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ABSTRACT

A new approach has been adopted to determine
accurately the internal conversion coefficients of cascade
transitions from angular correlation measurements. The
method was applied to the 1064 keV - 576 keV cascade gamma.
rays in 2°7Pb and 496 keV - 124 keV cascade gamma rays in

131cs, The values of o obtained for 207ph are:

0.016 + 0.001

It

(o)
ES

!

(o) 0.085 + 0.005
K’ 1064

And those for '3lCs are:
.

(o) _
O 104 = 0.742 % 0.077

(OLK)496 = 0.0100 % 0.0007

All these values except the one for the 124 keV transition in
131cs, are in excellent agreement with the theory. The ratio
uK(exp)/aK(theo) for 124 keV transition is 1.25 * 0.13. This

result is interpreted as being due to the preéence of electric

monopole, E0, electron transition and a strong case has been

presénted in support of this contention. A value of

0.26 +# 0.14‘has been obtained for the E0/E2 electron conversion
ratio and the absolute value of the electric monopole matrix

element has been determined to be 0.07 + 0.02.



Also measured were the K/L and K/(L + M) ratios of

570 keV, 1064 keV and 1770 keV transitions in 2°7Pb. These

1

are:
(R/L) g7 ©= 3.26 + 0.09; {K/(L + M§570 2.71 + 0.08
(K/L)1064 = 3.64 + 0.10; .{K/(L + M)}1064 = 3.07 + 0.09
{K/(L + M} 509 = 4.70 £ 0.13
For the angular correlation measurements in 29 7pp

the values obtained for correlation coefficients and particle

parameters are:

Electron-Gamma Gamma-Electron
A22 0.228 + 0.027 0.161 £ 0.047
A44 -0.074 £+ 0.030 ~0.041 % 0.068
b 1.03 * 0.12 0.68 % 0.21



INTRODUCTION

Whenever a nucleus is formed in an excited state
for which the excitation energy is insufficient for (nuclear)
particle emission the dominant mode of dexcitation is by
electromagnetic transitions. These transitions are of two
main types: |
(1) Emission of a gamma ray of energy k (in units of mc? ~ 511 ke{”t
angular momentum L, for a pure multi?ole case.

(2) Internal cohversion of an orbital electron with energy
in continuum = k - EB, angular'momentum jf = resultant
of L and ji' Here Ep is the binding energy and ji thé

~. total angular momentum in the initial state.

The processes (1) and (2) are competitive with given
initial and final states and the branching ratio of process (2)

to (1) is called the internal conversion coefficient.

Figure 1 depicts in a diagramatic form the process
in which a virtual photon is exchanged between a nucleus; ini-
tially. in an excited state p; and an electron initially in a

bound state ¢i. After this exchange the nucleus and the electron

Virtual Photon

Figure 1



are in state wf and ¢f respectively, ¢f being a continuum

state. The transition probability for the process is given

by

Tg v 1< Veoe|u'| wi¢i>129§

as against the gamma emission probability

T v [< ygln ]2

The ratio of the two as defined earlier is called the in-

ternal conversion coefficient, o.

INFORMATION OBTAINED FROM INTERNAL CONVERSION STUDY

~

The study of internal conversion process is of great

importance in nuclear spectroscopy and can be used to gain

information about the following:

(1)
(2)
(3)

Nuclear spins

Relative parities of nuclear levels

Parameters such as nuclear matrix elements, the numerical
value of which depend upon details of nuclear structure :

(for example, nuclear density functions, current density

operators, etc.).

NEW IMPETUS

The first systematic calculations of internal conversion

coefficients, based on the relativistic point nucleus, were



made by Rose (1) and his coworkers. In general, these were

in good agreement with the theory. 1In 1951 Sliv (2) pointedv
out that in some-cases, particularly magnetic dipole transitions
in heavy nuclei, the concept of point nucleus is not sufficient.
Church and Weneser (3) showed that the introduction of the con-
cept of a nucleus with finite size has two effects. First a
"Static Effect" in which the electron wave functions are altered
by finite size and second a "Dynamic Effect" arising from the
penetration of atomic electrons into nuclear volume. The

first correction being straight forward was made by Rose,

Sliv and Band in subsequent calculations. The second term
~gives rise to new matrix elements for internal conversion
coefficient, because of penetration of nuclear volume by atomic
electrons which are different from ordinary conversion matrix
elements (these are identical to gamma ray matrix elements) .

The effect is, naturally, most marked in cases of E0, ML and
Elxﬁransitions. The most marked effect of the new internal
conversion matrix is in cases of E0 mode of excitation. There
~is no corresponding E0 gamma ray and electric monopole tran-—
sitions'proceed solely by the penetration of finite nuclear

volume by atomic electrons. It was also pointed out by Church

+ transitions &

and Weneser (3) that EO can occur not just in ot~ o
also in competition with M1l and E2 transitions in cases where

level spins and parities are the same.

