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ANGULAR CORRELATIONS INVOLVING CONVERSION ELECTRONS
T. Yamasaki

Lawrence Radiation Laboratory
University of Califlornia
Berkeley, California

ABSTRACT

A brief summary 1s made of the advantages of angular Correlation
involving conversion electrons and of the current state of experimental
apparatus. It is emphasized that I conversion electrons in addition to
K - will provide important information of nuclear structure and the conversion
process. Preliminary measurements on the 333 ¥ - 356 K, L, M and 333 K, L,

M - 356 7Y angulaf correlations in Pt196 are reported. A discussion 1s made
of a possible rearrangement effect on the conversion coefficients of a

nuclear transition which follows a converted transition in cascade.
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ANGULAR CORRELATIONS INVOLVING CONVERSION ELECTRONS
T. Yamazaki
Lawrence Radiation Iaboratory

University of California
Berkeley, California

I.i INTRODUCTION
Angular correlations involving internal conversion electrons are
important quantities in investigating nuclear structure and the conversion
process. They provide the fellowing information which is not obtained from
Y-Y angular correlations.

1) Whereas it is essentially'impossible to discriminate between EL

.and ML transitions with y-y angular correlation, the dependence of both

particle parameter and conversion coefficient on multipolarity allows such
a discrimination to be made in angular correlations involving internal
conversion electrons. This advantage has been applied to unique determin-
ations of spins and parities of the lcvels and multipolaritics involved in
a seqﬂence.l For example, Y-y angular correlation cannot discriminate
between the two Cases.: 1) b+ (E2) 2+(E2) O+ and 2) 2+(E2 + M1, & = - 0.19)
2+ (E2) 0+. On the other hénd, e -y angular correlation gives quite
different values for these cases. A typical experiment was performed by
Sakai et al.® on the unique assignment of the 4+ (E2) 2+ (E2) O+

sequence in ngoo.

2) Since both particle parameter and conversion coefficient reflect
the penetration effect,EAe_Jy angular corrélation provides additional infor-
mation about this effect, independent of that obtained from conversion
coefficient measurements. A series of experiments in this direction have

4,5

and Others.6
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3) As first-proposed by Church, Rose and WeneSer,7 e-fvvanguler"
‘correlation is'effeeted by a”small admiXture"df EO eomponent in direct
competition with E2 and Ml multipdle radiations. Experiments of this type

196 188 »190 196

‘have been carried out on Pt 'by'therppsala group,8 ‘on Os , Pt

198 9,10,11

nuclei by the Tokyo group and on Ptlg2 by Butt and Dutta. 12

and Hg
It is worth p01nt1ng out that the three 1ndependent experlmentaL quantltles,
A (7 -Y), Ag(e -Y) and aK, are otlll insufficient to determine q(EO/E2. m1x1ng
ratio) and N(penetration parameter)‘un;quely. This p01ntaw1ll be discussed
lefer in cdnnection with_the possibility'of using L ceﬁversion electrons.
L) Iﬁ_the past,awhen.there was no high-resolutionvgammaaray‘spec-
trometer applicable to angular‘correlatien experiments, e-ev ahguiar
rcorrelatiQnIUSed to have -another merit in that a magnetie spéctrometer could
. Be used.to-resolve.elbsely spaced lines.v The-recent.deyelopmenf of
lithium-drifted germanium gamma-ray spectrometers seems to have:made thié

- feature less important.

 II. DEVELOPMENT OF e -y ANGULAR CORRELATION APPARATUS

In the past,'there'Were two'kinds of ef47 angular correlation ap-'

paratus. . One used a magnetic lens spectrometer for an electren channel, and
the other uSed‘a sector-type double-focuéing speétrometer. The former was

developed by the Uppsala'grbupl3

and many others. In general a lensg -type
spectrometer has a transm1ss1on larger “than any other type of magnetlc spec-

trometers, while[the resolution is not as good. Furthermore, the aperture

of the beam is so iarge that thebgeometrical attehuation factor is considerable}
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The latter was developed by Sakai, Ikegami and’Yamazaki.lzL In spite
of its small transmission ( < 0.5% of L j the sector-type double—foousing
spectrometer has the following ad&antages: 1) the source is placed com-
pletely outside of the magnetic field. This makes 1t easier to connect a
scintillation counter or another magnetic spectrometer to this. 2) It
accepts a penoil beam from the source. In other words, it acts as a small
rectangular-shaped detector. Therefore,'the geometrical attenuation is not
es great as that found in using a lens-type spectrometer. 3) It has a
good characteristic of resolution versus transmission. The rectangular
shape.of the source is also suitable for angular correlation measurements.
A schematic view of the electron-electron spectrogoniometer, which was
constructed at the Institute for Nuclear Study of University of Tokyo, is
shown in Fig. 1. This apparatus is capable of a large variety of measure-
ments, such as two independent e -y angular correlations, 7—7 angular
correlation ahd.e--e_ angular correlation.

