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ANGULAR COERELA:riONS INVOLVING CONVEHSION ELECTJ\ONS 

'l'. Yomasakj_ 

Lawrence Eadiation Laboratory 
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ABSTHACT 

A brief swrrrnary :Ls made of the advantages of an·gular correlation 

involving conversion electrons and of the current state of experimental 

apparatus. It is emphasized_ that IJ conversion electrons in addi tj_on to 

K wj_ll provj_de important information of nuclear structure and the conversion 

process. Preliminary measurements on the 333 ~ - 356 K, L, M and 333 K, L, 

M --356 ~angular correlations in Pt196 are reported. A discussion is 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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I. INTHODUCTION 
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Angular correlations involving internal conversion electrons are 

j_mportant quanti ties in investigating nuclear structure and the conversion 

process. They provide the following information which is not obtained from 

-y--y angular correlations. 

l) 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 <.:oefficient on multi.polarity 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 levels and multipolariticr; involved in 

1 a sequence. For example, -y--y angular correlation cannot discriminate 

between the two cases: 1) !++ (E2) 2+(E2) ci+ and 2) 2+(E2 + Ml, o = '- 0.19) 

2+ (E2) o+. On the other hand, e -'Y angular correlation gives quite 

different values for these cases. A typical experiment was performed by 

Sakai et a1. 2 on the unique assignment of the 4+ (E2) 2+ (E2) O+ 

sequence in Hg
200 

2) Since both particle parameter and conversion coefficient reflect 

the penetration effect,3 e--'Y angular correlation provides additional infor-

mation about this effect, independent of that obtained from conversion 

coefficient measurements. A series of experiments in this direction have 

been performed by the Uppsala group,
4 '5 and others. 6 
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3) As first proposed by Church, Rose and Weneser, 7 e- -'Y angular 

correlation is effected by a small admixture of EO component in direct 

competition -with E2 and Ml multipcile radiations. Experiments of this type 

have been ca;ried out on Pt196 by the .Uppsala group, 8 on OslSS,l90, Ptl96, 

d H 198 l . b th T k . 9,10,11 d Ptl92 b 12 an g nuc e1 y e o yo group,· an on y Butt and Dutta. 

It is -worth pointing out that the.three independ~nt experimentm ~uantities, 

.A2 ('Y~-y), ~ ( e- -'Y) and a:K' are still insufficient to determine ~ (EO/E2 m:i.xing 

r~tio) and /~:(penetration parameter) uni~uely. This point :will be discussed 

later in connection -with.the possibility of using L conversion electrons. 

4) In the past, -when there -was no high-resolution gamma-ray spec-

trometer applicable to angular correlation experiments, e -'Y angular 

correlation used to have another merit in that a magnetic spectrometer could 

be used.to resolve elosely spaced lines. The recent development of 

lithium-drifted germanium gamma-ray spectrometers seems to have made this 

feature less important. 

II. DEVELOPMENT OF e- -'Y ANGULAR CORRELA,TION APPARATUS 

In the past, there were t-wo kinds of e -'Y angular correlation ap-

paratus. One 'used a magnetic lens· spectrometer for an electron channel, and 

the other used a sector-type double-focusing spectrometer. The former -was 

13 developed by the Uppsala group and many others. In general a lens-type 

spectrometer-has a transmission larger than any other type of magnetic spec-

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

of the beam is so large that the geometrical attenuation factor is considerable. 
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'rhe latter y.;as developed by Sakai, Ikegami and Y8mazaki .. ~ In spite 

of its small transmission ( < 0.5% of 47T ) the sector-type double-focusing 

spectrometer has the folloVJing advantages: l) the source is placed com-

pletely outside of the magnetic field. This makes it easier to connect a 

scintillation counter or another magnetic spectrometer to this. 2) It 

accepts a pencil beam from the source. In other y.;ords, it acts as a small 

rectangular-shaped detector. Therefore, the geometrical attenuation is not 

as 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, VJhich VJas 

constructed at the Institute for Nuclear Study of University of Tokyo, is 

shown in Fig. ~· This apparatus is capable of a large variety of measure­

ments, such as tVJo independent e--~ angular correlations,~-~ angular 

correlation and e--e angular correlation. 

