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PRECISE MEASUREMENT OF THE K-SHELL
INTERNAL CONVERSION COEFFICIENT OF

THE 344-KEV, E2 TRANSITION IN Gd!22 *

Guy Schupp and E. N. Hatch

ABSTRACT

A value of 0.0283 £ 0.0008 was obtained for the K-shell internal
conversion coefficient, OlK, of the 344-kev, E2 transition in Gd152 using
an electron-electron coincidence method. This value is relative to a
value of 1.135 = 0. 010 for the total internal conversion coefficient, &,
of the 122-kev, E2 transition in Sm152. QK/Oé ratios of 0.786 = 0.004
and C. 589 = 0.003 were measured for the 344- and 122-kev transitions,
respectively. The apparent 9% discrepancy with theory for CYK of the
344-kev transition is not explained. The result is in excellent agree-
ment with another measurement and also in agreement with an apparent
lower trend for OL’K‘s of E2 transitions in near spherical nuclei. The
OlK value for the 122-kev transition is in good agreement with theory.

Additional measurements were performed on the 123- and 87-kev, E2

>4 and Dyléo, respectively, and (LK/Ot ratios of

transitions in Gd1
0.531 £ 0.007 and 0.34]1 = 0.011 were obtained. Construction and per-
formance of the beta-ray spectrometers used in these coincidence

measurements are described along with limitations of the experimental

technique.

% This report is based on a Ph. D. thesis by Guy Schupp submitted
August, 1962, to Iowa State University, Ames, Iowa. This work
was done under contract with the Atomic Energy Commission.



I. INTRODUCTION

One of the processes by which an excited nucleus can
make a transition to a lower energy level is by internal
conversion. In'this process, one of the orbital electrons is
ejected from the atom with an energy equal to the nuclear
transition energy minus the binding energy of the electron.

A usual competing process with the internal conversion mode
of de-excitation is gamma-ray emission. For a given
transition, the ratio of the number of internal conversion
electrons ejected per second to the number of gamma rays
emitted per second is the internal conversion coefficient.
The measurement of these coefficients has long been a tool in
nuclear spectroscopy for determining the angular momentum and
parity changes in nuclear transitions. A short historical
account of internal conversion investigations is given below.

The first internal conversion coefficient measurement
was performed by Gurney (1) in 1925 on the RaB (Pb*1¥) ana
raC (B121%) decays. He estimated, from the areas of the
peaks and beta spectrum, that the probability of a RaB gamma
ray being converted into a “beta ray” was 1 in 7. Homogeneous
or internal conversion electrons were first observed, however,
by Baeyer gt gl. (2) in 1911, and by the early twenties the
energy differences between the electrons ejected from the K,

L and M electronic shells by a given transition had been



explained by the Bohr model of the atom. Closely following
the more refined measurements of internal conversion electrons
by Ellis and Wooster (3) in 1927, Swirles (4) presented the
first theory of internal conversion. She considered the
nucleus to be a radiating dipole and calculated the probabile
ity of absorption in the K shell using hydrogen-like
electronic wave functions in a non-relativistic formulation.
These theoretical values were approximately 1/10 of the
experimental values and this first discropancy between theory
and experiment was thought to be due to a neglect of the
screening by the other electrons.

In 1930 studies were again made on the internal
conversion lines in the electron sﬁectrum of the RaB and RaC
decays. Ellis and Aston (5) used a photoelectric method in
this investigation to determine the gamma-ray intensities
relative to the internal conversion electrons and obtained
absolute internal conversion coefficlents to an accuracy of
about 30%. They pointed out the striking dependence of the
coefficients on the gamma-ray energy as measured for the two
nuclides. The RaB internal conversion coefficients decreased
by a factor of 3 as the energy increased bj only a factor of
1.5, whereas for the transitions in the RaC decay no steady
variation was seen in the internal conversion coefficlents
as the energies varied over a factor of 3. This dependence,

while qualitatively explained by Swirles' theory (4) for RaB



but not for RaC, was thought to show the effect of nuclear
structure on the internal conversion process.

Casimir (6) made the first relativistic calculation
for internal conversion coefficients of high energy, electric
dipole transitions, and in 1932 Hulme (7) extended these
calculations to energies less than the electronic mass and
found agreement within 25% of experiment for three of the
nine RaC transitions. In conjunction with the work of Hulme
(7), Taylor and Mott (8) calculated internal conversion
coefficients for electric quadrupole transitions and obtained
similar agreement for the remaining.RaC lines excepting the
l.42-Mev, 0% - Ot transition. These calculations were still
as much as 40% lower than the experimental values for the
transitions following the RaB decay.

The next major contribution was a conceptual change
in the theoretical formulation of the internal conversion
process. Following their earlier work, Taylor and Mott (9)
in 1933 re-examined the basic assumptions underlying the
theoretical calculations and pointed out that the internal
conversion process was really independent of gamma-ray emis-
sion in contrast to the concept of the gamma ray always
leaving the nucleus and then sometimes iunteracting with an
orbital electron. With this new description, the present
definition of the internal conversion coefficient emerged as

the meaningful quantity to consider instead of the more
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intuitive ratio of internal conversion eleotron transition
probabllity to the total transition probability as used
previously. The two-step type process had been questioned
earlier by Smekal (10) and it was not until 1953 that
Bainbridge gt al. (11) showed experimentally the independent
nature of the internal conversion and gamma-ray processes in
their study of Tc99m. The theoretical activity of the early
thirties in internal conversion was completed by Fisk and
Taylor (12) when they calculated .conversion coefficients for
magnetic dipole, quadrupole and octopole transitions. The
agreement between theory and experiment at this time was
considered good since nearly all the experimental values
could be explained by a linear combination of the appropriate
electric and magnetic multipoles. These theoretical results
vwere completely relativistic but were restricted to the K
ghell and to a limited energy range. The most serious
restriction of the results, however, in light of later
usefulness was that they were only given for Z values of 83
and 84,

With the discovery of artificial radioactivity in
1934 by Curie and Joliot (13) came the eventual need for
more calculations of internal conversion coefficlients.
Because of the laborious nature of the calculations, various
approximate methods were used before Rose ef al. (14) began
their systematic calculations in 1947 using the Mark I



computer at Harvard University. They extended the numerical
results to a wide range of Z values and of transition energy.
At the same time the extension was made to the first five
electric and first five magnetic multipoles. The model for
these first computer calculations was the same as had been
used earlier (9,12). Following the K-shell calculations, a
program was initiated by Rose to calculate internal conversion
coefficients for the three L subshells. With the L-shell
results a consideration of the more easily measured K/L and
L_subshell ratios helped specify nuclear transitions. These
L-shell calculations were first made without considering
screening effects, but after the work of Reitz (15) in 1950
these effects were treated in a much more involved program
which was not completed until 1956. Part of these later
calculations were published in 1955 (16).

Until around 1950 and later the correctness of the
theoretical results was really not questioned since the spin
and parity ohanges of nuclear transitions were not commonly
measured by other methods. Asg angular correlation experiments
and other techniques were developed for deciphering decay
schemes, the accuracy of the internal conversion coefficlent
calculations began to be checked experimentally. Before any
significant discrepancies were found between experiment and
the theoretical values of BRose gt al. (14), it was pointed
out by Sliv (17) that t4e finite size of the nucleus could



bscome an important factor. His subsequent caloulations
included nuclear surface currents as well as finite-size
effects, The results of the calculations by Sliv and Band
(18) using this new model showed that the K-shell internal
conversion coeffiocients for magnetic dipole transitions in
nuclei with Z > 80 were on the order of 40% smaller than
the point-nucleus values of Rose et al. (14). The finite
nuclear size calculations were substantiated by Wapstra and
Nijgh (19) when they measured the internal conversion
coefficient of the 279-kev transition in the decay of 35203.
The method employed in this experiment was essentially the

~ same as that used by Gurney (1) in the very first measure-
ments of internal conversion coefficients. Many improvements
in experimental techniques as well as a simple decay scheme
enabled an accuracy of 3% to be obtained.