In cases of Ml and E]l transitions, this effect is

small and confined usually to heavy nuclei. For ML Sliv de-



.M

. e . .
fines a parameter A W T where M, is the new conversion

Y
matrix element, and MY the gamma ray matrix element. In

most cases A " 1. In some cases, however, when the gamma
ray is retarded A could be large and give an anomalous

conversion coefficient.

The prospect of gaining new information about
nuclear structure through conversion matrix elements arising
from the penetration of nuclear volume by atomic electrons
has given a new impetus to the study of internal conversion

process.

"~/



INTERNAL CONVERSION THEORY

A detailed theory of internal conversion process
has been worked out by Rose and is given elsewhere (5). The
following is intended only to bring out some of the salient

features that we have used in the present work.

The electron, initially in a bound state, interacts

with the nucleus. The final state of the eleétron, as a re-
sult of this interaction, is such that the energy ofvthe
electron is in a continuum state. The angular momentum of

the electron in the continuum state is specified by the quantum
number

£ (3 + 3)

~
il

—

where 3 (2 + %)

If the initial state is a 81/2 state, the final states of the
electron' for various values of j are given by

Transition - Initial State Final States

E0 (No) 51/ | .Sy, (= -1
' -, S ( =-1)
' ’ ///” 1/2
P ( = +1)
7 1/2
El (Yes) . S ~ 3
. , 4 1/2 Py (= -2)
d = 42)
e T, =)

and so on.



The theoretical expression for K-conversion coefficient is

olTh) (TL).]Z

kT on Mg (1)
where T = type of radiation

L = multipolarity of the radiation

K = atomic shell or subshell

K = defings the state of the free eléctrbn

The conversion electron matrix element given by
(1) is  composed of two parts, one of which is real and the

other imaginary.

TL) ”
) IMé 12 é_g IReMK + 1 Imag. MK.I2

—~
Equation (1) is valid for a pure multipole transition. If the

transition is mixed then %(total) can be written as

- oa(ML) + §%0(EL')
1+ 82

where 62 is called the mixing ratio, and is defined by

52 = number of L' pole gamma rays
number of L- pole gamma rays

No mention has so far been made of the size of the
hucleus. As stated earlier the size of the nucleus has two
effects on the conversion coefficient called the 'static' and

the 'dynamic' effects. Corrections for the "static effect" are



straightforward to apply. The "dynamic effect", however, is
more:complicated. When this effect is taken into account, a
new matrix element for internal conversion is obtained. This

matrix element has two parts and ¢an be written as

Bé
e T OK + NK

The first part corresponds to the conversion matrix element
arising from the interaction of the nucleus and electron in

the region outside the nucleus. The second one is related to

the penetration matrix element due to interaction between the
electron and the nucleus inside the nuclear volume. The ratio

of the matrix-NK to NY- is a measure of the penetration effects
and is called A. For én Ml transition the penetration is usually

small and A vl When A # 1 the conversion coefficient is given

by
Bg(A) v Br(A = 1) [1 - (-1 C(Z,k)J 2

- ROLE OF ANGULAR CORRELATION

If a conversion transition appears in the decay
scheme as a branch of a cascade as in figure 2, angular corre-'
lation measurements can be very useful in determining the values

of 6%, the mixing ratio and'k the matrix element ratio.



The probability that an electron eq of the first
transition be observed at an angle 6§ with respect to a gamma

ray of the second transition is given by
w(e) = 1 + A,,P,(cosp) + A, P, (cosp)

where A22 and A44 are called the correlation coefficients.

The coefficients a,, and A,, are given by

Azz(elyz) = Fz(el) Fz(Yz) =,b2(el) Fz(yl) Fz(Yz)
)
Bygleyvy) = Fyley) Fulyy) =Dbyleg) Fylyy) Fyly,)
The F's are functions of spins and multipolarities. The b's
are called particle parameters and are functions of the radial

matrix elements and hence very sensitive to nuclear structure

effects.

2

angular correlation case. If the transitions are not pure

Similar expressions can be written for the Y,~e

but have a mixing ratio 6%, as defined earlier, a slightly

more complicated expression results.

It is clear from equation (2) that from a knowledge
of the correlation coefficients we can determine pafticle para-
- meters which‘are extremely sensitive to nuclear structure effects
and would be very helpful in obtaining information about the

structure of the nucleus.



A NEW APPROACH

A new approach has been adopted to determine accurately
the internal conversion coefficients of cascade transitions from
angular correlation measurements. In this method we measure
either the electronfgammator>the.ggmma-electron angular corre-
lation of the cascade fransiﬁions and not both as is usually
done. The internal conversion coefficients so determined are
independent of the angular correlation function, W(e8), so that
they are not_affected even when the angular cofrelation is
perturbed or the coefficient By of the angular correlation
function is too large to be neglected. Also the errors of
the conversion coefficients are not affected by the rather

usual large error of the angular correlation coefficients.

