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ABSTRACT

The conversion electron spectra of szhz and,Cm244 have been
studied by means of two 180° photographic recording beta-ray speetro-
graphs. \ponversion coefficient ratios in the L and M subshells
have been\EEasured_for several E2 tfansitions‘in the decay of these
nuclides, and the values so obtained compared with theoretical ratios.
Accurate energy determinations of the first three excited states iﬁ
Pu238 are reported, and the validity of the Bohr-Mottelson rotational
energy formula, including the Vibrationnrotation interaction term
to describe these states, is discussed. The energy of the first

31

excited state in PuZAO is reported. The decay of Il is discussed

briefly.



-3 UCRL-29T4 Rev.

CONVERSION  ELECTRON SPEC'I'RAOF.Cm.ZLl'2 AND---szm+

W. .G. Smith and .J. M. Hollander
Radiation Laboratory and Department of Chemlstry

.University of California, Berkeley, California

June 28, 1955

I. TINTRODUCTION

The study of low-energy conversion electron spectirsa among
elements of high atomic number is especially attractive because
here theqénérgy gseparation between atomic orbitals is.largé and.one.
is able, at moderate resolution, to obtain.inférmation regaiding
internal conversion in the several L, M, and N subshells for a
given gamma ray. Such information.can be of value not only insofar
ag the precise measurement of gamms ray energles is always helpful
in the solving of compleﬁ.decay schemes, but also because the deter-
mination_of the relative probabilities of internal conversion in
the varidus subghells can lead to .an elucidation of the.multipolarities
of the trénsitions; or, in those cases where  theoretical calculations
of the conversion coefficient ratios,have.noﬁ,yet been made, one
can hope that experimental measuremenfs,with gamme. transitions of
known multipolarities will provide some basis for further theoretical

work. -
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‘The systematic pehavior of the excited states Qf.evenneven
nuclei in the heavynelemenf fégion.has been é subjécﬁ of much
interest and relevance to current nuclear models; thus it is also
desirable to obtain a more detailed knowledge of the energles of
these states than is presently.enjoyedb

In this paper we report on the following: (1) precision measure-

238

-ments of the energies of the first excited states in Pu™~" and

PuZMO’ (2) determination of the L, M, and N shell internal conversion
ra%ios for E2 transitions in the above nuclei and comparison with
theoretical predictions, and (3) measurement of the eneréies of

the second and third”excited states iﬁ,Pu238 and‘é.cgmpérison
with the energies expected for these states .from the—Bonj‘

Mottelson rotational model.
.I¥. -INSTRUMENT DESCRIPTION

| Two flét 180° spectrographs .of the permanent magnet type have
been constructed; which employ-photographic.recording.éf the conversion
lines. -Mihelichl and,Slétisz have poiﬁted.out-the advantages of
this type of instrﬁment for conversion electron stuaiess () mederately
high resolution is readily available, (B) very good stability of the
field is obtained, provided that the mégnet,temperature is held constant,
and (c) the photographic film recbrds line.positions.accurately and |

integrates the: .entire spectrum simultaneously, providing a permanént
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record of primary data. -Disadvantages,éfhthisAmethod are principally
that:  (a) photographic film is &n extremely nanlineériexposure
recording device and can be used for obtaining relative intensities
.of lines only after extensiveycalibrations and (b) to .approach
optifium resplution with these instruments one needs thin sources
deposited on fine wires, a condition which is often difficult to
meet in practice.

.The two spectrographs used in this work have field strengths
.of ~53 gauss end ~99 gauss, respectively. . Their vacuum chambers

3

and cameras are a modification of the Brookhaven design” and are
shown in Fig. 1. The,maximum,radius.of curvature is about 20 cm,
~which corresponds .to maximum electron energles in the two instruments
.of,~80vanq=~275 kev, regpectively. No provision is made in the

cameras for rapid source placement or film removal because only
relatively long-iived isotopes are being studied at the present

time.