The last major development in the study of internal
conversion effects came in 1956 when Church and Weneser (20)
suggested that anomalous, model-dependent conversion
coefficlents may occur for retarded magnetic dipole
transitions if one takes into account the distribution of
currents throughout the nuclear volume. The term anomalous
is used for these effects because they are direct consequences
of the dynamical effects of nuclear structure as opposed to
static effects due simply to a finite nuclear charge

distribution. The electric monopole mode of nuoclear de-
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excitation, which finally explained the results obtained for
the ot - O+ transition in RaC mentioned earlier, occurs only
through nuclear penetration effeots. A theory of the
anomalous terms in the internal conversion process for
electric dipole transitions was presented by Nilsson and
Rasmussen (21) in 1958.

Perhaps the most logical direction for the experimen-
tal investigations of internal conversion ocoefficients to
take would be toward finding and measuring the penetration
effects. Measurements of this type have been done by Asaro
et al. (22) and Gerholm et al. (23). On the other hand,
since it 1s only by comparison with tabulated values of
conversion coefficients that the additional penetration
effecte can be estimated, 1t 1s necessary to maka comparisons
between tabulated and accurately measured coefficients for
transitions where penetration effects are expected to be
small as was pointed out by Church and Weneser (24). The
2% . 0+, pure electric quadrupole transitions found in a
large number of even-even nuclei represent such a class of
transitions. The agreement between experiment and theory for
this type of transition in the deformed nuclei region (150 <
A <190) 1s less than satisfactory although most of the
measurements have experimental errors which are greater than
10%. With the available data, efforts have been made by
Subba Rao (25) and more recently by Bernstein (26) to



correlate the apparent discrepancies between theory and
experiment with the nuclear deformation.

The present investigation is concerned with accurate
internal conversion coefficient measurements in the region
around A = 150 where the nuclear equilibrium shape changes
quite abruptly from spherical to deformed. The broader scope
of this research program has included the construction of an
intermediate-image beta-ray spectrometer and the modification
of an existing spectrometer. The final phase of thls project
was to use the spectrometers together as an electron-electron
coincidence speotrometer and to investigate its applicability
as an instrument for accurately measuring internal conversion

coefficients.



II. SURVEY OF THEORY

This survey will present the theoretical basis of
internal conversion coefficient calculations. In particular,
primary emphasis is given to the calculations for electrioc
quadrupole transitions. The manner in which these calcula=~
tions are made follows the framework of Rose (27) and gives
an extension to the more specific surface-current-model
calculations of Sliv and Band (18). From this framework,
possible dynamic effects of nuclear size, discussed by
Church and Weneser (24), can be estimated.

As described in the introduction, the internal
conversion coefficient, a, for a nuclear transition is
defined as the ratio of the number of orbital electrons
eJected per second, N, to the number of gamma rays emitted
per second, Ny. That is,

a = gﬁ . (1)

Y
A given traneition can convert in any filled electronic shell
of the atom, assuming energy conservation can be fulfilled.
Thus Qus Crys Cpyre SLITI? etc. ocorrespond to internal
conversion coefficlents for the varlous shells and subshells.

The total internal conversion coefficient a is given by

a = G.K"'GL*O-M* se 0 (2)
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where ay = apy *+ apyy *+ opyry and similarly for the remaining
shells.

The internal conversion coefficients are strongly
dependent upon the transition energy, k (in units of the
electronic mass, mcz); the atomic number, Z; the angular
momentum change, L; and finally upon the parity change, Am .
More will be saild about L and An later but it is important to
point out that it is the strong dependence of & on these two
paraneters which has made internal conversion measurements
useful as a tool in nuclear spectroscopye.

In the following discussions, the symbols EL and ML
are used for the electric 2¥ and magnetic 2L poles, respec-
tively. In particular an electric quadrupole transition is
denoted by E2 and its K-shell internal conversion coefficient
by ag(E2).

When the nuclear angular momenta for initial and
final states are Ji and Jf, the flield radiated can have any
angular momentum L for which

A = |Jy-Jd¢]l = L 2 34+, . (3)

The internal conversion coefficients are in general a

mixture of the form

a = ?(L)G(L) ’ (l")
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where a(L) represents the fraction of total gamma rays having
angular momentum L3 the L values are limited by Eq. 3. From
the multipole expansion of the electromagnetic field, if
there is no parity change in a nuclear transition there can
only be emission of electric multipoles of even order (L even)
or magnetic multipoles of odd order. For transitions in
which there is a parity change, these even and odd orders
are simply reversed.

As an example, if Jy = 2 and Jp = 1 and there were no
parity change, the radiated field would be a mixture of M,
E2 and M3, PFrom Eq. 4, the K-shell internal conversion
coefficient for this transition would be

ay = al(l)ag(M) + a(2)ag(E2) + a(3)ag(M3) , (5)

where a(l) + a(2) + a(3) = 1. For mixtures of this type,
the a(1)/a(3) ratio is usually so large that the M3 component
can be neglected. Similarly,

a;, = a(l)ap(Mm) + a(2)ar(E2) and a(1) + a(2) = 1(65

where the L subscript refers to the electronic shell as in
Eq. 2.

The mixing ratio, & = al(1l) * can be determined from
the theoretical values of the internal conversion coeffi-
cients and the experimentally measured ayk/ay, (or simply K/L)

ratio according to the relation
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a, (M) = (K/L)a (M)

-aK(E2) - (X/L)ar(E2) ) (7)

.Y -

Conversely, if & can be determined from some other independent
measurement (angular correlation for example), a check can be
made on the accuracy of the internal conversion coefficient
calculations, Of importance to the present investigation is
the fact that when J; = 2 and J, = 0 and there is no parity
change, the only possible multipole is E2. For these pure
E2 transitions there are no uncertainties or errors introduced
in the measurements from a determination of mixing ratios.
Two basic assumptions are made in formulating the
theory of internal conversion. The first 18 the use of
perturbation theory in calculating transition probabilities.
By virtue of their charge and motion, the nucleus and
orbital electrons are coupled via the electromagnetic fleld
and may therefore exchange virtual quanta resulting in the
transition: Nucleus in excited state + bound electron —»
nucleus in lower state *+ electron in continuum. Second-
order perturbation theory is needed for the calculation of
Ne while only first-order theory 1s needed for the
calculation of Ny wherein the nucleus emits real quanta.
The second assumption consists of the statement that the
electron is described by a Dirac one-particle theory. When
screening is taken into account, the nuclear potential is

modified but it is still of a central character.
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With the above assumptions, the appropriate transi-

tion rates as given by Rose (27) aret
N, = Bnakd |fary 7o o Ak |2 (8)
Y mak 4| faty Jy o Afy

- = 2
:klrrrel

Ne = 2“°2‘fgldehIdTB(E;;j;'pre) «(9)

A

In Eqs. 8 and 9, a 18 the fine structure constant. AZN is a
sum over final and average over initial nuclear substates.
éee contains in addition to these operations, a sum over
final electron states and a sum over magnetic quantum numbers
of the initial state. Jy and J, are transition current
densities for the nucleon and electron, respectivelys;

Py 8and p, are transition charge densities. These densities

are assumed to obey the usual continulty equations,

-3 —>
div Jy = 1ikpy and div Jg = -ikp, (10)

—»

Jo @nd p, are defined in terms of the Dirac matrices and the
Dirac one-electron wave functions of the initial and final
states. With few restrictions, the internal conversion
coefficient calculations based only on the static effect of
nuclear size are insensitive to the specific forms chosen for
j& and py. KZM is the vector potential of the appropriate 2L

pole where M 1s the magnetic quantum number change in the
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nuclear transition.