Referring to figure 2, let N, be the population of
the level of the parent nucleus and x and y the relative number
of transitions as shown. Then the population of the upper and
the intermediate levels of the daughter nucleus are respectively,
XNO and yNO.

The number of K-electrons in the first transition is,

e ‘K ‘'K xN
1 = =
NK 0y NYI~ = 0 o
T
1 + oy
For each K-electron in first transition there is ;¥£¥ﬁf
‘ 1+ a
2

gamma ray in the second transition. The probability of de-

tecting a K-electron (of the first transition) in the peak



FIGURE 2

Simple Nuclear Cascade






The probablity of detecting in the peak a gamma

ray (of the second transition) which is related to this K-

electron of the first transition, = eP R

Y Y
‘ 2 2

The probability that a gamma ray in the second
transition related to the K-electron in the first transition
will go to the gamma ray detector placed at an angle § with
respect . to the electron detector, when the K~electron went

to the electron detector, = eK ) wl(e) where ei . is the

€172 1772
coincidence efficiency and W(6) the angular correlation
function. Hence for XNO transitions, the number of-e? Y

coincidence events is,

I 1 .
c,(g) = C (6) =(—~—~—— ol ef » } [———~——-€ w ]
1 oKL h 1l e, e ; :
e17Yy 1+ ai LB by oy BEAE:
x [EK ,, Wl(e)] (3)
e 3 E
where Wl(e) = f'wl(e) e (B) aq

Foxr they 5 singles peak,

It

A N ep w
Y2 Y3xXg3 Y3
) gN

o} Ep

P Wes :
1-+u§ Y2 Y2 (4)



Hence,
C,(8) XN K —
i Ee I T | o A [ AT
g vt DR b ey
T
[ 1 + o ]
% D
N e w
yOY2Y2‘
dK K o
X 1 K 0T
=2 0 = ety e . w W (06) - (5)
: T e, e o Ya L

which is an expression for the coincidence (normalised to
singles counts of the movable detector) between the K-electrons
of the first transition and the gamma rays of the second

transition.

s

In this expression x/y is the ratio of the number of

. s - .. K
the first transition to that of the second transition, & .

| €172
the coincidence efficiency, Wy is the solid angle for the
1 .
electrons, eg is the detection efficiency for the K-electrons,

1 _ -
0r and on are the K-conversion and the total conversion coefficient.

respectively and5Ay,1is the area under that part of the gamma
2
spectrum which is accepted by the detector at the angle 0.
Similarly we can write for the coincidence between the
. gamma ray of the first transition and the K-electron of the
second transition as,

C, (6) o K - '
2 =2 _ £ _ W,{0) w E.K (6}

T
Y 1 + s




Now we express the experimentally determined nor-
malised coincidence counts in terms of Lengendre Polynomial

Series,

c(p) = a, + a2P2 (cos8) + a4P4 ‘cose) (7)

so that W(8) = c(o) , (8)

= 1+ A,,P., (cosf) + A (cosb) : (9)

22F2 AgaPy

Combining equations (5) and (8) and writing

v _ "
ocT = aK [l + L R M] we get,

%1 By 1 1

K
1+ K [l + L+ N? A ox & , eK w
)

(10)

where ag is found by measuring the electron-gamma angular

correlation at three angles and using (8).

Similarly, for the gamma-electron angular correlation

O(IK . i
2 %o 1

R T T M T e
1+ « 1+ ] A £ ; IS
2| K Yoo Yivey ey ey

(11)

From the singles spectra of the conversion electron we find
K/ (L + M) ratios and thus calculate the value of K-conversion

coefficients.



The numbers of transitions are given by

AK 1+ QLT
‘T ey : 1
x=N_ (1+ o)== - —x , (12)
71 €a. Wg 0
171
K T
Ae 1+ g 5
T 2
‘and y =N (l +(h)= = . 7 (13)
Y €e Y %2
2 72

Here Ag are the areas under the conversion electron peaks
of the singles spectrum. Thus from (10), (11), (12) and

(13) we obtain

e a' Y ey

1 o 2 1214 (14)
2K /A a, €, o '
e, ' V1 Y1%2

Equation (14) enables us to eliminate one of the angular
correlation measurements. Suppose we measure the electron-

_ a
~gamma angular correlation. This yields the value of Kg_ which
;.' 'Y .
when substituted in (14) yields the value of *— to be used in
Y1
K

(11l) for the determination of a§° Thus, to determine a? and 0o

in cascade transitions we require the measurement of either
electron-gamma or gamma-electron angular correlation and not

both as is usually done.
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We can write for the gamma ray intensity

=1
i

Ql =z
=0
Il

)
=~
™

(15)

So that if the electron detection efficiencies are assumed
to be the same at both energies then the relative gamma ray

intensity is given by

NY A OLK

L 1 2
T K K (16)

