exact correspondence of energy levels.and alpha transitions
tovthese levels,between different even-even nuclei in this region is

worthy of note. As shown in Fig. 1 the alpha spectra .of Cm2h2 and

238

point to .energy levels of the product nuclei spaced almost
identically. Each has a transition-tq.the ground state and to the
first,excitedvstate'whoée intensities .can be shown to be in
substantial agreement with alpha-decay theory and each has a

transition to . the second excited state which is highly hindered

(low intensity far beyond expectations according to the energy difference.)
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Table IITI. Ratiog of inteusities of Pu ~- a145‘
and .other alpha groups
~ Intensity S : o \
relative tos - Exp.-20%  Exp. 23
238 L |
Pu®’" alpha activity ‘ ,0,092% , ' Q.o99%
pu?39 alpha activity 130% 0.5%
PP aipha activity . 265 - . 2.6h
P pets activity | 1% T 0.05%
242

Pi""® alpha activity 1300 - 61%

C.. Camma Reys of Pu238

_Thé résults.to be presented include thé enérgiesland inténéi%iés

of the photons accompanying the aipha decay 6f Pu238

. . The best
picture which can bejconstruéted‘ffqm these‘daté:is that,éll:éf,fhe_
vtransitioné are'of ﬁhe E2 type:ahd>fhat théy caééade és,indicéfed in
Fig. 1. Tt will be noted that the gamms ray of 150 Kev is shown fo
come from a levél:which is not populated by an bbéerv;bie.alpha,gféup..
A similar assignment was made for szuz.and the reasons will be -
presented below.

‘A typical gemma ray spectrum taken with & ébdium iodide crystéi
speétrdmeter»is,éhown ihaFig.IZ; ;Théjrelative iﬂtensities'of fhe
photons are not directly aiséerﬁiblevbecéu;e sbsorbers Were‘uSe& to
minimize the intense L x;rayé'(ls.kév) which woﬁld'oﬁhefﬁiée obscure
the 42-kev peak. - | |

In all, ten'meaéureﬁenté’of theséémmafréy épéétrﬁm wefe médé3

nine ofﬁthése‘were dbne-cnuPrepAI and forrthé other a different
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sample of Pu238

was used. -The experiments aimed at energy determin-
‘ation are summarized in Table IV. .The intensities will be discussed
presently.

In experiments 1, 2 and 3 the voltage on the photomultiplier
-tube was not stable and a single channel analyzer was employed.
These eneré%ﬂvalues are not considered as reliable as -the others.

‘Experiments 4, 5 and 6 were run with multi-channel analyzers and

under more stable conditions.

238

.Table IV. Energies of Pu electromagnetic radiations

Experiment No. Best
1 2 3 4 5 6 T 8 9 10 value
157% - 1k5 146 148 150#2 - - - 151 150
107 102 99 101 96 992 - - . 97 99
b5 k2 - - - uz¢z‘ 43+1 43.840.5 - STh 43.8
| 17 18 - - - 18 - - 17:0.5 - 17

*Energies in kev, -

D. The 43.8-kev Gamma Ray

A xenon filled proportional counter was used in experiments 7
and 8 and should give the most reliable values for the ~40-kev gamma
.ray. For these measurements the counter was standardized with  the

h4.3-ke# gamms, ray3 of sz)+2

. .This value (U44.3 kev) obtained from
the :energy difference of alpha,groups is in good agreement with the
energy obtained by measuring the photon in a proportional counter

(44.6 kev),lo from the conversion electron spectrum (hh.l.kev)ll and
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from the conversion electron spectrum in the decay of'N’p238 (hh.l);lg

The gamma ray energy for PU23C so cbtained was 43.8 £ 0.5 kev.

The intensity of this gamma ray relative to total alpha particles
of Pu238fwasﬂdetermined byiReed;3 using & xenon filled -Geiger tube and
absorbers. He foun&.the:inteﬁsity.toﬂbe’h.z.x-LD‘B. .In the present

study (experiment Z)Vthe intensity was: messured with the scintillation

.spectrometer using the 60-kev .gamme ray of~Amgul as a standard.  The
intensity of the Aﬁ?hl gamma ray is 0.40 per'disintegraticn,as:measured

by Beling, Newton and Roseelu The intenslty of the gamma ray 80

obtalned was 3 8 X lO -4 which is COnslderably lower than Reed's measure-
ment and should be more accurate because of the inkerent better
-precision;invthe method-used.