Expansion of the expression for N, in Eq. 9 1s given
elsewhere (24,28), but it 1s important to consider at least
qualitatively the results obtained for this expansion and
their dependence on whether or not the electron 1s restricted
to a region outside the nuclear radius. In the earlier
point-nucleus calculations of Rose gt al. (14), the expan-
sion for No gave nuclear matrix elements identical to those
in Ny, and the resulting internal conversion coefficients
were independent of nuclear structure. If the nucleus 1s
considered to have finite dimensions, however, the small-
distance behavior of the electron wave functions is
modified, and in addition the expansion of Ne glves some
matrix elements which are different from those in NY' The
nuclear matrix elements then fail to cancel and give rise to
what are called penetration terms in the calculations of the
internal conversion coefficients; these terms would vanish
if the electron current density were zero inside the nucleus.
Since a knowledge of 3& or the nuclear wave functions is
needed to calculate these terms, they are subject to the
rarticular nuclear model chosen and are referred to as the
dynamic effects of nuclear size.

The dynamlc effects are usually small but can become
important in cases where the gamma-ray matrix element is

anomalously small. While not of primary concern in this
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investigation, these effects are considered in more detail in
the discussion of the results.
For K shell internal conversion of E2 transitions,

the ratio of Eq. 9 to Eq. 8 reduces to

wak '
ag(E2) = "jTZCm-ﬂB*‘ + AR,|% (11)
b

where ¥ takes on the two values, 2 and -3, for which the
numerical coefficient Cx .1 1is 4 and 6, respectively. The
parameter ¥ is a non-zero integer which specifies the total
angular momentum quantum number j = |X| - 1/2 and the parity

quantum number f = j + for the final electron state.

Y
21%|

With this same convention, the -1 subscript corresponds to
the s electron bound in the K shell. The redial integrels

representing all static effects are given by

R, = (-1-w)ojh1(g,f-1 + f.g_q)réar
(12)

+ ZOI[hl(gwf_l - f"g_l) + hZ(r“f-l + g‘g.l)]rzdr »

where h, and hy are spherical Hankel functions of the first
kind with argument kr; f, and g, are radial functions for
the final state; f_y and g.1 are radial functions for the
initial state.

The primary problem of the calculations is the
computation of the radial integrals of Eq. 12. For this
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purpose it is necessary to carry out numerical solutions of

the radial wave equations

' -’—'—;al- - (W-1-Y) £
&d; - . (13)
g W+l-V -ijli_ll &

where the units are such that mo? = 1 ana % /moc = 1. Por the
bound states, the central potential V is taken to be that of
a uniform charge distribution inside the nuclear radius and
a Thomas-Fermi-Dirac screened potential outside the nuclear
radius. W is the energy of the electron state. A nuclear
radius of 1.2 A1/3x10'13 cn was used in the calculations by
Bose (27) and a 10% change in R generally leads to changes
in the coefficients of less than 1%.

The factors in Eq. 11 which allow for possible

dynamic effects of nuclear size are

1T,
AB_q = -R_q0_qe -3 [Ez(l) + EZ(Z)] (14)

1T ro= g (1) o . (2)
and ARjp - ~Row, @ 2[.3% E2 + %—%Ez ] ’ (15)

where Ez(l) and EZ(Z) depend on the nuclear model chosen

and for the surface-current-model calculations (18) are
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l and./57-, respectively. These terms are set equal to zero
in the static, finite-size calculations of Rose (27). The
remaining parameters are defined and tabulated as functions
of Z, k and L by Green and Rose (28,29). Magnitudes for
these parameters as they apply to this experimental

investigation are given in the discussion of the results.
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III. SURVEY OF EXPERIMENTAL METHODS

There are many different methods for measuring inter-
nal conversion coefficients but the majority of them have
experimental errors of > 10%. In this section, the main
emphasis will be given to only the most accurate techniques
and their applications to pure E2 transitions.

Since the internal conversion coefficient is simply
the ratio of electrons ejected to gamma rays emitted for a
nuclear transition, any experimental method must utilize the
detection of at least one of these forms of radiation. In
experimentally determining these quantitie;, the gamma-ray
spectrum is usually complicated by many gamma-ray peaks and
the electron spectrum usually has beta particles as well as
internal conversion electrons from several transitions. Thal-
lium activated sodium iodide crystals, NaI(Tl), connected to
photomultiplier tubes with the associated electronics, make
up the conventional gamma-ray scintillation spectrometers.
Variable magnetic fleld spectrometers are commonly used for
measuring the electron spectra and will be discussed more
fully in the next section. Although bent-crystal gamma-ray
spectrometers and fixed field electron spectrographs are
used primarily for acocurate energy determinations, they can
sometimes give precise ratios for internal conversion coef=-

ficients of several transitions occuring in a particular
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decay scheme.

For very simple decay schemes, careful measurements
of either the electron or gamma-ray spectrum can give
accurate internal conversion coefficlents. The measurement
of Wapstra and Nijgh (19) on H32°3 mentioned earlier was of
this type. They measured the electron spectrum and resolved
it into the internal conversion electron and beta-ray
components. The ratio of the number of K-shell internal
conversion electrons to the number of beta rays minus the
total number of internal conversion electrons gave ay for
the 279-kev transition to an accuracy of 3%.

Measurements on simple gamma-ray spectra by McGowan
and Stelson (30) in 1957 were the first to point out
possible discrepancies between experiment and theory for
pure E2 transitions. Since K shell internal conversion
leaves a hole in that electronic shell, the internal conver-
sion process will be subsequently followed by a K x ray (with
a probability equal to the fluorescent yield). These x rays
along with the gamma rays were detected with a NaI(Tl)
crystal. The ratio of the number of XK x rays to the number
of gamma rays, both properly normalized, gave GK's with
errors from 20% down to 7% at best.

Another way to measure internal conversion coef-
ficlents accurately is the internal-external method of

Hultberg and Stockendal (31) which is a careful extension of
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the photoelectric method of Ellis and Aston (5). In
experiments of this type, a magnetioc beta-ray spectrometer
is used to measure the internal conversion electrons from a
transition of interest and then to measure the number of
electrons ejected from an external converter, placed near
the source, by the corresponding gamma ray. The number of
external electrons is proportional to the product of the
number of gamma rays and the photoelectric cross-section of
the converter. The energy dependence and absolute values of
the photoelectric cross-sections can be calculated but must
usually be normalized by comparison with some accurately
known internal conversion coefficients. Once this 1s done,
however, the ratio of the internal conversion electrons to
the externally converted electrons can be multiplied by the
photoelectric cross-section to give the internal conversion
coefficient. Limitations of this method are an intense yet
thin source and an accurate knowledge of the converter
thickness and uniformity, but its wide range of applicability
and good accuracy make it quite useful. The recent work of
Frey et al. (32) demonstrates this statement and gives a
minimum error of 2.1% with 5% being more typical.

The remainder of the most acourate methods for
measuring internal conversion coefficients utilizes
coinclidence techniques. The simple coincidence logic requires

some specified electron or gamma-ray event to occur simulta-
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neously (within 10~8 sec) with the transition of interest.
The only accurate method for measuring internal conversion
coefficients with only gamma-ray scintillation spectrometers
for detectors 18 the coincidence-sum method of Lu and Schupp
(33). This method is an extension of the summing method due
to Lu (34) which was severely limited in its applicability.
The essential feature of the method is the requirement of a
high energy gamma ray to be followed in coincidence by only
a low energy transition whose gamma ray must be completely
absorbed in the summing crystal. In this way the total
internal conversion coefficient for the low energy transition
can be deduced. Although the coincidence and energy require-
ments restrioct this method, it is the most accurate one for
measuring total internal conversion coefficients of some of
the low energy, E2 transitions in the deformed nuclel.
Accuracies of approximately 1% can be obtained for the total
internal conversion coefficlients resulting in errors of 1%
or greater for the K-shell coefficients when these measure-
ments are combined with internal conversion ratios measured
with a beta-ray spectrometer.