Recently modern apparatus making use of solid-state detectors have 

been developed by many people. The resolution of a Si(Li) detector is so 

good that it can replace a magnetic 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 VJhich 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 3 keV separation in energy. This detector is, 

indeed, an epoch-making device also in angular correlation experiments. 
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It not only resolves comp:licated gamma rays but also eliminates troubles 

caused by scattering beca~se of its bigh energy discri~inatidn. 

Figure 2 shows a schematic view of· a n<:;w ;apparatus adopting ?i(Li) and 

·and Ge(Li) detectors, which is being constructed by· Yamazaki and Hollander 

at the Lawrence Radiation Laboratory of the University of California:and is 

partly in operation.· A 3 em x 2 em x ·10 mm deep Ge(Li) crystal is used as 

fixed gamma-ray counter and a 1L~ mm<P x 3nun thick Si(Li) as a fixed electron· 

spectrometer. When high resolution is required for the electron channel, in 

such a case as in resolving , L subshell lines, the Si(Li) detector can be 

replaced by the Berkeley 50-cm radius 7T .f2 type iron-free spectrometer. The 

detector SY:Stem Of the iron-free Spectrometer Will consist Of 4 rectangular 

'shape Si(Li) detectors placed alohg a focal plane so that it may accept L 

subshell lines s:lmultaneously. A 2"<P x 2" Nai(Tl) spectrometer j_s temp-

. ora':i:'ily being used as a movable counter. In the. near future this scintil:.. · ·. 

lation c.ounter is to be replaced by a multl-detector unit consisting of 

4 Ge(Li) crystals. With this apparatus e - -y and -y-y angular correlations 

can be measured simultaneously. A series of 10 single-channel analyzers 

select· the pulse heigh1:- of the movable counter. Singles counts ahd two­

dimensional coincidence counts for each of four positions (altogether 

10 x 10 x 4 bits of information) are stored in the magnetic core memeory 

of a 4oo channel pulse height analyzer. , This electronics system has b.een 

made by Goulding and Landis. 

Since the two fixed spectrometers select a gamma ray and the 

corresponding coiwersi.on electron lines w'i th good resolution;; the ratio of 

two angular correlation ·functions'provides very good information on.the 

.. , 

\.1 
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transition detected by the fixed detectors, that is, 

A.v ( i ) ( e - -h'/ ' ) 

Av (-y-I,y') 

where i denotes an electron shell (K, I,, etc). If the transition in 

question is of pure multipole order, then this quantity is a particle 

parameter itself. A. project to determine particle parameters for not only 

K but also L subshell electrons is in progress. 

The use of a Si(Li) detector makes it very easy to measure angular 

correlations involing K, L and M conversion electrons simultaneously. The 

significance of angular correlations involving L conversion electrons vJill 

be discussed in next sections. 

III. SIGNIFICANCE OF. L CONVERSION ELECTRONS IN ANGULAR CORRELATION 

In earlier s_tates of angular. correlation experiments only. K con-

version electrons were involved. One of the reasons for this is that there 

were no theoretical particle parameters available for L conversion elec-

trans. Another reason is the experimental situation which existed in the 

past •. Now these circumstances seem being overcome. Actually, theoretical 

14 
values have been published and are getting more.and more available. 

The advantage of the angular correlation using L conversion elec-

trans is that it adds three (if subshell electrons are resolved). or at least 

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

eK~'Y and -y--y angular correlations. 
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Let us take for example the ca.se of a 2+ (E2 + Ml + EO) 2+ (E2) O+ 

cascade. The~-~ angular' correlation function is 

l 

and e-~ angular correlation f\mcti6n for each shell "i" is expressed as 

follcn".i s: 7 

A
2 

(i) 
(e-~), E2 + Ml +EO) -~2"''1_-----;>"<2.---: [b2 ( i) (E2) A e 

-L+p. +q. 2 
. l '.l· 

-where 

., . (i) 
f3 . . 