Y2 Aez OLl

The areas can be measured from the electron singles spectrum
and the relative gamma ray intensity can be éomputed using

equation (16).
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APPARATUS

DETECTORS

The electron detector used in the experiment was a
Si(Li) solid state detector obtained from SIMTECSa)Its active
area is 50 mm?. The depletion depth at a bias of 1000 volts
is 3 mm which corresponds. to the range of a 2 MeV electron in
silicon. For singles counts, the pulses from the solid state
detector were led through the low noisevNuclear Enterprises(b)
5231 preamplifier and were further amplified by a Nuclear
Enterprises 5230 RC amplifier. In the coincidence work the
out?ut pulse from the preamplifier was also fed simultaneously
into an orrEc‘®) 203 amplifier which produces double delay
line clipped pulses necessary to drive a crossover pick’off
unit. The detector is cooled to liquid nitrogen temperature.

At this temperature the resolution obtained for the system is

6.5 keV for the 1064 keV transition.

For the gamma ray singles spectrum of 2 97pb a Ge(Li)
éolid state detector was used. The detector has’aﬁ active area
of 2.78 cm® and a 2 mm depletion depth and was obtained from
RCA(d). The pulses from the detector were amplified using a

(e)

Tennelec TC 200 amplifier. The system was capable of a

resolution of 6 keV at 1064 keV.

(a) Simtec Ltd., Montreal

(b) Nuclear Enterprises Ltd., Winnipeg

(¢) Oakridge Technical Enterprises Corp., Oak Ridge, Tennessee
(d) RCA, Montreal

- (e) ‘Tennelec,‘Oak Ridge, Tennessee



In the case of the angular correlation work a
1 1/2" x 1" NaI(T&) crystal mounted in an integral line
assembly with a Dumont 6292 photomultiplier tube was used
for the detection of gamma rays. Pulses from this unit
were fed, through the cathode follower, to a Nuélear Enter-

prises 5202 double delay line amplifier.

ELECTRONICS

The block diagram for the electronics is given in
figure 3. The function of the apparatus was to select those
pulsés of the correct energy.from the detector which were
in coincidence with a detected gamma ray, also of correct
en;;gy. The electron pulses were then analysed in a Nuclear

Data 1024 channel analyser and from this data, the angular

correlation function was obtained.

After amplifying, the pulses obtained from the electron
and gamma ray detectors, are fed into two single channel analysers;i
The windows of the single channel analysers are set to accepf
the appropriate electron and gamma ray energies. The output |
pulses from the single channel analysers; which are initiated
at the crossover point of the double delay line pulses, are
fed into a time to amplitude converter (TAC) type fast coin-
cidence system; The (TAC) gives out pulses whose amplitude is

proportional to the time difference between the two input pulses.
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PIGURE 3

‘Schematic Block Diagram



SOLID STATE DETECTOR

Schematic Block Diagram

SOURCE

NE 523
PREAMP. ,//,RM.GS4/2
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The output pulses frdm the (TAC) are fed through a single
channel analyser which accepts only those pulses which have
the correct amplitude, corresponding to coincidence events.
The output pulses from the TAC are used to gate the 1024
channel analyser which analyses the electron pulses from the
~good resolution RC amplifier. After a coincidence spectrum
had been taken, the single channel analyser output was used
to obtain gated gamma ray singles spectrum{ The singles
count rate of the movable detector was uséd to normalize
the coincidence counting rate at each angle. This is to
éorrect for the finite size of the source and for the
possibility of the source not being in the exact centre of

the arc described by the gamma ray counter.

EXPERIMENTAL CHAMBER

The experimental chamber is so constructed that it
has cylindrical symmetry about the axis of rotation of the
movable detector. The aluminum planchette source rings were
held vertically”in the centre of the vacuum chamber 2.7 cm
from the solid state electron detector. The éhamber was
evacuated by‘a Balzer's rotary pump. A liquid nitrogen cold
trap was used to keep the oil vapours from entering the

chamber containing the source and the detector.

For more details about the chamber and the cooling

arrangement the reader is referred to Dohan's thesis (6).



SOURCES

For a study of this kind it is desirable that the
source decay by 100% electron capture so that there would
not be any background beta radiation; The presence of this
radiation would make the subtraction of background extremely

difficult.

The source chosen was 2°’Bi. It has a half life
of 28 years and decays by electron capture to excited states
of 29%7phb, The source is well known and is used as a cali-
bration standard. It was obtained from ORTEC as isotopically
separated atoms firmly deposited on 0.0005" plastic to
minimize scattering and had a strength of 1 microcurie. For
the *3%cs source; the reader's attention is once again drawn

to Dohan's thesis (6).



- 26 -

" RESULTS ON. 2%7pp

The currently accepted energy level scheme for
. 207pp is given in figure 4. The 570 keV, 1064 keV and

1770 keV transitions were investigated.