Recently, Taylor and Merritt (35) measured the total
internal conversion coefficient of the 166-kev transition in
the very simple electron capture of 09139 to an accuracy of
0.5%. Coincidences were taken between the 166-kev gamma ray

and a 4n proportional counter whose sensitivity to Auger
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electrons, x rays and internal conversion electrons was
varied by a series of thin absorbers. The detalls of this
method have not been published but it is expected to be
quite inflexible in its applicability.

The other possibilities for the coincidence
technique involve electron-electron and electron-gamma ray
coincidence measurements and have been described in detail
by Gerholm (36). For accurate determinations of conversion
coefficients, this method requires that a resolved gamma
ray or electron (from either internal conversion or a beta-
ray group) must be in coincidence with the transition whose
internal conversion coefficient is to be measured. The
number of coincidences for a particular transition depends
upon the transmission of the lens spectrometer, the ax/a
internal conversion ratio and the internal conversion
coefficient. The spectrometer transmission is a principal
source of error in these measurements but with care 1t can
be determined absolutely to an accuracy of 2 2%. In
other cases, internal conversion coefficients measured
accurately by other methods can bhe used to determine the
transmission of the spectrometer. Wherever applicable,
coincidence measurements of this type are the most straight-
forward method for determining internal conversion coeffi-
cients to an accuracy of approximately 3%.

Use of the electron-electron coincidence method
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comprises the main body of this investigation and is discussed
further in the following section.
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IV. EXPERIMENTAL INVESTIGATION

The first part of this section is concerned with the
actual construction and performance of the coincidence
spectrometer, and the second part describes the particular

experiments performed.

A. Construction of Coincidence Spectrometer

The idea of studying electron-electron coincidences
was first forwarded by Feather (37) in 1940 and was subse-
quently implemented by him in collaboration with Kyles and
Pringle (38) in 1948. For these first measurements a
permanent magnet spectrograph with movable Geiger counter
detectors was used. Since that time, gradual improvement of
coincidence spectrometers with ;reater collecting power or
transmission has been made. In 1951 Siegbahn (39) constructed
a so-called "spectrogoniometer” which consisted of two thin
lens spectrometers whose axes could be oriented between 180°
and 90°. The transmission and resolution of the spectro-
meters were 0.3% and 2.2%, respectively, when a 3 mm diameter
source was used. Further progress toward higher transmission
was made by Gerholm (40). He internally divided a long lens,

iron shielded spectrometer and obtained a transmission of 3%

with a resolution of 1.3% in each half of the spectrometer
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using a 2 mm source. At the same transmission, a source
diameter of 5 mm gave a resolution of 3.1%.

Since the number of coincidence counts increases
by a factor £2 1f the transmigsion in each channel of the
coincidence spectrometer is increased by a factor f, the
possibility of utilizing the high transmission characteristics
of the S1&tis-Siegbahn type intermediate-image spectrometer
(41) was first investigated by S1Ztis and Herrlander (42) in
1955. A recent article (43) by them describes in detail the
construction and performance of their coincidence spectro-
meter. Its typical transmission and resolution values are
given later in comparison with the present work.

Another important feature regarding instruments of the
lens type is their size. Although they could in principle be
made quite small, the source diameter would also have to be
scaled down to preserve the same transmission and resolution
characteristics. For a specified thickness, the source
intensity depends on the source area, and it is therefore
desirable for most cases to make the physical dimensions of a
spectrometer as large as is conveniently possible. A Sl&tis-
Slegbahn type intermedliate-image spectrometer whose pertinent
dimensions were a factor of 1.2 larger than those used by
Herrlander and S18tis was constructed by Nichols et al.
(44,45) in 1953 at Iowa State University. The schematic

cross~-gection of the spectrometer constructed by Nichols et
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al. is shown in PFig. 1.

The present investigation began in 1956 when plans
were made to build another spectrometer of the same size
which could be used in coincidence with the existing
spectrometer after some modifications. Except for the neces-
sary modification of the magnetic yoke to allow for the source
and detector positions to be outside the yoke, differences in
construction between the new and existing spectrometer were
limited to minor changes in the cooling and baffle systems.

A schematic cross-section of the coincidence spectrometer 1is
shown in Fig. 2. The machine work for the spectrometers was
performed in the Iowa State University Instrument Shop.
Details of winding the coils on the brass spool were carriled
out in a manner almost identical with the procedure described
by Nichols et al. (44); the only difference being that each
coll instead of pairs of colls was externally connected to
the water system to provide more efficient cooling. The
brass spacer shown between the spectrometers in Fig. 2 also
determines the source position and can be fastened to either
spectrometer and moved along two perpendicular directions by
means of screw adjustments to position the source on the
magnetic axes.

Although most of the existing systems including
current and safety controls carried over into the present

construotion, some engineering details unique to the coinci-
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dence arrangement were involved. These included a movable
table which would support the approximate one ton weight of
the new spectrometer, a flexible water system capable of
holding the 300 psi input pressure to the coilb, and
provisions for aligning the axes of the two spectrometers.

A careful study of the photograph shown in Fig. 3 reveals the
way in which these new demands were met.

Following completion of the new spectrometer, cheoks
were first made on the symmetry of the magnetic field. With
neither end plate mounted and with all the coils connected in
series, the measured magnetic field intensity along the axis
is shown in the lower ocurve of Fig. 4. Also shown is a
similar measurement made with only one of the end plates in
position. These curves were taken with a current of 4 amps
through the coils. A General Electric Gaussmeter and a
BRawson fluxmeter were used to measure the field intensity
inside and outside of the iron yoke, respectively. As seen
from Pig. 4, the magnetic field at the source position is a
factor of 30 lower than the maximum field strength, and little
or no influence of one spectrometer on the other was expected.
A later check on this possible effeoct showed that the
momentum displacement of the 60-kev Auger lines in Pb207 was
less than 0.1% when the field in the other spectrometer was
changed from zero up to a value corresponding to an electron

energy of about 3 Mev (60 amps). The optimum field shape
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determined by maximum transmission was obtained by electrically
omitting 3 of the 4 center coils as well as 3 of the 10 coils
in each of the two end sections.

Using different source slizes, a series of relative
transmission versus resolution curves were deduced f;om data
taken by scanning over the ThB F-line with different center
and resolving baffle settings. The relative transmission
values were experimentally found to be in agreement with the

expression

Trel = To [ 1 -t (a?/2 + n?) ] ' (16)

where T, is the transmission for a point source on the axis,
a is the source radius and h is the distance between the
center of the source and the spectrometer axis. The coef-
ficlent f has the values 0.035 * 0.004 mm™2 and 0.068

+ 0,007 mm™?

for transmission based on peak areas and peak
heights, respectively. The combination of these results with
the absolute value for the peak height transmission dlscussed
in Appendix A gives the curves shown in Fig. 5. Table I
lists typical transmission and resolution values and compares
them with the corresponding values obtained by Herrlander and
S18tis (43).

The performance of the spectrometers as lndependent

instruments has been reported by Nichols et 8l. (46) for the

new spectrometer used in beta shape factor investigations and
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Table I. Transmission and resolution values taken from

Fig. 5
Source diameter, mm
9 5 4 2 1/2 (1)
™% 4 2 4 2 4 2 4 2 b 2
R, & 5.2 3.7 3.0 1.8 2.6 1.6 2.3 1.4 2,1 0.9
R®, ¢ 2.7 1.9 2.0 1.2 (1.9) (0.9)

&Transmission values.
bResolution values.

°Com£arab1e resolution values obtained by Herrlander
and S1&tis (L3).

by Schupp ef al. (47) for the modified spectrometer used in
beta-gamma coincidence studies. The present investigation
was the first to use the'speotrometers in the coincidence

arrangement and has primarily examined its applicability to

accurate internal conversion coefficient measurements.