~ l 1 . 
pi ;;- . (i) 5 

. ex2 

(i) .· ·. .· (i) 
Here pi' qi, b

2 
(Ml - E2) and b

2 
(Ml) are functions of the unknovm 

parameters . p. (EO strength parameter), and 5 and f.... As pointed out in. \: 

Section I, exK, ~ b-~) and .A2 K( e-~) cannot· determine these parameters uniquely. 

L L -- · ·. 
A

2 
(e-~) and ex V~ill remove the ambiguity, because these quantitites are 

. · K .. - K" 
independen.t of A

2 
(e-~) and ex . For simplicity, let us assume that 

l>i << 1 and qi << .1. Then the sensitivity of . A2.( i) to 5 and p is 

io 
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expressed by 

cA2 
(i) 

( i) 
.. 

(i) I p 
2b2 (Ml - E2) A2 

I 
:= 

I l 
co (i) o;l 

__ cA_2_(i-) = b (i) (EO - E2) ~~(fj-(;,~-;--
o p 2 ~,J ex ( l) w (E2) 

2 'Y 

For example, when Z 81 and k 0.6, 

co 

co 
0.625 X 2A2 

co 

This example shows that e1 -'Y angular correlation is quite promising. 

IV . PRELIMINARY RESULTS ON THE ANGULAR CORRELATIONS IN Pt196 

For the purpose of showing the applicabti.lity of 1 conversion 

electrons, measurements on 333 'Y - 356 K, 1, M and 333 K, L, M - 356 'Y 

angular correlations in Pt196 have been performed using the apparatus 

adopting a Si (Li) crystal, as described in Section IL The electron 
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spectrum of Au196 taken YJith a 11~ rnm¢ X 3 mm thic1<. Si(Li) detector, singles 

and coincident YJith 333 + 356 ~' are presented in Fig. 3. He~e the L peak 

involves all the L:-subshell electrons and the M peak involves M, and higher-

shell electrons. The obtained correlation functions are illustrated in Fig. 

4, and uncorrected correlation functions are tabulated in Table I. 

Although this data is too preliminary to deduce a quantitati~e argu-

ment, they alloYJ one to make qualitative discussions. 

coefficient itself does not give any information on 
,,· 

the parameters q and ~, since it depends only on the E2 component. HoYJever, 

from the relations 

b
4 

(i)(E2, 356) 
A4(i)(333 ~- 356 e) 

A4 (333 ~ - 356 ~) 

A1+ (i) (333 e - 356 ~) ""A4 (i) (333 e - 356 ~). 

A4 (333 ~ - 356 ~) ' A4 (333 ~ - 356 ~) 

VJe can determine b4 (i)(E2) particle parameters. It is -worth noting that the 

determination of b4(i)(E2) parameter is a very sensitive YJay_ to determine 

b (i) (E2) parameter, because these tVJo quantities are related by an equation 
2 . 

b
4 

( i) (E2) - 1 

b
2 

(i) (E2) .,. l 

--2.5 

and furthermore A4 is less affected by the admixture of dipole or monopole 

component. The present data shoYJs that the -333 ~ - 356 K and 333 K - 356 ~ 

angular correlations have small \negative Ai~ coefficients. This fact impliei3 

the b2 K(~2) for 333 keV or 356 keV is slightly larger than 1.4. In Fig. 5 

iii 
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are shown theoretical curves of E2 particle parameters calculated by 

Biedenharn and Rose16 (point nucleus) and by Band et a1. 15 (fj_ni te-size 

nucleus, screening). The experimental tendency seems to agree qualitatively 

w}_th the tbeoretical predictions. All the angular correlations involving 

L and M conversions reveal considerable positive A4 coefficients. This fact 

shows that b4L(E2) and b1+M(E2) have positive. values. As for L conversionS 

this fact seems to agree with theoretical prediction. It is seen that M 

conversion electrons have nearly the same particle parameters as L 

conversion electrons. 