Fastman No - Bcreen X-ray film on glass backing 3/4 x 1§ x 0.0k inch

has been used to record the lines. The calibration of this film is

described below. '

“1115 . SOURCE -PREPARATION

- The spectrograph sources were prepared by electirodeposition of

the active materials upon 10-mil or 14-mil pletinum wires using a
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‘procedure suggested by B. G. Harvey, in which‘M(OHj3f(where M is the
actinide cation) is deposited on the wire cathode of. an electrolysis
cell using NHAHSOA at a pH of 3.6 .as the electrolyte. A drawing of
the electrolysis cell is shown in Fig. 2. The active wires are
mounted in a special source holder, shown in Fig. 3, whose position

in the camera could be -adjusted and reproduced within several mils.
-IV. INSTRUMENT CALIBRATION

Calibration of the spectrographs .consisted in the determination

of the effective magnetic field at various f values, using accurately
, s 131 241 . . L

known gamma ray energies of I and Am and conversion line energies

of T™hB. The energies . used for calibration are given in Table I.

TABLE T

Ca.il.ibr_ns.tion--St‘andardsLL

Standard -Energy or Hf Reference
ThB A line, Hp = 534,11 5
'F line, Hp = 1388.5 5, 6, T
I line, Ho = 1754.0 5, 6, 7
B 80.16% kev 8
7“ v 284,307 kev 8
m 33,20 kev 9
43,h6_kev 9 ,
59.57 kev 9
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Figure L shows the calibration curve which has-béen oﬁtained.forvthe
53-gauss speetrograph. The effectiVe‘field,in this instrument is
known.tpiabout.o°l percent,frpm.f7= 9 cm to f;:lg cms the field
.in.ther99-gau55'spectrograph is known to a similar,accuracy.

As part of the calibratipn procedure, a series of accurately
,machined notches was cutiinto the film holder sd,as,to-render a
perménent'set of light and dark referénce edges exposed into each
photographic plate. With this device, similar.tO'that desecribed by
Sl&tis,z the hotch distances and other dimensions pertinent to .a
detefmination offf are all constants of the spectrograph camers and
need.be.measuredvonlyvoncé, In subsequent experiments only the
distance of each electron line to the nearest notch shadow need be | ‘
measured; in no case will this distance be greater than 2 cm, the
distance(between.notch edges. For the energy determinations,we have
used an ordinary x-ray diffraction film comparator, with whicg-the
distances could be=measured reproducibly to +*0,01 cm.

The resolution Afyf obtained in ﬁhé 53~gauss spectrggr%pp1§9r

the Il3l

(80 kev) X line is 0.17 percent and for theiLI line

0:13 percent; in the 99~gauss sPectrograph the best resolution has
been 0.17 percent. The instruments are located in‘agrqom whose
temperature variation is only a few degrees Fahrenhelt; better thermos

stating 1s being planned, so that loss in resolution due to température

variation will be.minimized.,2
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v. EILM CALIBRATION AND RETATIVE INTENSITY DETERMINATIONS
- .In order to determine relative intensities of lines one must study
several features of the photographic action.of electrons.
‘The photographic density.as a function of exposure (number of
electrons striking the film) must be determined experimentally for
the particular film being used., .Since the ghape of the D vs E.curve
has been shown to bé independent,of_elecﬁron energy,lo’la we have

90_ 490

- used the be%a spectrum of Sr‘ for this purpose. Oﬁr experimental
D vs E curve is shown in Fig. 5.

The dependence of line intensity on the radius of curvature of
the electron path must be determined; S1&4tis® has shown that the
intensity is inversely proportipnal to f’providing'the'collimating‘
slit is in the plane of the film. Our spectrographs have been
designed to fulfill this econdition.

The photographic blackening efficiency as a fgnctiﬁn of electron
energyvmust beaascertéinedé -Cranberg and Halpernll measured this-
efficiency for No-Screen film in the range of 9 to 40 kev with the
use of an electron gun, and Dudleyla covered the range 35 to 1800 kev
-using radioactive sources. The slopes of the efficiericy curves given
by these authors were approximately the éame in the region of overlap;
therefore, the curves were normalized and the resultant curve was
nused for our intensity‘measuremenﬁs, This curve,ié shown in Fig. 6.