Recently modern apparatus making use of solid-state detectors have
been developed by many people. The resolution of a Si(1i) detector is so
good that it can replace a msgnetic spectrometer in most cases. The main
restriction in the use of Si(Li) detectors is that the total counting rate
be limited. So it is not suitable to negatron emitters,. in which case the
conversion line of interest is only a small part of the large amount of
continuous beta rays. The limited size of Si(Li) detectors also restricts
the size of the source very much. A lithium-drifted germanium'detector can
resolve two gamma rays of 5‘keV separation in energy. This detector is,

indeed, an epoch-making device also in angular correletion experiments.
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It not only resolves complicatedbgémma réyé'butkalsoveiiminétes trbubles.
caused by‘scéttering because ofiits1high_energy-disériminatioh. |
Figure 2 shows-a schematic'view.of a’n¢w;apparatusiadbpting Si(Li)‘and

‘and Ge(Li) detéctofs, which is being constructed by‘Yamazaki_and Hollande£“ 
at the Iawrence'Radiétion Labofatory_of thelUniversitylof Califprniafand_is_
ﬁartly in operétion.: A3 ém % 2 cm x 10 mm'deep'Ge(Li)bcrystal is usedvasA
fixed gamma -ray couﬁter and a 1h mm?ix 3mm thiék'Si(Li) as a_fiied electron-
spectrometer. When high reSolution.is requifed‘for the electronfchannel, in
such a case és in resolving ' L vsubshell lines, the Si(Li) detector -can be
repiaéed by the Berkeley 50-Cm'rédiué.ﬁ”Jé type iron-free spectrometer.‘ Tﬁé
deteCtor.system Ofbﬁhe'iron-freébspeétrometerjwiil consist'of h'rectangular
‘shape Si(Li) detectors pléced along a:focai plane so that it may'aécépt_ L
‘subshell liﬁeé simuitanedusly. A 2" #‘2” NéI(Tl) spectrometer iévtempf
‘orarily being used as a'm0vabie'counter. In the .near fﬁturé this scintil- "~
lation counter is to be replacédvbyva'multi-détectér unit consisting of
'H'Ge<Li) crystals.. with'thié appéréthve_-_yrandly-w angular cqrrélations
'Hcéﬁ‘bé measured simultanedusiy.-'A.séries of>10 single-channel analyzers
" select the pulse height of the mévable counter. Singles counts and two-
diménsionél éoincidénce coﬁntsvfor éaéh.of-four’posifioné (altogether_
10 x 10 x &4 bitsvof iﬁfOrmation) are stored in the magnetic core memebry :
of a 400 chanrel pulse height analyzef. lThié eiectronics ;ystem‘has béenv
' made by Goulding and Landis. | |

Since the'tWO'fiXed épectrometers seiect a ‘gamma réy and the .
cdrresponding conversion electron linés ﬁith good resolution;Jthé_ratio of

two angular correlation*functions’provides very gpod:information on.the
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transition detected by the £ixed detectors, that is,

a, Memzy) P, (e;)

B, (y-2y") v W

where i denotes an electron shell (K, L, etc). If the transition in
question is of pure multipole order, then this gquantity is a particle
parameter itself. A project to determine particle parameters for not only
K but also L subshell electrons is in progress.

The uée of a 81(Li) detector makes it very easy to measure angular
correlafions involing K, L and M conversion electrons simultaneously. The
significance of angular correlations involving L conversicn electfons will

be discussed in next sections.

III. SIGNIFICANCE OF L CONVERSION_ELECTRONS IN ANGULAR CORRELATION

In earlier states of angular correlation experiments only. K con-
version electrons were involved. One of the reasons for this is fhat there
were no thedretical parficle parameters availéble for L conversion elec-
trons. Another reason i1s the experimental situation which existed in the
past. - Now these circumstances seem being overcome. Actually, theoretical
values have been publishedlg and are getting more and more available.