B, Measurement of the K-Shell Internal Conversion

Coefficient of the 344-kev, E2 Transition in Gal3?

The sample used in this investigation was produced by
8low neutron irradiation of enriched (97.8%) Eu%5103 in a
reactor at the Oak Ridge National Laboratory. Eul52 was

chosen because it decays by eleotron capture to sml52 as well
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as by beta emission to Gal52, The decay scheme (48,49) is
glven in Fig. 6. It has been well established that the
equilibrium nuclear shape changes rapidly, in the nature of a
®jump”, in the region of neutron number N = 88 to N = 90
(50,51). Gd154, with N = 90 and Z = 64, is known to have an
ellipsoidal shape and exhibits rotational type low lying
levels as can be seen from the decay scheme (49) shown in
Fig. 7. Sm'52, also with N = 90 but Z = 62, is very similar
in shape and level structure, as well as in other collective
properties. Gd152, on the other hand, with N = 88 and Z = 64,
has a near-spherical shape and exhibits vibrational type low
lying levels quite different from that of Gdlju. Accurate
measurements of internal conversion coefficients in this
region would therefore be expected to give information
relevant to the possible correlations between nuclear deforma-
tion and internal conversion suggested by Subba Bao (25) and
Bernstein (26).

Independent determinations of ag for the pure E2,

152 and Gd152 could be

122- and 344-kev transitions in Sm
made using the electron-electron coincidence method if the
solid angle of one of the spectrometers were accurately
known. A Hg197m source was used for a solid angle measure-
ment but the results were imprecise and are discussed in

Appendix A. Another attempt to measure the so0lid angle was

not tried since ay of the 344-kev transition could be deter-
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mined relative to ax of the 122-kev transition quite
accurately, and the total internal oconversion coefficient of
the latter transition has been measured by Lu and Schupp (52)
to be 1,135 * 0.010.

A EuC13 source was used in the first relative
measurement and a EuF, source was used in a later experiment.

3

These sources were vacuum evaporated from the dilute HCl and

HF solutions of the enriched Eu152

activity descoribed above.
The source films were aluminized formvar with a total thick-
ness of 18 + 4 ug/om?. Orifices 5 mm in diameter were used to
define the source areas and to center them on the films.
Source thioknesses were estimated to be less than 1 ug/cmz.
Considering first the measurement on the 34l-kev
transition in Gc3.152 and referring to the block diagram shown
in Fig. 8 as well as to the decay scheme, if Spec. 1 is set
at an electron energy of 480 * 25 kev, then each of the beta
particles detected would be in coincidence with an ensuing
344-kev transition. With Spec. 2 set on the peak of the

344 K-internal conversion line, the number of coincidence

counts, Ny(344), would be given by

No(344) = Ny (B) [ 1+a(344) 171 ayp(344) 0y ey(344) -
(17)

e(coin) C(p-344) ,

where Ny (B) is the number of beta counts detected by Spec. 1,
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a(344) and ay(344) are the total and K-shell internal
conversion coefficients of the 34li-kev transition, Q5 is the
solid angle of Spec. 2, €,(344) 1s the detection efficiency
of Spec. 2 for the 344 K-internal conversion electrons,
e(coin) is the efficiency of the coincidenge circuit, and
C(B-344) is the factor which arises from angular correlation
effects between the betas and the internal conversion
electrons.

Consider now the 122-kev measurement, realizing that
nothing has been changed regarding the source. If Spec. 1 is
set on the K-internal conversion line of the 245-kev transi-
tion in Sm152, and Spec. 2 1s set on the peak of the 122 K-
internal conversion line, the number of coincidence counts

would be

No(122) = N (245K) [1+0(122)]71 ag(122) 0, ¢, (122) -
(18)
e(coin) C(245-122) ,

where the notation is analogous to that above with the 1 and
2 subscripts designating the spectrometers, and the numbers
in parentheses refer {o the particular transitions.

If the ratio of Eqs. 17 and 18 is taken, the
following expression 1s obtained



b1

No(344) /N, (8) [1+a(122)] ayx(344) eo(344) C(p-344)

N,(122)/N, (265K)  [1+a(364)] oy (122) ep(122) C(245-122)

(19)

where the ¢(coin) and Q, quantities have been eliminated.

It is assumed that the coincidence efficiency factors
in Eqs. 17 and 18 are the same. Since 2T 's of approximately
0.35 usec were used in this investigation, e(coin) is expected
to be close to unity. Prompt coincidence curves of the type
shown in Fig. 9 were always measured before any particular
coincidence data were taken. The delay was then set, as
indicated by the arrow at the center of the prompt distribu-
tion in Pig. Y, such that transit time ur crergy dependent
effects would be minimized. Any error contribution to Eq. 19
from the ratio of the e(coin)'s for the two measurements 1is
then expected to be less than 0.5%. Although the resolving
times used were rather long, the accidental colncidences
never amounted to more than 5% of the total coincidences
across the peaks because of the low counting rates. The
accidentals were calculated from the 27 values measured by
feeding pulses from a pulse generator through the circuits
associated with Spec. 1 before and after each coincidence
run. These values were also in good agreement with the full
width at half maximum of the corresponding prompt curves.

It is also assumed that 01, 18 the same for the 122

and 344 K-internal conversion electrons. If the electron
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trajectories are somewhat energy dependent as a result of

the remanence or saturation effects in the iron yoke, the
agsumption that the solid angle or transmission is the same
in both cases would be incorrect. Any significant energy
dependence, however, should be seen as a deviation from the
linear Kurie plot of allowed spectra. The performance of the
spectrometers, in general, along this line has been thoroughly
investigated by Nichols gt al. (46) and in the present inves-
tigation a deviation of less than 0.5% from linearity between
75 and 200 kev was obtained for the Pml#7 Kurie plot shown

in Fig. 10. In addition, an energy dependent transmission
should appear as a deviation from the linear relation between
the current through the spectrometer colls and the momentum
of the focused electrons. In this latter case a deviation of
less than 0.3% was observed for the entire range of ThB
calibration lines from 25 to 2500 kev. From these considera-
tions it was estimated that the error contribution due to

any variation of (15 over the energy range of the 122 and 344
K-internal conversion lines would be less than 0.5%.

It should also be pointed out that since the same
physical source was used for each relative measurement, no
effects of the type described by Eq. 16 due to source size or
position are present.

In determining the peak coincidences, N,(344) and
No(122), 4 or 5 points were taken across the peaks of the



=

226 Kev

1

1.0

110

LIS

Figo 10.

120 125 1.30
w

Kurie plot of Pmll’?.

135

140 1.45

it



45

internal conversion lines. Gaussian curves were then fitted to
these points by the method of least squares. To allow for pos-
s8lble systematic errors, the error assignments were estimated
to be approximately 1.5 times the statistical error of the com-
bined number of true coincidences recorded across the peaks.
Points taken away from the peaks, where no true coincidences
were expected, showed very few or no coincidences above the cal-
culated number of accidentals. The entire internal conversion
spectra were run with Spec. 2 in the measurements of the aK/a
internal conversion ratios. These raw data were programmed
through the Iowa State University IBM 650 computer whose output
gave the values for the N/ and Kurie plots. Areas under the
various peaks were then determined from the N/7) spectra where
the beta distributions under the peaks were estimated from the
Kurie plots, and the peak heights were determined by fitting
Gaussian curves to the upper points. The essentially Gaussian
form of the line shapes can be seen in Figs. 11 and 12,

From the data shown in Pig. 11, the ayk/a ratio for the
J4l-kev transition was determined to be 0.786 + 0.004. This
value was obtained from both the coincidence and singles data,
and the error assignment should easily cover systematic errors
introduced by the background and 413 K-internal conversion line
subtractions. The coincidence data shown in Fig. 11 were ob-
tained with a beta scintillation spectrometer connected to Spec.