The angular correlation of L and M electrons is fairly different 

from that of K electrons because of the difference not in b
2 

(E2) but in 

b4(E2), as demonstrated here experimentally and illustrated in F'ig. 5 

theoretically. Recently Salmi, Yama~aki and E~jiri17 reported anomalous 

experimental K/L ratios of E2 transitions emitted after (p,2n) reactions .. 
and made arguments that the observed anomalies might be attributed partly 

to angular distribution of gamma rays and consequently to different behavior 

of K·and L electrons due to the difference in particle parameter. The present 

result shows that this phenomena is supposed to arise not only from the 

P2 (cos 8) term but also P4(cos ~) term of angular distribution. 

Now we have two quantities, A
2 

K(e:)') and A
2 

1 (e-)'), which are 

independently correlated to the nuclear-structure parameters q and A. 

Although at the moment there is no numerical basis for analyzing this data, 

they will be helpful in the near future. 

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

tion of J. M. ·Hollander. 
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V. SPECIAL PROBLEM 

Because of different angular correlations of gamma rays and conversion 

electrons the conversion coefficient of the second trans).t:i.on viith respect 

to the first transition has an angular dependence: 

a: (i) A (i)P (cos 8) 
v v (1) 

(cos e) 

where O:(i) is the ordinary conversion coefficient observed ·vJhen coincidence 

is not taken. ·The deviation depends not only on the nature of the second 

transition but on ~hat kind of emission is involved in the first transition. 

Anyway, deviations of this type can be accounted for completely in terms of 

particle parameters.' Now we may raise a question as to whether there is 

anomaly of conversion coefficients which arises from the dynamical rear-
.... 

rangements of atomic configuration follm-ling the preceeding transition. The 

follovling discussion is concerned with .this problem. 

Let us suppose a simple cascade of two gamma transitions. In Fig. 6 

are illustrated intermediate atomic states following gamma rays and conversion 

electrons. For simplicity higher shells and the Auger effects are neglected. 

K conversion process produces a K electron hole, which proceed.s to L11 

and LIII electron holes with the emission "of Ka: and Ka: X-rays, respectively. 
2 - .·1 

.Similarly, L subshell conversion process produce~ an L subshell electron 

hole, while gamma rays produce no change in the inner atomic configuration. 

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

pendent form. 



-11- UCRT:l-16027 

where t time elapsed after the first transition occurs 
) 

'fi mean life time of the "i" electron hole, 

ai vacancy probability of the "i" orbit at t=O. 

The values of aL for various exper:i.mental conditions are presented 
I,II,III 

in Table II. 

Unless the mean life time of the intermediate nuclear state, 'fN' is 

too long compared with -r., reduction of the emission probability of conversion 
l 

electrons should occur due to the lack of electrons in the shell in question. 

The conversion coefficient becomes anomalous as given by 

"N + Ti 
a(i) (8) == [1- a. 

l 

T· a(i) (8, static) 

where a(i) ( 8, static) means the conversion coefficient given by Eq. (1), 

which includes the angular correlation effect. The anomaly factor depends 

on .ai and ~i/TN' as illustrated in Fig. 7. 

It is well known that -rK is shorter than lo-
16 

sec for nuclei of 

-11+ 
A;::: 50, whereas "N is longer than 10 sec. Therefore there is no pos-

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

hand, "L can be so close to "N of a very fast transition that such an anomaly 

may be observed in some particular cases. There is no rel:i.able experimental 

data on "L , because it is too long to permit measurements of natural 

~'II, III lS 
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 

X l0-6 sec, 

where EL is the energy of L X-rays in eV, and fi' defined by 
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-~ 2 
~f(jJrJi)J 

. 2 
(ao/z) .. 

For example, for Z =50, f.·r. is 4 X lo-14 
. J. l 

sec. 