. There can be no guestion that this gamma,ra§_reéﬁits.frcm the
de=excitation of the statevreached by,Pu238<xu3 (see Fig. 1.) ,Since
Qs populates this state to the extent of 28 percent, the low photon
inteneity;woul§vimply a‘-large»cer;veréion;coefficient.N.OfKeJ.ﬂleyjf5 has
observed in good intensity a series of ccnversich.linee attribﬁﬁacleh
to a transition of ~45 kev and Dunlavey andeeaborgl6vfound_by,the

238 alpha partlcles

photographlc plate technlque that. 23 percent of Pu
-are in c01nc1dence w1th electrons corre5pond1ng to an ~h0-kev gamma,
ray. wlthln experlmental uncertalntles thls number (23 percent) is
the same as the 1ntenslty of ah3 (28 percent) 1ndlcat1ng a large
conversion. coefflclent. With 28 percent as the population of the hh
kev state and 0 038 percent for the photon 1nten81ty, the total con-..

version ccefflclent ieA7hO In order to determlne the L—conVer61on



UCRL~-2L419
elle

coefficient one must know the relative amounts of conversion in the
L. and higher order shells. For a simiiar transition in the decay of
szu2 it .was . found that 80 percent of the conversion electrons were
from the 'L-shell and 20 percent from M and higher shells. - Applying

these values to the Pu238

case, the IL-shell conversion coefficient
«becomes.600. .This can be compared withvtheoreticél'calculations of
Gellﬁan,:Griffith and Stanley17 from which one would expect values
of 1, 60 and T00 for El, Ml and E2 transitions, respectively. .The
transition is obviously of E2 type on this basis aﬁd this is added
evidence that the>first excitéd:staté of;an-even-éven:nﬁcleus«hés

spin 2 and even parity.

E. L X-Rays
Photons .of 17-18 kev were the most prbminentvelectromagnetic

‘238. The best energy value was 17 % 0.5.

radiation in the decay of
kev determined in experiment 9 (Ta&ble IV) with the scintillétion
-gpectrometer and a‘motor-driven_single‘channel analyzer. These are
undoubtedly uranium L x-rays which arise almos; entirely from the
internal conversion of the 43.8 kev gammavfay.

The'intensity of this L x-~ray complex was obtained by compar-
ison with the L x-rays of Am?hl decay, the intensity of which was
determired by.Beling, Neﬁton'and ROSe;lu" The value 80 obtained was
13 percent (Table V) and this may be compared with the expectations
.from the infernal conversion ofvthe-h3.8-kev gamma ray.'.

Sincé theih3w8~kev géém# ray is about 80 percent converted in

~ the L-shell (see previous discussion) there should be 0.22 L
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vacancies per alphs disintegration. The calculations of Gellman,
.Griffith.and'Stanlele;show.that an E2 transition such as this is
convgrted[almoét entirely_inlthe'LiI and LiII_éhellé and Kiﬁsé'ls |
hes estimateéd that the fliorescent yield for these I vacancies is
~0.5, The expected number of L x=rays is then .1l percent (0.5 x
:22) which i8 in satisfactory agreement with the observed intensity,

13 percent.

.Table V. Intensities of;Pu238velectromagneticvradigtions4

"Best value

Absolute , for absolute
intensity Intensity Intensity intensity
per alpha  relative to "relative per alpha

Energy disinte- 43,8 kev to 99 kev  Experiment disinte-
(kev) gration radiation radiation = number gration

a7 A% | 9 am
43,8 .0.0389 | 2 0.03%
99 22 | | 2 oy
. . . C o 000080%
. 20% 10
150 - 1.8 2
| 12.86 b
v : 0.0010%
12.66 5
13% 10

 F..The 99-kev Gamma Rey
(As indicated in Fig. 1, this gemma ray has been placed between

-the states populated by &

145 aqdﬁauuf It will be notedvthat a,gamma
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.ray.of 150 kev was also observed and it might be assumed that this is

-the crossover transition from. the state reached by .o to the ground

145~
state and that.the 99-kev photon is.the'Kix-ray resulting from

internal conversion of the‘lSO-ka gamma. -ray. .From the relative
vintensities.ofAthe 99-kev .and 150-kev photons the K conversion
coefficient would have to be 8. -Furfhermore,<allvtransitions.to the
ground state of.anjeven-even.nucleﬁs from‘levelé populated by alpha
decay.must be electric. - From the data on K-shell,convérsion”coef-.