The gamma ray singles spectrum is shown in figure 5.

A resolution of 6 keV at 1064 keV was obtained for the system.

fhe electron singles spectrum is shown in figure 6.

The spectrum was taken with a Si(Li) solid state detector
cooled to liguid nitrogen temperature. The applied bias of
1000 volts corresponds to the range of 2 Mev electron in
silicon. The K/L and K/(L + M) ratios shown in table 1 were
obéained from this spectrum. The theoretical values of the
‘K/L ratios were obtained by graphical interpolation of the
" internal conversion coefficients calculated by Sliv and Band (7),
assuming a pure E2 assignment for 570 keV transition and a
pure M4 assignment for 1064 keV transition. For the 1770 keV
. gamma ray we used the reported (8) admixture; 97% E2 énd
- 3% M3 which is consistent with that measured by Alburger and
Sunyar (9). Our values of 3.26 % 0.09 and 3.64 £ 0.10 for

K/L ratio of 570 keV and 1064 keV transitions respectively

are in good agreement with measurements of Alburger and Sunyar
(9). Our K/(L + M) ratios,_however;,do not agree with those of

Kurey and Roy (lO),‘who we believe encountered some difficulties
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FIGURE 4

Energy Level Scheme of 2°7Pb
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FIGURE 5

Gamma Ray Singles Spectrum of 2°7pp
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FIGURE 6

Conversion Electron Singles Spectrum of 2°7php
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)
K/L and K/(L + M) Ratios in 2°7pp

TABLE 1

1770

Ratio Alburger and Sunyar Kurey and Roy Present Work .. ... Theory
(K/L)570 3.4 * 0.4 - . 3.26 £ 0.09 3.44 (E2)
,(K/L)1064 3.95 + 0.25 - 3.64 £ 0.10 3.76 (M4)
(R/L + M)570 - - 3.11 £ 0.11 2.71 £ 0.08 -

-— + -—
(R/L +.M)1064 4.34 + 0.17 3.07 £ 0.0¢
(K/L + M) - - 4.70 + 0.13 -




concerning the depletion depth of the detector. Comparison
of data with theoretical values of the internal conversion
coefficient ratios indicates good agreement with the E2
assignment for the.570 keV transition and M4 assignment for
the 1064 keV transition. The errxors in the values of con-
version coefficient ratios accumulate from the measurements

of relative areas of the electron singles spectrum.

ANGULAR CORRELATION EXPERIMENT

For the first part of the angular correlation experi-
ment the windows of the single channel analyzer were set in
such a way as to accept the 570 keV gamma rays and 1064 keV
electrons. The (TAC) discriminators were set to accept the
coiﬁcidences between the selected pulses. Coincidences were
taken for a ten hour period at each of the angles 900, 135°
and 180° between the fixed detector and the movable detector
(gamma ray detector in the present case). These angles were
scanned twice alternately in opposite directions. A gated
singles gamma ray spectrum was taken at each angle after the
experiment. In the second part of the experiment the same
procedure was repeated but this time the single channel analyzer
was set to accept the 570 electrons and 1064 gamma rays. A
typical coincidence gated electron spectrum with an angle of
180° between the detectors is showhvin figure 7. The total
‘number of coincidences were found at each angle by subtracting
the back scattered contribution from the (L + M) electrons and

insisting that the peaks be symmetrical. The coincidence counting
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FIGURE 7

Conversion Electron Coincidence Spectrum of 2°7ppb
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rate was then normalized to the corresponding gamma ray
Singles rate. The quantity W(6)/W(90) was plotted as a
function of'angle 0 between the two detectors and is shown
in figures 8 and 9. The errors indicated in each figure

are the statistical errors in counts at each point.

ANALYSIS OF DATA

For the analysis of the data White's (11l) method

was used. In this method it has been shown that it is suf-

=

ficient to take data at + 1 angles where M is the highest
order Legendre Polynomial in the expansion of W(g§). For M = 4,
as in the preseht case, it is shown that to maximise the
eé}iciency of statistics, the data should be taken at angles
of 90°, 135° and 180°. The experimentally obtained quantities
w(e_) at the above mentioned three angles were used to solve
thelsystem of equations, |

W(ei) =1 + A22 2(cose )+ A44P4(COsei) i=11, 2, 3.

The coeff1c1ents so obtained were corrected for finite solid
angle using Yates tables (12). These corrections are 1ntro—
duced to account for the 'smearing out' produced by the finite
size of the detector. The calculation of this smearing out can
be extremely difficult but is considerably simplified if all

detectors have cylinderical symmetry. These values of the



FIGURE 8

W(e)/W(90) Vs 6 (1064K - 570v)
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FIGURE 9

W(0)/W(90) Vs 6 (1064 y-570K)
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correlation cocefficients were used to determine the partial

parameter from the relations (for pure multipoles),

SR~

_ L _e
By, (egyy) = by Fy (vy) Foly,)

m
(Yz) Fz(yl)

N B
N

Ayy (ygey) =b

where b's are particle parameters aﬁd F's are functions of

spins and multipolarities. Particle parameters are functions

of quantities on which internal conversion depends and can

thus be considered as a measure of the strength of internal
conversion process. They are very sensitive to nuclear structure
effects. The angular correlation coefficients are given in

table 2 and the particle parameters in table 3. The theore-

tical values are also given for comparison.