The relative .intensity of an electron line is given by

I=Ap/n |
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where A = ares under line, p = radius .of curvature, and 1 = efficikency
of film. In our experiments, the area A (as qbtained,from-a.densito-
meter plot of the blackening) was determined by the method of
Mladjenovic and Slﬂtis,l3 which gives a good approximation to the
true area of the line with a great saving of labor. In essencey,
the following is done: :The D vs E calibration curve is used in
conjunction with the densitometer plot of tﬂe experimental film
to.establish the maximum height of each line in arbitrary units of
electron density and also to determine the point of half-maximum
density in the same units. At this half-way pointvthe line width
is measured, and the area of the Pectangle determined by the line
width and height is teken as an approximation to the true area of
%he elecfron line.

A1l photometer measurements were made with an Applied Research

Laboratories densitometer connected to & L and N Speedomax Recorder.

VI. EXPERIMENTAL RESULTS

A, Iodine-131

-1131 was used primarily @s a calibration standard, bult scme
observations made with very active sources of this isotope are
perhaps worth reporting. |

In addltion to the X, 11,,M1‘anva,lines.of the wellﬁknéwn
80.16-kev transition, we have observed in low intensity ﬁhe‘LII
line of this transition, previously unreported,..Its.intensity,
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relative -to that of the L_ line, appears from the densitometer

I
tracing to be.roﬁghly'oalo; This figure had previously been given
as an upper limit by Mihelich. -This.transition is known to be a
magnetic -dipole, and the theoretical ecslculations .of Rose et alnlk
predict an L /L ratio (for 7.=55, E =75 kev) of 0.07.

.Three other novel linés were also seen. .These were the K
I lgnes of a 163.8 + 0.1l-kev transition, and the K liné of a
177.1 £ O.1-kev transition. The 1l6k-kev level has been assigned to.

and -L

the'lZuday'XelBImB’isomeric level, and its energy was previously
determined by Bergstrﬂm;iﬁto be 163.9 kev. .The 177~kev K line
has been sporadiecally 15'e}_3ortec1]‘6"‘]‘7 but 1t does not fit into the

presently,acceptedl8 decay scheme of 1131.

'B. . Curium-242

238

The energy of the first excited state of Pu ; populated

by thel.alpha decay of szuz, has been measured in several ways.
O‘Kelley19 and Passellzo using a double;focusingvbeta spectrometer
observed .conversion electrons corresponding to.a gamma ray of |
v44,9 kev. -Asaro Effélle using & magnetic alphsa spectrograph

_have studied the complex alpha spectrum of Cﬁ?hg and.bave found

- @n energy difference between the most prominent alpha groups

-which corresponds to an energy of 4h.3 kev for the first excited
s%étevof,Pu2385 More recéntly, Sl8tis, Rasmussen, and Atterlingzz
have studied the beta decay of Np238 using a double-focusing spectro- .

- meter at 0.5 percent resolution and.h%ﬁe found the energy of.the

first excited state of Pu238to be bh.1 £ 0.1 kev.
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Oﬁr pfesent data, from four separate dne-day exposures iﬁ the
53-gaﬁss,spectrograph, are giveniih.Tab}e IT. - From these experi-
ments a best value for the energy of the first excited state of
Pu238 is given as 4h4.11 + 0,05 kevn.-Thisvtransition,-like.all
transitions from the first/exciﬁed state to éroundvstate in even-
even nuclei, is of multipole order E2. It has beén 80 .characterized
by measurements of the total conVersion_coefficientZl and from the
L subshell fatigs. Previously reported values for the LII/L

intensity ratio as studied from the beta decay of Np238 are

23.1_91, Passellzoflaqu, and Slétis‘gg‘ilgzz 1.37.

IIT

Freedman et al.
242 20 \
From the+decay. of Cm , Passell™ obtained a value of 1.26.
We have measured the L and M subshell ratios for this
transition and have estimated the N ratios. A densitometer plot

of one of the Cm.zl‘t‘2

films is shown in Fig. 7 together with a
linear retracing made with the aid of thecempirical D-E curve.
The relative intensity determinations, which are summarized in
Table III,Ylndlcate that the LII/LIHand.MiI/MIII ratios for
this transition are identical, to within about 10 percent, and

have the value 1.2 % 0.1l. MIV_and MV conversion is not bbserved,

and'MI conversion is extremely weak. .



- Energies of Cm

TABLE TT

2h2

Conversion Electrons

Standard
- Exps on same
-No. wire

Conversion Subshell and Electron Energles

o0 T W
E H

Vo

i

L

TIIT

=

o

Ny

Yoz |

“ITT

21.85
21 ,87

21.86
21.87

26.05 |

26,06
26.05

.26.04.