2 instead of the other intermediate-image spectrometer but were
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not used in the internal conversion measurements because of the
uncertainties which would be introduced by the change in exper-
imental conditions with respect to the measurements on the 122-
kev transition. The numerical result for the ax/a ratio is in
agreement with the value of 0.791 * 0,003 calculated from the
data of Bobykin and Novik (53).

The data from which the ag/a value of 0.589 + 0.003
was determined for the’122-kev transition is shown in Fig. 12,
This value 1s in good agreement with the value of 0.590 *
0.013 calculated from the data of Kelman ef al. (54).

Since the linear Kurie plot discussed in connection
with the possible energy dependent transmisslon effects
suggests a constancy of the area under the N/ line shape
rather than a constant peak height, the peak coincidences
were normalized to the peak areas by using the area to peak
ratios determined from the singles data. These ratios are
discussed by Gerholm (36) and are approximately equal to the
momentum resolution of Spec. 2 as can be seen from the values
listed in Table II. Any source thickness effects would also
be reduced by this procedure. In other experiments where
source size and position effects are also important, the
procedure of normalizing to the peak area reduces the
possible errors caused by these effects as 1s discussed in
Appendix A.

Using the formulas given by Wapstra gt al. (55), the
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fractions of 344 and 122 K-internal conversion electrons
backscattered from the source were estimated to be 0.001 and
0.009 respectively. Prom the data of Wagner (56), however,
essentially all of these backscattered electrons would be in
the inelastically scattered regions below the observed peaks
and therefore would not affect the coincidence or singles
data across the peaks.

The fraction of total counts in Spec. 1 due to the
245 K-internal conversion line, N1(245K), was carefully
determined from the total spectrum as shown in Fig. 13. The
current value designated by the arrows in the figure was
used rather than the peak value because any shift in the
current control which would also change the beta background
would easily be noticed. No irregularities of this type
were noted in these runs, however. The smooth curve under
the internal conversion lines of the 245-kev transition was
estimated from a Kurie plot of the region shown.

The detection efficiencies, €,(344) and ¢,(122), were
determined by displaying the pulse height spectra from the
anthracene detector of Spec. 2 on an RCL 256-channel analyzer.
Referring to the block diagram in Fig. 8, these pulses from
the cathode follower output of the RCA 68104 photomultiplier
were fed into the amplifier preceding the trigger to the
coincidence circuit. The trigger pulses to the coincidence

circuit, which were the pulses recorded on the No. 2 scaler,
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wers also used to gate the multichannel analyzer. The
gated spectrum shown in Fig. 14 then differed from the total
spectrum by not having the low energy pulses which were below
the trigger level. A switch on the analyzer could open the
gate momentarily in order to give the zero pulse height
position. By extrapolating the tall of the distribution from
the trigger level cutoff to the zero level, the fraction of
counts lost and hence the efficlency could be estimated.
Here again systematic errors may be present in the individual
determinations but an error contribution from the 32(344)/
€5(122) ratio should be less than 0.2%.

The angular correlation factors, C(B~34%4) and C(245-
122), are not known exactly, but estimates with appropriate
error assignments can be made. Following the discussion
presented in Appendix B, these factors can be calculated
using the data of published gamma-ray angular correlation
measurements in conjunction with estimated geometrical
quantities for the coincidence spectrometer. The coefficient
Az (A), assumed to be zero) has been measured between the
1.49-Mev beta-ray group and the 3i4-kev gemma ray (57,58) as
a function of the higher beta-ray energies using EuCl3
sources. When these results were extrapolated to 480 kev,
Ay was found to be -0.13 * 0.03. This value combined with
the 344-kev K-shell particle parameter and the fact that only
half of the betas at 480 kev exhibit this angular correlation
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effect gave the C(B-344) factor for the EuCl, data given in
Table II. The same value of C(B-344) was also used for the
data taken with the fluoride source because the half-life of
the 34h-kev level has been measured to be (7.6 + 1.3)x10-11
sec (59) and therefore any attenuation effects are expected
to be small.

The coefficients A, and A, for the unattenuated
angular correlation between the 245. and 122-kev gamma rays
in Sm}%? have been measured (60) to be 0.09 * 0.01 and
0.01 + 0.02, respectively, which corresponds to a value of
1.034 * 0.014 for C(245-122)., Since there are no experimental
data for directly estimating the attenuation effects for the
chloride and fluoride sources, an attenuation factor of
0.7 ¥ 0.2 was assuméd for both of these sources to give the
C factors listed in Table 1I. This assumption 1is in general
agreement with the attenuation factor of 0.61 % 0.03 obtained
by Goldring and Scharenberg (61) for the angular distribution
of the 122-kev gamma rays following Coulomb excitation in a
solid Sm]2'5203 target and with the factor of 0.71 *+ 0.03
obtained by Bhattacherjee and Mitra (62) for the 1277-123-kev
gamma-gamma correlation in Gd154 using a solid Eu154013
source.

Corrections were also made to the data for the 0.48%
of Eu15u activity which was estimated to be in the enriched

source. These corrections were simplified by the fact that
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the K-internal conversion lines of the 245-kev transition

in Sml52 ana the 248-kev transition in Gd;5u have the same
energy. Ratlos of the beta-ray intensities from the two
activities at the energy settings of Spec. 1 were estimated
from constructed N/ spectra. The multiplicative correction
factors applied to N (344) and N, (122) because of the Eul 5%
contaminant were 1.008 *+ 0.003 and 1.000 * 0.003,
respectively.

An additional 344-kev measurement, which was not
mentioned above, was made with the Eu013 source. The only
reservation with taking these data relative to the 122-kev
measurement on EuCl3 discussed above is that the source had
been removed from the spectrometer between the measurements.
Source positioning effects due to simply removing and
reinserting a source are expected to be quite small, however,

and these data are also included in Table II.
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Table II. Quantities used in the determination of ax(Buh)

Measurement (Nc/Nl)xlou (Area/Peak) P c
(EuC13) +0.09 40.00025 +0.002 $0.005
2l 5-122 96.3 0.02385 0.993 1.024
(EuCl4) .1 +0.00025 +0.002 +0.012
B-344 8.70 0.997

(EC15) +0.10 a +0.001 a
B=344 8.70 0.02273 0.999 0.988
(EuFs) 0,10 +0.,00025 4+0.001 $0.005
2l45.122 101.3 0.02380 0.997 1.024
(EuF3) +1.0 +0.00025 +0,001 10.012

aThe values used here. were the same as those
determined in the first EuCl3 measurement.
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V. RBESULTS AND DISCUSSION

When the measured and calculated quantities of
Table 2 are combined with the other experimental values given
in the text, ay(344) can be determined directly from Eq. 18.
The error assignment for the present valus is to be inter-
preted as a standard deviation and was derived by standard
statistical methods from the individual error contributions.
Comparisons with previously reported measurements and with
the theoretical values are given in Table III. The theoretical
values were determined by interpolations from a log k versus
log ag plot of the values given by Rose (27) and Sliv and
Bana (18).

Table 1II. ax of the 3uik,3-kev transition in Gals?

@y (344)
Theoreticalt
Rose (27) 0.0313
Sliv and Band (18) 0.0310
Present work 0.02832 + 0.0008
Hamilton gt 8l. (63) 0.0281 #* 0.0020
Bhattacherjee et al. (64) 0.032 + 0.005

SRelative to ay(122) = 0.669 * 0.008 (33).
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The experimental value obtained for ay(344) is in
good agreement with the published results of Hamilton gt al.
(63) given in Table II and in better agreement with a revised
value of 0.282 # 0.0010.* It is also in general agreement
with the trend discussed by Subba Bao (25) for measured
internal conversion coefficients of E2 transitions in nearly
spherical nuclei to be lower than the theoretical values.
Possible contributions to the 9% discrepancy with theory
are discussed below.