A possible experimental .method to detec:t the anomaly is, for example,. 

to compare LI,II,III/K ratios in coincidence with the preceeding conversion 

electrons or K X-rays or gamma rays. In order to discriminate the anomaly, 

the complete knowledge of angular correlation functions involving conversion 

electrons is of essential importance. 

It is worth pointing out that if we have reliable knowledge on 'r. 
. : .l 

this method '"ill be a po~erful tool to measure a very fast nuclear life time 

Of Order Of lo-l3 or lo-14. ·s· ec. ·Th ·... t · · · "l t th · t e SluUa lOn lS Slml ar o e measuremen 

of monoenergetic positron line which is as well related to ~h~ lifeticie of an 

electron hole. Actually, .Wiener et a1. 19 determined the nuclear life c.ime of 

the 1'(20-keV. transition in Pb206 to be 2.1 X 10 -ll+ sec by measuring the in-

tensity of the monoenergetic positron line which was produced as a consequence 

of the capture of an electron of internal pair formation into the K electron 

hole following K electron capture. In this case; ""K 1.15 X lo-17 and 

'rK/""N is as small as 10-3. Comparing with this, we see that the present 

method has a shortcoming in that the quantity to be measured is proportion~l 

to l - 'ri/""N so that the small value· of·'r:r/'rN is difficult to detect, whereas \:. 

in the latter the quantity is proportional to 'ri/""N· 

The author would like to appreciate the discussions with Drs. J, M. 

Hcil.lander, T. Novakov, :J, 0. ·Rasmussen, and M. Sakai. 

.. 
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Table I. Preliminary data of angular correlat1§gs 
involving K, L and M conversion electrons in Pt . 

Cascade 

333 "Y 3:)6 K 0.065 

333 "Y - 356 L 0.049 

333 "Y - 356 M 0.046 

333 K - 356 "Y -0.035 

333 L - 356 "Y -0.021 

333 M - 356 "Y -0.032 

A I 

2 

± 

± 

0.005 

0.009 

± 0.016 

± 0.005 

± 0.008 

± 0.012 

-0.023 

0.051 

o.os:, 

-0.025 

o.oLq 

0.083 

AI I 

·+ 

± 0.006 

± 0.010 

± 0.019 

± 0.006 

± 0.010 

± 0.016 

U~RL-16027 



Table II. Initial vacancy probabilities a. for L sub shells. 
l 

Preceding emission 

K conversion 

Ka
1 

X-ray 

Ka2 X-ray 

L1 conversion 

·r..,
11 

conversion 

L
111 

conversion 

a· 
LI 

0 

0 

0 

1/2 

0 

0 

a 
LII 

a 
LIII 

- * 
Ti(Ka2 )/2 _ 'T1 (Ka1) /4 

0 ljL~ 

l/2 0 

0 0 

l/2 0 

0 l/4 

*Ti(Ka
1

) stands for the branching ratio of Ka
1 

X-ray. 

-)(-

UCRL-16027 

i 
I 
I 
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FIGURE CAP'l'IONS 

Fig. 1. Schematic vie-w of the electron-electron spectrogonj_ometer con-

structed by Sakai, D<.cgami and Yamaza}d. 

Fig. 2. Schematic view of the electron-gamma angular correlation apparatus 

using solid-state detectors, -which is being made by Yamazaki' and 

Hollander. When hir,h resolution is needed, the St(Li) detector is 

replaced by the Berkeley 50-cm radius n~2 iron-free spectrometer. 

Fig. 3. Conversion electron spectra of Au
196 taken -with a ·14 mm¢ X 3 mm 

thick Si(Li) detector. 

Fig. 4. An example of various e - ~ angular correlations on Ptl96. 

Fig. 5. Theoretical curves of b2 (E2) and bL~(E2) parameters forK, LI and 

LII conversion electrons, calculated by Biedenharn and Rose and by 

Band et al. 

Fig. 6. Illustration of a decay sequence involving intermediated atomic 

states. 

Fig. ·7. Anomaly factor versus ·ri/'r:n in the case of a:. 0.5. 
l 
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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 

B. 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 o~ 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. 