38.55
38,60

38.56
38.53

39.55
39.62
39.55
39.56

k2,73
h2.75
42.70.
42.70

43.00
43,01
42.95
42,96

43 ;90
43.85

43.88

Average Electron
Energy

2186

26.05

38.56

39.57

42,72

k2,98

43.88

>.Binding_Energy -

22.25 '

18,06

5.56

k.56 .

1.38

113

0,23

5593

Transition
Energy

W11

b1

.hhz;z

4,13

I

k10

4311

M1

4h, 16

A9y HL62-T40N

-3
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TABLE ITT

Relative Intensities of Conversion_Lines from
4 .1-Kev Transition of CmZ+e '

Theoretical Value: 'LII/LIII = 1.2
_ e o
Exp. Lpp/Lppg Mpp/Mppy Npp/Nppp Ip/Mp/Ns
A 1.23 1.25 ~1 2.5/1.0/0.3
B 1.27 122 ~1 2.9/1.0/0.3
C 1.16 1.20 ~1 2.4/1,0/0.3

- ~Our.M ratios .should be somewhat more réliable than our L.
ratios for this trangition because the parameters f’and n remain
practically constant over the small energy range of the M lines
énd hence any uncertainty in their absolute values will cancel out
in the ratio; however, in the region of the L eleétron energies the
slope of the efficiency-energy curve is steep and therefore the

accuracy Qf th'e».I,'II/LIII ratio depends strongly on the accuracy

of this calibration. .The NiI and NIII lines were.not completely

resolved},but their intensities were estimated visually to be

about equal.

The theoretical L ratio given by Gellman 334§£;2h

II/LIII

for an E2 transition of 44 kev in Z =92 is 1.2. The Lo /Ly;;



ratlo obtained in these eéxperiments is in good agreement with
their theoretical value. Therevafe.at present no thegretical
.éalculations<of M subshell conversion,éoefficients with which to
compare the experimental results other than the "threshold"
calculations.ovahurch and.Monahan25 which,state»tﬁat Eﬁ.radiation
converts ﬁrimarily iﬁ'the:MII-and°MIII shel;si It-appears that
such calculatibns would be of value especially‘in the study of
higher multipoles wherevMIVwand,MV.conversion'becmmes lmportant.
It was déSirablertQ.study,also the conversion lines fr@m the
higher,e#citeﬁ stateé of_Pu238, Since the population of £hé second
and third excited stéteé.fromrthe alpha,decay of Cm?hz is:iny
0.035 percent and 0.009 percent, resp6ctive;y}21van_exposure of
one month's duration was taken in the 99-gauss,spectrograph,in_aﬁ
.attempt §o record these weak lines., Although many "extra" lines

appeared on this plate due to very small amounts of cm?43.and Am?

41
in the sample, a series of lines could be assigned to a
101.9 £ O.3=-kev transitiqﬁ and a 157.7. % O:5<kev transition in
Pu?3, me electron Energiesfahd their assignments are given in
Table IV, and thé'level.scheme is shown 1n.Fig,‘8,

‘We hﬁve measuréd.the relative.inﬁensities'gf'the subghell
electron groups frommthe.lOl,9=kev'transitiOn,vWith the result
by /Lpy/Lygpp = ~0.2/1.4/1.0. These ratios confirm the predominantly
E2 nsture of this transitioﬁ and check with the theéoretical values
of éellman §£“§£;24 for B .= 100 kev and Z;=v92é which are

_LI/LII/LIII = 0.14/1.8/1.0. The subshell ratios indicate an
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upper limit for possible MI mixing of about 15 per cent. As was the
case with the 4li=kev transition, the M subshell ratios are hére
similar to the L ratios; the M lines were wesk, but a roughivﬁlue'
is MII/MIEI’z 1.5/1.0. .AlsoiLZ/Mz x 3,