From the data of Bobykin and Novik (53) mentioned
earlier, an ay/oy value of 0.209 * 0.004 was calculated for
the 344-kev transition. This value is in fair agreement with
the theoretical value of 0.215 and can be combined with the
present result for ay(344) to give an ayp(344) value of
0.0059 * 0.0002. The theoretical value (27) for ap(344) is
0.0067.

The ay(122) value of 0.669 * 0.008 determined froam
the a(122) measurement of Lu and Schupp (52) is in very good
agreement with 1ts corresponding theoretical value of 0.677
(27,18). A 2% change 1in ay(122) would change the ag(344)
result by approximately 1% in the same direction.

According to Rose (27), the error estimates for the

*Hamilton, J. H., Vanderbilt Univ., Nashville 5,
Tenn. Recent investigations on E2 internal conversion
coefficients. Private communication. 1962.
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theoretical calculations should be at most 1% to 3% where
dynamic effects are expected to be small. The lack of
ambiguity in the theoretical calculations for ay(344) is
demonstrated by the fact that its value obtained by interpo-
lation from the unscreened, point-nucleus calculations of
Bose et al. (14) is less than 1% larger than the value of
Rose quoted in Table III.

The differences between Bose's values (27) and the
surface-current-model values of Sliv and Band (18) as
estimated from the formalism of Rose (27) are less than 0.2%
for the 344~ and 122-kev transitions. Direct evaluation of
the surface-current model values by interpolation from the
tables of Sliv and Band give coefficients approximately 1%
smaller than Rose's values as can be seen in Table IV. This
difference between 1% and 0.2% then gives an indication of
the errors introduced by interpolation as well as by the
actual computer calculations.

A low energy approximation presented by Green and
Bose (28,29) can be used to give further information
concerning dynamic effects. As applied to E2 transitions it
is possible to express a ratio of the Ke-internal conversion
coefficients calculated from two different nuclear models in

the form

ax(L)

ag(zo) =1re (20)



59

where (£°) refers to Sliv's surface current model which, as
shown above, 18 nearly the same as Rose's no-penetration

model for the 344- and 122-kev transitions. The 8 is given

by 5§ = ~ax+bx% |, (21)
2 w
- + =l 22
where a -_--—E[Uz cos Tp *+ — ] ’ (22)
1
b = I ’ (23)
1+ U,
and X = by Wy L 5 (24)

Green and Rose define (29) and tabulate (28,29) these
parameters, but for the present discussion only the specific
values for the 344~ and 122-kev transitions are listed in
Table 1V. The variation of & with respect to I_4 can then

be considered, where

yi* r)*
2-3 ~ -5- IdTN PN 12 (!‘N/) (25)

7 Id’tN PN Yg’ (I‘N/B)z

Substitution for the parameters in Eq. 21 gives

2

3 (26)

5 (364) = -5.8x107% £_5 + 7.5x1076 5_



Table 1V. Parameter values for the 344- and 122-kev

transitions
Buzransitiogzz

U, 0.027 0.282
W, 0.0071 0.0054
w_1 0.00029 0.00016
by 0.386 0.376
cos Tp 0.0 -1.0
a 0.21 ~0.37
b 1.00 0.93

and

5 (122) = 7.6x10°% £_5 + 3.8x107C I_

2
3 L

(27)

It can be seen from Eq. 26 that & (344) has a minimum value

of =0.01 with 2_3 = 39, and it 18 therefore impossible for

nuclear dynamic effects within this framework to give the

-0.09 value for 6 (344) needed to explain the experimental

results.

ag(344) could be brought into agreement with theory by an
a & (122) value of 0.20 would be

On the other hand, the experimental value of

increase in aK(122).

required, however, which would correspond to 2-3 ~ 100 in
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Eq. 27. This 20% inorease in ay(122) is of course completely
unjustified from an experimental viewpoint.

The large values above for Z.4 which give a minimum
value for & (344) or a 0.20 value for & (122) are also
unexplainable from a theoretical point of view. In the
expression for 2_3 given in Eq. 25, the numerator would
ordinarily be smaller than the denominator because of the
(ry/R) dependence so that the only way I_5 can be large is
for the denominator to approach zero faster than the
numerator. The denominator, however, is of the form of the
matrix element for electric quadrupole gamma radiation
involving a single proton (65) which certainly does not have
the above behavior for the 344- and 122-kev transitions
because their transition probabilities are enhanced over the
single-proton values by factors of 20 (59) and 60 (66),
respectively. Values for the quantities which correspond to
I_3 above are discussed by Church and Weneser (20) for Ml
and El1 transitlons.

Considerations from the experimental measurement of
ag(344) which would tend to give slightly better agreement
with theory include possible refinements to the decay scheme.
Schneider (48) discussed a high energy, low intensity beta-
ray group observed in his experiments on the beta decay of
Eul5? but aid not assign it definitely as a transition to
the ground state of Gdl52 because it would be 3rd forbidden
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by beta deocay selection rules. If the magnitude given by
Schneider for this possible beta-ray group were used, ay(344)
would be increased by only 0.6%. Although neither has been
reported, weak gamma rays of 1134 and 757 kev which would
cross over the 344-kev level would also increase the present
experimental value of aK(jbu). From empirical half-life
estimates (55) for these gamma rays, however, they are
expected to be weaker than the 790- and 413-kev gamma rays,
respectively, by factors of approximately 1011,

While they apparently do not affect the reliability
of the present aK(3uh) measurement, intensities of beta-ray
groups and cross-over gamma-ray transitions can limit the
applicability of the electron-electron coincidence method
for accurately determining internal conversion coeffliclents
as 1s demonstrated by the measurements in Gd15“ and Dy16°
discussed in Appendix C.

Of all the statistical and systematic errors
considered in this investigation, the largest was 1ln
estimating the ratio of the angular correlation factors,
C(B-344)/C(245-122), The 1.7% error for this ratio comes
principally from uncertainties in the electron trajectories
and the angular correlation attenuation effects. Values
given above and in Appendix B for these quantities are based
on existing data and their corresponding error assignments

are belleved to be appropriate. Substantially better values
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for these quantities ocould be determined only by involved
experiments designed specifically for that purpose.
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VI. CONCLUSION

In summarizing the results of this investigation,
proper emphasis should be placed on the apparent 9%
discrepancy between the experimental and theoretical values
for ag(344). Because of the experimental errors as well as
small uncertainties in the theory, it is perhaps unwise to
state that the observed discrepancy is more than 5%. On the
other hand, a real 5% deviation from theory is significant
since it is not explained theoretically. Support is given
to the present experimental value by the agreement with the
ag(344) value measured by Hamilton et al. (63) who used a
different method. It is in excellent agreement with a
revised value by Hamilton.* This result, along with the
observed trends for apparent discrepancies between experiment
and theory for internal conversion coefficients of E2 transi-
tions, then suggests that further investigations should be

conducted on this class of transitions.

*Hamilton, J. H., Vanderbilt Univ., Nashville 5,
Tenn. Recent investigations on E2 internal conversion
coefficients. Private communication. 1962.
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IX. APPENDIX At SOLID ANGLE MEASUREMENTS

If absolute measurements of internal conversion
coefficlents are to be made with a lens spectrometer, it is
necessary to know its solid angle. The s0lld angle or
transmission will depend on the baffle settings as well as
source size and position. It is therefore important that any
solid angle measurements be performed under the same experi-
mental conditions as the primary experiment.