The advantagé of the angular correlation using L conversion elec~
trons is that it adds three (if subshell electrons are resolved). or at least

one (if integrated I electrons are involved) more bits of information to

: 1
eKrV and Y-y angular correlations.
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Let us take for. example the case of a 2+ (E2 + Ml + EO) 2+ (Eg)_o¥v

cascade. The Y-y angular’ correlatlon function is -

fp by, B2 4 ML EO) = L " w2n an BN

and e~y angulér>corre1atiOn function for each shellb"i" is expressed as

follows: |
hy (1) (e~y), E2 + M1+ EO) = "21 5 {bs (1) (mey a ®
R . Ltp gl T 2,
*+ 2p; b, (1) (ML - E2) Azbf 1 bEA(l) (M;>lA_ + q b, ( ) (EO - E2)]
where

Here p., a5, bg(l) (Ml - E2) and b2( 1) (Mi) are functions'of the @nknown

parameters . P (EO strength parameter), and & and \. As pointed out in.

Section I, o s AQ(WJY) and A ( 4y) cannot*determlne these pérameters"uniquely.

A L(eJV);and aL w1ll,remove the ambiguity,-beeause these quantitites are
1ndependent of A (eJy) and aK For eimplicity, lef'us aesume that
p << 1 and q <1, Then the sens1t1v1ty of A2( 1) to' & and p is

t
1

v A e

e e e
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expressed by

3, (1) -
- =20, ) (o - g2) A, // 3, (1)
38 D
1
(1) S —
OA : NG
- be(l) (EO - E2) [of ? (2,k)
5p Vo, ()

on K |
a‘ = 0.377 x 24,
5
aAELi
= 0.625 x 2A
d8 ' 2
A Lrr
—2 __ _ 0.%370 x 2A,
d8

L ~Y angular correlation is'quite promising.

This example shows that e

IV. PRELIMINARY RESULTS ON THE ANGULAR CORRELATTONS IN Pt 20

For the purpose of showing the applicability of L conversion

electrons, measurements on 333 ¥ - 356 K, L, M and 333 K, L, M - 356 7
196

angular correlations in Pt have been performed using the appératus

adopting a Si(Li) crystal, as described in Section II: The electron
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speetrum of Au196-taken‘with a 1 mmg X:51mm?thiek-Si(Li) detector; singles
and coincident with 333 + 356 v, are pre‘semted 1n _Fi_g.”j. H.e're the L lpeak
involves all theILesubShell electromsbana the Mrpeak'infoires'M, and higher-
shell electrons. The obtained cerrelation funetions are illustrated in Figr'
E, and umcorrected correlation»fuﬁctionsxare tabulated in Table I.

Although this aata is‘tee preliminary to deduce a.quantitatiye argu-
'ment,bthey allow-pne to make éualitative discussions._

'The Ah(i) (e—y),coefficientvitself doesbnot give anyvimfermatiom on
_ the parameters q andIA, since'it'depends only en-the E2 component.'_However,

~ from the relations

G oWy - e)
By, (333 ¥ - 356 )

and

1402 +a2 8, H0Eme -z 8, MEme -
A, (3337 - 356 ) A, (335 v - 356 7)

0, 1 (£, 333) =

we can determlne bu< >(E2) partlcle parameters Tt is worth notihg that the

determlnatlon of bh( )(EE) parameter is a Very sens1t1ve way. to determlne .
i . : '

b2( )(EQ) parameter,'because these-two quantities are related by an equation

bﬁ(i)(Ee) -1 _ 45

bg(i_)(Eé) !

and furthermore A is less affected by the admixture of dipole or monopole.
component. The present data shows that the 535 7.— 556 K and 355 K - 356'7
angular correlatlons have small negatlve Ai coefflclents. This factvimpiiés

the b (E2) for 333 keV or 556 keV is slightly larger than 1. M In Fig. 5
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are shown theoretical curves of E2 particle parameters calculated by
Biedenha?n and Rbselé (point nucleus) and by Band et a1.m? (finite-size
nucleus, screening). The experimental téndeﬁéy seems to agree qualitatively
with the theoretical predictions. All the angular correlations involving
L and M convérsions reveal considerable positive Ah coefficients. This fact
shows that bML(E2) and buM(EQ) have positivé values. As for L conversion s
this fact seems to égree with theoretical prediction. It is seen that M
conversion electrons have nearly the same particle parameters as L
conversién electrons. |