.The excited states of Pu238rform a band which is characteristic
of the heavy even-even nuclide5626 These levels are‘described by

a7

~the unified nuclear model of Bohr and Mottelson ' as rotational
states arising from surface excitations of a deformed nucleus.
The configurations expected are I = (O+), (2+), (), etc., and
the energies are épproximately equal to (h2/23*)I(Im+}l),Where‘3y
is the effective moment of inertia of the deformed nucleus.
Deviations from this striet I(I + 1) d,ependencevare,predicted27
.for the higher excited statés‘where centrifugalsdistbrtions slightly
increase the equilibrium nucledr deformation; the correction term
is of the form AE = az(lﬁmmfz Chz/?$3 1% (I + 1)‘2 where Tw is the
vibrational quantumav

' The measurements reported here for the energies of the (2+),
(4+), and (6+) states in Pu238.allow‘two independentvcalculgtions-
to be made of the constants A and B in the Bohr-Mottelson eqﬁatidn
E=AI(T + 1) - BIZ(I_+ l)z. .From the energies of the (+2) and
(+4) states one has A = 7.37 kev and B = 0.0035 kev; from the
(2+) and (6+) states one finds A = T.37 kev and B = 0.0033 kev.
.This eclose agreement, unless fortultous, indicates that the -
-Bohr—Mottelson.formulation accurately describes the energies of

238

the first four rotational states in Pu . With the above constants,

the equation may be used to predict the energy of the fifth rotational
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state, the (8+) state, to.be at 513.1 kev. It .is interesting
that F. Asaro and I. Perlmaﬁza have recently found weak gsmma

radiation“in.cﬁ?hz

at 210 :le kev which is in good agreement
‘with the expected (8+) - (6+) transition energy,

51341 = 303.7 = 209.4 kev,

C. Curium-2h44
‘A sample of _Cni.zu containing a few perceﬁt*Cm?&z was plated
onto a 10-mil platinum wire, and several exposures were made in
- the 53-gauss spectrograph. The energles of the electron.lines

so obtained are summarized in Table .V and indicate that the first

excited state of Puzho_has an energy of k2.88 + 0.05 kevs The
vcm?“z in this sample.served,as.an_internal standard. .

‘Relative intensities for L, M, and N subshell conversion

were measured; with the results glven in Teble VI. These results

L2

are essentially the same as obtained with Cm? and again support

‘the theoretical L /L __ ratios of Gellman et al R

for an E2
transition. _LT_and Mi_convgrsion lines were observed but were
so weak that their relative intensities could not be measured

quantitatively,



'TABLE IV

Conversion Electrons from Decay of Secgnd~ and Third-
Excited States of PuZ3

Electroﬁ energy
Relative intensity
Subshell
Binding-energy-energy

Transition energy

78.8 79.6 83.8 96.3 97.3 100.7
~0.2 1.4 1.0 - - -—

L Lrr 'LIII’ Mr Merr -Nrp * Nppp
23.1 22.3 18.1 5.6 4.6 1.2
101.9 101.9 101.9 101.9 101.9 101.9

135.5

II

22.3

157.8

139.6

111

18.1

157.°7

*A9¥ L62-THON



TABLE 'V

Energies of CmZAM'Conversion Electrons

Exp. R
No. Electron Energies

Ly b1t Lorr My M Mt N Nrrg ©
a 19.76 20.60 24.80 36.93 37.31 38.28  k1.h9 41.75 42.63
b e 20.64 24,84 - 37.36 38.35 .57 41;79 -
c 19.77 - 20.60 2k .80 - 37;32 38.29 41.k4%9 h1.7h 42,65
Average Electron 19.77 20.61 24.81 36.93 37.33 38.31 41.52 41.76 Lh2.64
Energy .
Subshell Binding 23.10" 22.25 18.06 5.93 5056 4.56 1.38 1.13 ~0.23
Energy .
Transition Energy L2 .87 42,86 Le .87 L2 .86 42.89 h2.87 42.90 42.89 42.87

*A9Y +L62-THON

W ol
S
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"TABLE-VT -

Relative Intenéities of Conversion kﬁnes‘from )
42,9-Kev Transition of Cm2

Theoretical Velue; ‘LII/LIII =\1,2

Exp.  Lpp/Lppp M /My Npp/Nye Ly/My/Ny
A 1.08 1:15 ~1 2.5/1.0/0.3
B 1.13 1.06 ~1 2.4/1.0/0.3
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Fig. 2. Drawing of electrolysis cell used for

preparing wire sources.
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Fig. 7. Densitometer plot of 2 Yines.
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