Equations (10) and (11) were used to determine the
- values of K-conversion coefficients. In the present case the
coincidence efficiencies E;lYZ and gyleé are unity. The
efficiences for detection of electrons at 570 keV and 1064
keV are assumed to be unity while the solid angle for the
electrons was determined accurately. For the ratio,.§, the
adopted values given in Nuclear Data Sheets (13) were used.
The analyzed experimental data are displayed in table 4.

Table 5 gives relative gamma ray intensities obtained from

internal conversion coefficients. The errors quoted include



TABLE 2

Angular Correlatio? Coefficients

Transition A A

Energy (keV) 22 44
1064 + 0.228 + 0.027 - 0.074 + 0.030
570 + 0.161 + 0.047 -~ 0.041 + 0.068

TLE -



TABLE 3

Particle Parameters ‘

Transition _b2....HAA4,A.
Energy (keV) exp. theor.
1064 1.03 £ 0.12 1.04 (M4)
570 0.68 = 0.21 1.21 (E2)




TABLE

4

K-Conversion Coefficients

Transition

Kleinheinz et al ~Theory Present Work
Energy (keV)
570 0.016 0.0l6 (E2) 0.016 % 0.001
1064 0.009 0.0%94 (M4) 0.085 + 0.005




those of the measurements of areas, the x/y ratio, solid

angle and the K/(L + M) ratio.

DISCUSSION OF RESULTS

As can be seen in table 4, the measured values
of O are in good agreement with the theoretical values of
Sliv and Band (7) and also with the recenF measurements of
Kleinheinz et al (14). Table 5 gives the values of gamma
ray intensities from our measurements and using equation (16).
To determine the relative gamma ray intensity of the 1770
keV transition, we used for a. of the 1770 keV transition the

K

theoretical value of 2.5 X 10~° which corresponds to the re-
‘pgzted admixture (8), 97% E2 and 3% M3 and is consistent with
that measured by Alburger and Sunyar (9). It can be seen from
table 3 that the pérticle parameter for the 1064 keV transition
is in_goodaagreement with theory, although the error is somewhat
large. The gamma electron correlation is found to be about 60%
attenuated. Nevertheless, the internal'conversion coefficient
of the 570 keV transition determined from the electron-gamma
angular correlation alone is in excellent agreement with the
theory. Thevequation (14) also provides a check for the
angular correlation measurements since the ratio forﬁed by

the values of the first term (ao/aé) of the Legendre Poly-

nomials Series defining the angular correlation function and

the areas under the conversion electron peaks in the singles



/
TABLE 5

" Relative Gamma Ray Intensities

AV

Transition
Energy (keV)

Relative Gamma

Ray Intensity _

Relative Intensity of
the Transition

570

1064

1770

0.776

0.057

0.063

- 17



spectrum must be unity. A second advantage of deriving the
internal conversion coefficients from one angular correlation
(electron-gamma or gamma-electron) experiment instead of two
is that it allows one extra time which may be utilized to im-
prove upon the statistics of the experimental data. The value
of Ox for the 1064 keV transition 'seems to be slightly lower
than the tabulated value. This could bevdue to any or all‘of
the following reasons: |
(1) The r§tio, x/y, used in calculations may not be exactly
correct; M

(2) The electron detection efficiencies for 1064 keV transition
may be slightly less than unity as assumed;

(3) The 1064 keV transition which has been assumed to be a

pure M4 transition may have an admixture of E5 radiation.



ANOMALOUS K-CONVERSION COEFFICIENT OF

124 keV TRANSITION IN !3lcg

Sen and Dohan (16) reported e~y and y-e directional

correlation ‘measurements on the 620~124-0 keV cascade in 1!31lcs.

37 5T gt
They assigned a spin sequence 7 T3 T3 to the cascade and

presented experimental evidence for the presence of electric
monopole, EO, electron transitions in direct competition with

Ml and E2 internal conversion transitions from 124 keV level

to the ground level.

Kelly and Horen (15) made an extensive study of

131

Cs. From their measured values of LI/LII/L ratio, they

o IIT
concluded that the 124 keV transition is predominantly E2
radiation with a possible 8% M1l admixture. They also reported

that the 496 keV transition is almost a pure Ml transition.

Sen and Dohan (16), howevef, showed that the 496 keV transition

3¢

has a (23 7)% E2 admixture.