The angular correlation of I and M-electrons is fairly different
from that of K electrons because of the difference not in b, (E2) butvin
bu(EQ), as demonstrated here experimentally and illustrated in Fig. 5
17

theoretically. Recently Sakal, Yamazaki and Ejiri reported anomalous

experimental K/L ratios of E2 trgnsitions emitted after (p,2n) réactions

and made arguments that the observed anomalies might be attributed partly

to -angular distribution of gamma rays and conéequently to different behavior
of K and L electrons due to the difference in particle parameter. The present
result shows that this phenoména is supposed to érise not only from the
Pg(cos 8) term but also Pu(cos @) term of angular distribution;

Now we have two quantities, AQK(e:V) and A L(e-y), which are

2
independently correlated to the nuclear-structure parameters q and A.
Although at the moment there is no numerical basis for analyzing‘this déta,
they will be helpful in the near future.

The current project described heré is in progress with the collabora-

tion of J. M. Hollander.
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V. SPECIAL PROBLEM
Because of_différent angdlar correlations of gamma rays'and convérsion-
electrons the conversion ébefficient'gf the seéond transitibn with respect

to the first transition has &n angular dependence: -

."dv(i)(é.) _s (1) 3o <i)Pv-(cos 0) - | | | ‘(l)}

2 AP . -.(cos_é).;

Y v
where &(i) is the ordinary conyersion_éoefficiént.obsgr&ed whgh‘cbihcidence
lis.not taken, -The deviatién depehdsnot’only on'the,haturé of'théﬂsecqnd_
transition but on Qhat kihd of eﬁission'is involvedlih ﬁhe,firstifrahsifibn.
Anyway, deviationé Qf_fhis type can be accounted for completely in terms of
particle parameters. -Now. we may raise a question as to whether fhere is
anomaly of conversion chfficiénts Whichvariséslfrom the dyhamiCAI reér—v
rangemenfs of atomic_cdnfiggration follgﬁihg'the preqéeaiﬁg transition. The
.following discﬁssion is doncefned_wifhfthis'problem.':

Letvﬁs suépose a'simple céséade.of two gammé trgnsitions. In Fig. 6
are illustrgted intermediéte atomicvstaﬁes-following_gaﬁmé rays apd conversidn
electrons. For simplicity higher éheils andvthe Auger effects are neglected.
K coﬁverSion brqcess‘produces a:vKn eléctrqn hole, which proceeds to_LII
and LIiI electron holesvwith_ihe‘emissién'bf K&Q an@dei X-rays, ?espéctively. %
.Similarl&) L. subshell conversion processiproducés an L sdbshell.electrOh
hole, while~gammé ra&s produce no change in the inner atomic configuration.

Then, the occupation probability of the "i" electron orbit has a time-de-

pendent form.

(t) =1l -a,e 771
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‘where t = time elapsed after the first transition occurs

et

Ti = mean life time of the "i" electron hole,

84 = vacancy probability of the "i" orbit at t=0.

1 =
The values of a for various experimental conditions are presented
L
I,IT,IIT
in Table II.-

Unless the mean life time of the intermediate nuclear state, TN’ is

too long compared with Ti’ reduction of the emission probability of conversion
electrons should occur due to the lack of electrons in the shell in question.

The conversion coefficient becomes anomalous as given by

o) 0) = [1- a, _;__;___.] o(1) (6, static)
N + ‘i
(1) (6

where Q , static) means the conversion coefficient given by Eq. (1),

~ which includes the angular correlation effect. The anomaly factor depends

on -a, and Ti/TN’ as illustrated in Fig. 7.

/

It is well known that TK is shorter than 10—16 sec for nuclei of

-1
A > 50, whereas t_ is longer than 10 A sec. Therefore there is no pos-

N

sibility of such an anomaly for K conversion electrons. On the other

hand, T. can be so close to T

L N

may be observed in some particular cases. There is no reliable experimental

of a very fast transition that such an anomaly

data on TL , because it is too long to permit measurements of natural
' I,ITI,IIT -
width of L X-ray lines. If we neglect the Auger process, which may not be

valid for medium-weight nuclei, the single-particle approximation gives

5
1 7z -6

T, = = . =—= X 10 sec,

'.i fi AELB

where EL isvﬁhe energy of L X-rays in eV, and fi, defined by
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_ §I<Jlril>l

?i:: 2
o/Z

is a quantity of order of 1. For exémplé;Afbr"Z = 50, iji is l+'>_<'lO“lLL $ec.