19

ficientsmby Roéevand cb-workeré' ~and by Spinrad and Keller',20 an
electric transition of 150 kev with conversion coefficient 8 would
have to have a multipolarity of at least 5 and would therefore have
an extremely»longvlifétime. .It may be concluded therefore that all
_or neariy_all of the 99~-kev photons are gamms rays and the transition
is plaCedTbesf between the levels reached by:alhs

The -total ¢onversion,coefficient of the 99-kev transition can be

and au)_l_.

calculated_from;the-measured intensity_of.the,gamma ray -and the pop-
ulatiohuof the 145-kev state. vWith 0.096 percent as. the population
of thé‘iMS-kev'étate and 8 x 1073 perceﬁt (Table V) as the gamma ray
intensity, the-conversionicoefficiént is 1l1l. The amount of intefnal
,conversionhotherrthan,in,the L-shell is probably,small 80 that.this

' figure ma&:bé'takén as.approximatélygthe‘L-conversion coefficient,

- From the tables of'Gellman,,Griffith-and.Stanleyl7vthe-theoretical
values for E1l, E2 and Ml transitions are respectively 0.1, 8 and k4,
-The'El_trénsition“is-ruled‘out,-and,(although-EZ gives a better fit

‘than Ml, & choice probably should not be made on this ground alone.
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Since the bli=kev state has even périty (2+); ‘the. 145-kev state must
therefore ‘also have e‘vén parity. Only even spin numbers are -allowed
‘since the level is-reached by alpha decay of an even-even nucleus.
-The possible states are therefore O+, 2+ and 4+, and of these the

selection of 4+ is favored for reasons to be given below.

-G..The 150-kev Gamma.. Ray

The low 1nten31ty photon of . 150 kev (see Fig. - l and Tables IV |
and V) has.already been,mentlonedllnxthe'precedlng,sectlon_wnere 1t;
was shown that it cannot account for mich of the de- exc1tatlon of
.the lh5=kev state. Gamma - gamme, 001nc1dence measurements showed this
gamms. ray. to be in 001nc1dence with the 99—kev photon. Fhrthermore,‘
the c01n01dence rate was in agreement w1th the a851gnment of the
99-kev photon to a_gamma.ray,w1th conver51on coefflclent e&o, -

As will be ‘borne out in the dlscu531on, it 1s reasonable £o>
asbign the 150-kev tran51tlon to another of the series of cascading
E2 tran51t10ns (see Fig. l). On thls ba51s, its conversion coef-
f1c1ent would be -2 and the populatlon of the 295—kev level. would be -

3 x lO -3

percent° :This 1nten51ty was . ‘below . the llmltS of . our
detectlon of an-.alpha group whlch for thls case was ~lO -2 percent,
so0.the falrure to observe the correspondlng alpha group is not

1nconslstent,w1th the-decay_scheme.

IV. .DISCUSSION -
e ,.U234, _ A - o
The -energy. levels of ‘obgerved fronm the alpha.decay of
.Pn238 conform_in renarkable fashion with the picture for even-even

nuclei well removed from a closed shell developed by.Bohr and
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‘Mottelson? .In this model collectivé agspects of nuclear structure
and individual particle aspects are coupled and in.a region well
removed from a closed shell there should bé_a series of energy
.levels corresponding to a rotational band in.which only even spin
states (0+, 2+, 4+ ---) appear. On this basis electric quadrupole
transitions should predominate. It was seen that the hli-kev
~transition definitely. falls into this category and the 99-kev
~transition probably does go. -An unique assigﬁment could not be
made for the 150-kev gamma ray because the conversion .coefficient
could not be measured, but the failure to observe an alpha particle
leading to the 295-kev. state means. that the conversion coefficient
is not an order of magnitude greater than unity and is therefore
in.the propér range for an E2 transitioh.

-Another aspect of the :Bohr and Mottelson model concerns the
energy. level spacings of the states O, 2, 4, —_——— ~The,spec£rum.is
‘that of a,?igid rotator although it should be pointed out that in
the treatment the moment of inertia is not that of a rigid body
but is an effective moment associated with the angular momentum of
.the surface waves. The rotational energy levels go as I(I + 1)«
where "1 is the spiﬁ number so the energy levels go as 1, 3.3, 7.0
for the first three excited states of spin 2, 4, 6. In this case,
.the ratio between the second and first excited states (1u45/4k4) is
3.3 and between the third and first (295/4k4) is 6.7. This striking

agreement with the theory.is the principal reason for assigning the
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second and third excited states 4+ and 6+, respectively, in the
absence of independent means of making assignments.
-We wish to acknowledge the assistance of Mrs. J. A. Simmons

in counting the alpha tracks.
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Fig. 1. Comparison of alpha specira

of szl}'2 and 13‘u238
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Fig. 2. Pu238 gamma spectrum.