Following ourkearlier work, a detailed study of the
internal conversion process in the 496 keV - 124 keV cascade
transitions was undertaken by us. We used our new approach
to determine the K-conversion coefficients for the 496 keV

and 124 keV transitions from y-e angular correlation measurements.



LEXPERIMENTAL RESULTS AND THEIR INTERPRETATION

Figure 10 shows the 620-124-0 keV cascade of !3lCs.
For the 496 keV transition withva possible (23 = 7)% admixture
the theoretical value of O = 0.0101 which may be compared
with measured values of 0.0105 % 0.0100 by Haskins (17),
0.012 + 0.002 by Kelly and Horen (15) and our experimental

value of 0.0100 * 0.0007. The theoretical value (7) of O

for the 124 keV transition assuming 100% E2 radiation is 0.610
while on the basis of an 8% ML admixture (15) it is 0.595. Our
present measurement gives the value 0.742 % 0.077 for<ﬁ<which

is about 25% higher than the theoretical value assuming an

8% admixture. An earlier measurement gave o, = 0.39 % 0.04 (18)

for this transition. Kelly and Horen (15) obtained by the

Internal External Cohversion method the value of aL = 0,23+ 0.04.

Using their K/L ratio of 3.0 * 0.2 for this radiation a value

of o, = 0.69 * 0.14 is obtained. Thus the verification of

our direct measurement of o, is furnished indirectly by Kelly

X
and Horen's o and K/L ratio.
Further verification that our value of op for the 124

*K124

o :
K496
with the previous direct measurements (15,18) of this ratio.

keV transition is correct has been obtained by comparing

Also, the relative conversion electron intensities as well as
the relative gamma ray intensities obtained indirectly using
the measured values of 4 agree: well with those directly

measured in this laboratory and elsewhere (19).



FIGURE 10

620-124-0 Cascade of *3lcg
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Tables 6 and 7 list the results obtained by us and
show their comparison with the theory and previous work. For
the theoretical wvalue of oy we used Rose's tables (20) and

for Oy and oL the tables of Sliv and Band (7). The theoretical
value of the XK/(L + M) ratio for 124 keV transition has to be
corrected for the contribution by EO electron conversion con-

tribution which is discussed later.

The large value of o, can be explained, as stated pre-

K
viously, as due to the penetration effects of E0, ML and E1
transitions. 1In cases of ML and El transitions the anomaly
is possible only if the selection rules are such that the gamma
radiation is retarded and the penetration matrix element is nbt

retarded or less retarded as compared, for example, to single

particle (Weisskopf) predictions.

The measured (21) half-life of the 124 keV level is
(3.77 £ 0.05) x 107° sec. .Using our experimental value of
®rotal = 1.07 and mixing ratio given by Kelly and Horen (15) we
determined tﬂe experimental gamma ray transition probabilities

of M1 and.E2 transitions from the 124 keV level to the ground

level. These are shown in table 8.

It is evident.from table 8 that the ML component of
the 124 keV transition is strongly retarded while the E2 com-
ponent is enhanced. An excess of conversion electrons therefore

may not necessarily be due to the presence of EO electrons alone.



TABLE 6

Internal Conversion Coefficients

Present Work

I : 15) 7)

Quantity . Previous Work Theory Experiment Expt./Theory

0LK1'24 0.69 * 0.14 0.595 0.742 + 0.077 1.25 £ 0.13
(92% E2 + 8% Ml)

O 496 0.012 + 0.002 0.0101 0.0100+ 0.0007 0.99 = 0.07
(77% M1 + 23% E2)

0194 60 t 2?9) 59 | 74 9 1.26 £+ 0.15

65 £ 5

%k496




TABLE 7

.Relative Gamma-Ray and Conversion Electron Intensities

- Present Work

15)

Quantity Previous Work
‘Direct Measurements ‘Indirect Measurement
N 196 g ‘
Y220 - 1.86 -+ 0.09 1.90 + 0.25 1.75
Y124
Nk 406 |
0.026 * 0.002 - - 0.027
NE




TABLE 8

Qamma—ray Transition Probabilities of the 124 kev Transition

Multipolarity Theory Experiment Expt./Theory

E2 1.4 x 10° Sec™! 8.2 x 107 sec™! 58

ML 5.1 x 101? sec™? - 7.1 x 10° sec”! 1.4 x 107

v -



It may also be that the Ml conversion coefficient is abnormally
large. It is therefore necessary to examine this possibility.
The parameter that plays an important role in the determination
of the penetration matrix element for ML transition is ) de-
fined (21) as the ratio of the new penetration matrix element,

M and the’ corresponding gamma ray matrix element MY' in ML
transitions. The value of ) depends on the specific assumptions
made about nuclear structure. The admixture of EO is measured

by the quantity

2 _ EO K-shell conversion probability
E2 K-shell conversion probability

W(EO)/uK(EZ)WY(Ez) (17)

-
In the theory of Church, Rose and Weneser(22), the experimental

internal conversion coefficient for a given mixing ratio,§, is
~given by

(L‘+”'2)"”'(E2Y”¥”62 X0

. o] Oz §SB1 A

op (E0 '+ M1, + E2) = (18)
(L + §2)

Where the K-shell conversion coefficient of the M1 radiation is

expressed as

) 2
B (V) = o (D) [1-(0-1) c(2,K)] (19)

C(z,K) is a weighting parameter calculated by Church and Weneser.