A posSibleveXperimental;method,to_deteét the anomaly is, for example,_'

~ to compare L /K ratios in c01n01dence with the preceedlng conversion

I,IT,1I1T v
electrons or K X-rays or gamma-rays. In' order to discriminate the anomaly,
the complete knowledge of angular,correlaﬁion functions involving conversion

“electrons is of essential importance.

It is worth pointing_out'thét if we have reliable knowledge on Ti
this method will be a powerful tool tovmeasure-a‘Very fast'nuclear”life'time
-1% b e SR ,
of order of 1O or 10 = sec. The situation is similar to the measurement
of monoenergetic positron line which is as well related to ihé lifetime'of an

electron hole. Actually3 Wieneret ai} ; determined the nuclear life time of

the 1{20 -keV. tran51t10n in Pb2 6 to be 2 l X 10 -1k sec by measuring the in-

ten31ty of the monoenergetlc-pOSLtron line whlch was produced a$ a consequénce'

of the capture of an electron of internal pair formation_into'fhe K 'electron

hole following K electron capture. In this case; % = 1.15 X 10717 ana

TK/TN 1s as small as lQ_B.v Comparing with this; we'sée'thaﬁ thé pfesen#
method has a shortcoming in thét ihe"quantity to be measured is proportional
to 1 - Ti/TN sovthat:the‘smail.vaiue’gfwri/fﬁ-is-difficult.to-détept, wﬁéreas
in the latter the quantity'ié prdpbrtionalvto Ti/TN.

The aﬁthér would like to apprgpiafe thevdiscussions with Drs. J. M.

Hollander, T. Novakov, J. O.fRasmﬁssén,'and M; Sakai.

e
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Table I. Preliminary data of angular correlat'ggs
involving K, L and M conversion electrons in Pt .

Cascade , AE' ' . Ah'
333 Y - 396 K 10.065 * 0.005 ~0.023 * 0.006
3337 - 356 L 0.049 * 0.009 0.0%1 % 0.010
333 Y -~ 356 M 0.046 * 0.016 0.0%4% % 0.019
333 'K - 356 Y -0.0%5 * 0;005 -0.025 * o.ooéJ
333 L - 356 7y -0.021 % 0.008 0.047 % 0.010
333'M - 356 7Y -0.032 £ 0.012  0.083 * 0.016

UCRL-16027
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Teble II.. Initial vacancy probébilities ai for L subshells. .

Preceding emission: : ai' ' : ' ‘f .aL':\_ 'aI '
- T & R v

. . i . . ¥ ‘ v ¥
K conversion 0 : n(Kae)/Q'_ n(Kal)/h
Kal.X-ray Ny . 7 O o -0 | ' l/h ' C _ .
Ka2 X-ray ﬁ o S l/é ' o 0

I

Ly conversion o 1/2 - 0 o  ’,;m ot
L eomersion 0 o ap

L. conversion’ R 1/2 v o . 0 o o |

¥ ‘ ' : . o
"W(Kal) stands for the branching ratio of Kal X-~ray.
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FIGURE CAPTTIONS

Schematic view of the electron-electron spectrogoniometer con-

structed by Sakai, Tkegami and Yamazaki.

Schematic view of the electron-gamma angular correlation apparatus .

using solid-state detectors, which 1s being made by Yamazaki - and

Hollander. When high resolution is needed, the Si(Li) detector is
replaced by the Berkeley 50-cm radius‘ﬂ~fé iron-freé sbectrometer.
Conversion eleétron spectra of Au196 taken with a 1% mm¢ X 3 mm
thick Si(Li) detector.

19%.

An example of various e - 7y angular correlations on Pt

Theoretical curves of be(EQ) and bu(EE) parameters for K, Li and.

LII conversion electrons, calculated by Biedenharn and Rose and by

Band et al.

Tllustration of a decay sequence involving intermediated atomic

states.

Anomaly factor versus 7i/tn in the case of a, = 0.5.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