It should be possible to determine )\ and g from
our experimentally determined value of aK(EO + ML + E2) and
the gamma-electron angular correlation coefficient A,,(vye)

which is very sensitive to small admixtures of EO.

The E0-E2 term which makes the angular correlation

function sensitive to E0 admixture is given by

(qbo)/(l + p? + g?) where

p? = 82/85 (M) /o (B2)

and bO is the interference parameter (22). Although the y-e
angular correlation measurement (16) ihdicated strongly the
‘presence of E0 transitions the value of A22(Me) was not used
for evaluation of A and g because of its large error. The
fact that the admixture of Ml deduced (15) from LI/LII/LIII
ratio is not significantly different from that obtained from
Y-Y angular correlation measurements (17) indicates the absence
of any noticeable anomaly in Ml conversion process i.e. we can
assume A v 1 in equation 18; which then yields a value of
0.26 * 0.14 for q® from equation 18. .To check the validity
of our assumption, A n 1, we used the wvalues of‘q2 to estimate
K/(L + M) ratio by relating it in the following Way,

K

T+
M (1 +a®) o (B2) + 8%a (ML)

2 M(EO) ] L(EOQ) | 2 2
qto (52) [ 1+ HENS LIERL 4 o (m2) +6%a (1) + oy (52) +6%0 (M1)




The M(EO)/L(E0) and L(EO)/K(E0) ratios for E0 transitions
were obtained from calculations of Church and Weneser (3)
and qK, qL valués from tables of Sliv and Band (7). The
values of QMJ taken from Rose's tables (20) are not corrected

for nuclear size and screening effects.

The K/(L + M) ratio of 2.53 % 0.29 thus obtained
agrees reasonably well with the measured value of 2.28 £ 0.10
lending support to our assumption that the penetration effect

of M2 transition is negligible in the present case.

The electric monopole transition probability W(EO)
as deteiinined from equation using measured values of g? and the
half life (21) of the 124 keV level; is l;3x 107 sec.” 1. Finally
matrix elements for the EOtransition aﬁdthe EO étrength para-

memter p (table 9) was determined from the known (3) function.

W(EO) ”(ZI)MW

Q (2,K) =

DISCUSSION

The importance of the study of E0 transitions is that
it gives the magnitude of the nuclear strength parameter; 0r
which requires for its interpretation, specific nuclear models.
Until now data on EO0 transitions wére obtained solely from the

study of a few cases of O+ > O+ and'still fewer cases of
' + 4t

+ + L. . .
27 o 27 transition all in even nucleili and one case of 5 - %

transition in an odd mass nucleus. The present work apparently



TABLE S

Experimental Results on EO0 Transitions

Isotope Energy Spin Sequence q? . W(EO) lo]
(kev) ' ' .
+ o+
131cg 124 2 > 2

0.26 = 0.14 1.3 x 107 sec™! 0.07 + 0.02

N
N




is the second to consider E0 transition in odd mass nucleus.
The theoretical considerations of the present results may
bring out some interesting features of the specific nuclear

models used in the theory of internal conversion process.



DISCUSSION OF ERRORS

The most important source of error in the work
comes from the measurement of areas under the peaks. The
statistics for the y-e experiment were not good and resulted
in the largest of the statistical errors (4%) in the various
neasurements. The K/(L + M) ratios had errors of nearly
the same order. The errors in solid angle of the electron
detector and the x/y ratio were comparatively small. These

~gave an overall error of about 6% in the values of K-conversion

coefficients.

Because of the poor statistics of the y-e experiment
Ajé(ye)'and A44(Ye) have large errors. In the case of A44(ye)
for instance, the error is as laige as about 150% but because
of our new approach it has not affected the value of error iﬁ

dK for 570 keV transition.



' SUMMARY

The values of K-conversion coefficients obtained
by using our new approach are guite accurate and their
agreement with theory is good. Our y-e angular correlation
was perturbed by about 60%. Since our new approéch is in-
dependent of any perturbation in angular correlation measure-
ments, the value of the K-conversion coefficient of 570 keV
transition is in excellent agreement with theory and measuré-
ments of others (14) . This shows the usefulness of our approach
in determining K-conversion coefficients in cases where the

ahgular momentum may be perturbed.

- The anomalously large K-coefficient of the 124 keV

transition in !%!'Cs is, in our opinion, explainable in terms

of the contribution by the E0 electric monopole transition.
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