Consider a simple nuclear level scheme of the form
shown in Fig. 15A and let the transitions be denoted by T2
and Tl. If these transitions have at least moderate internal
conversion coefficients (o > 0.1), then a coincidence measure-
ment of the form described by Eqs. 17 and 18 can be performed.
Referring again to the block diagram of Fig. 8 and supposing
that the solid angle of Spec. 2 is8 to be measured, if Spec. 1
is set on an internal conversion line of Tl then each of
these electrons detected would be in coincidence with T2,
With Spec. 2 set on the peak of the K-internal conversion
line of T2, the number of coincidence counts, N.(2), would

be given by
Ne(2) = Nl(1)[1+a(2)]'1ax(2)02¢2(2)e(coin)c(l-z) y (28)

where the 1 and 2 subscripts refer to Specs. 1 and 2 and the

numbers in parentheses refer to Tl and T2. It is convenient
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to group e¢(coin) with 1, and to denote the combined quantity
by (Q2) which can then be determined from

. (29)

() = Ne(2) [ 1 L« (2)] 1 1
N (1) lag(2)  agl2)] ¢3(2) C(1-2)

The usefulness of this method as a means of determin-
ing (Q,) absolutely then depends upon ax(2) being a large
number such that any uncertainties in its value would not
add an appreciable error. Although advantageous here, this
insensitivity to large values of ag is reflected in the large
errors for the measurements discussed in Appendix C. If the
angular correlation factor can be estimated to a satisfactory
degree of accuracy as discussed in Appendix B, the remaining
quantities in Eq. 29 can usually be measured to accuracles
such that the overall error on (Q5) is 2% or smaller.

Several nuclear isomers fulfill the necessary
requirements of the simple decay scheme and large ax(2) but
for most of them it is difficult to obtain and prepare a
satisfactory source for the spectrometer. The Hgl97m isomer
was chosen for this measurement and was obtalned as a stock
item from the Oak Ridge National Laboratory; its decay scheme
(49) is shown in Fig. 15B. A correspondence is made between
the 165~ and 13k4-kev transitions in Hgl?7 and T2 and Tl of
the preceding discussion.

The source was vacuum evaporated from the chloride
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form in the manner described earlier. A major difficulty
encountered with this source was the growth of the M-internal
conversion electrons from the 77-kev transition in Aul97
which dominated the singles spectrum in the region of the
165 K-internal conversion line. The 165 K-internal conversion
line obteined in coincidence with the 134 L-internal conver-
sion line is shown in Fig. 16 along with the singles spectrum
of the remaining internal conversion lines of the 165-kev
transition. A measurement of the ax(165)/a(165) ratio wes
then made by also taking coincidence data across the peak of
the 165 L-internal conversion line. The value obtained for
this ratio was 0.226 * 0.012 compared with the values of
0.207 and 0.242 calculated from the data of Pettersson et al.
(67) and Huber gt al. (68), respectively. The errors on these
two values are expected to be =~5%. Coburn gt al. (69) have
measured a(165) to be 350 + 90,

In parallel with the description of the internal
conversion measurements, the remaining quantities used in
the determination of (Q,) are given in Table V. The angular
correlation factor, C(134-165), was estimated from the
measurements of Coburn et al. (69) in conjunction with the
discussion given in Appendix B. An attenuation factor of
0.4 * 0.2 was used for the solid Hgl97mC1, source.

From the values listed, (Q,), was calculated to be
(7.54 + 0.58)x10°% 4n steradians. This value is for the
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Table V. Quantities used in the determination of (Q,)

Measurement  (No/Ny)x103  (Area/Peak) € C(134=165)
134-165 6.51 0.0264 0.995 1.015

transmission of Spec. 2 based on the area under the internal
conversion peak rather than on the peak height directly. The
value for (Qj)p based only on the peak height from these
measurements without including additional systematic errors
18 (2.85 * 0.16)x10"2 4n steradians. Values of (05), and
(QZ)P calculated from the measurements on the 122-kev
transition in Sml52 are (7.38 * 0.13)x10'u and
(3.10 + 0.05)x10™2 4n steradians based on the peak area and
peak height, respectively. A comparison of the (0,), and
(QZ)P values indicates that source size and position effects
are better accounted for by using the peak areas rather than
the peak heights.

The difficulties which arose in this experiment due
to the Hgl97 65-hour activity could be overcome with a
fresher source but because of the inherent delay in getting a
source from the Oak Ridge National Laboratory no further

solid angle measurements were made.
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X. APPENDIX Bt ANGULAR CORRELATION FACTORS

Whenever coincidence measurements are made between
nuclear radiations, angular correlation effects may be
present and must be assessed for any particular experiment.

In this discussion the angular correlation effects arising
from coincidences between the radiations detected in the
electron-electron coincidence spectrometer are considered.

The geometrical orientation of the electron trajec-
tory through the spectrometers is shown schematically in
Fig. 17. The angles which are used in the discuégion below
are given in the figure; CB 1 and CB 2 represent the center
baffles for Specs. 1 and 2, respectively, which define the
intermediate images. To formulate the calculation, it is
assumed that the only electrons detected in the spectrometers
leave the point source at S in the axial symmetric angular
regions 487 and 465. It is further assumed that the detection
probability is unity for electrons leaving the source in these
angular regions and is zero otherwise.

Consider again the simple level scheme in Fig. 154,
and let the electrons from Tl be focused in Spec. 1 and from
T2 in Spec. 2. The number of coincidences will then be given

by N, = Ny XK [y [o [aay/4n] [a0,/bm]) W(y) (30)

where N, 1e the total number of decays and K is a propor-



Fig. 17. Schematic drawing of the electron trajectories through the spectrometers.
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tionality constant dependent upon the internal conversion
coefficients of the transitions. The quantities [df;/4m]
and [dQ,/4n] integrated over the angular regions 48, and 48,
respectively, give the fractions of the total number of Tl
and T2 internal conversion electrons detected. W(y) is the
angular correlation function which expresses the relative
probabilities for coincidences between electrons that leave
the source at an angle ¢ with respect to each other. It
has the form (70)

W(¥) = >, b,(1) b,(2) A, Pp(coss) (31)

n even

where by(1) and b, (2) are particle parameters for the
electrons detected in Specs. 1 and 2, respectively; A, are
the usual expansion coefficients for gamma-gamma directional
angular correlation measurements; and P, are Legendre
polynomials.

For application to the experimental geometry, it is
convenient to expand P,(cosy) (71) in terms of the angles

81, ¢ and 82, P, to give

Pn(cosy) = Pp(coséy) P,(cosdy)
(32)

n '
+ 2 52% (2':): P,"(cos®y) P,"(cos8,) cosm(Py-&,).

Since the terms with <¢1 and ‘¢2 vanish when integrated from
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0 to 2n, the final result for Nc, following the substitutions
and integrations, is

N, = Ny K [0y/4n] [Qp/lm] o

—~ bn(1) bp(2) Ap Pplcos®y) Pplcosdy) (33)

n even

where P, (cos6;) is the average of P, (cosd,) over the angular

region 48 .

In the internal conversion coincidence measurements,

the angular correlation factor, C(1-2), 1s then given by

C(1-2) = :EE: b,(1) b,(2) 4, Pn(cosei7'§n(c03027 o (34)
n even

To calculate the F; terms, the angular regions A8,
and A02 must be determined from the experimentally measured
values of &, and 63, and the corresponding estimates of the
solid angles 01 and 0, . The angles of the primary rays,
81 and 63, have been measured to be 42° and 138°, respectively.
These values are only accurate to 2° , however, and thereby
introduce large errors in the F; ?; products which are
discussed below.

In all of the internal conversion experiments
performed in this investigation, the baffles of Spec. 2 were
never changed and its solid angle was measured to be 3% of

b steradians. Combining this value with 6, limits A3 to
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the angles between 141° and 136°. Two baffle settings of
Spec. 1 were used in the experiments depending upon whether
it was detecting internal conversion electrons or beta rays.
For internal conversion electron detection, Ael was defined
by the angles 38° and 459; 48y, for beta-ray detection, was
defined by the angles 37° and 46°. These values for 46y
correspond to 6, and estimated solid angles of 4% and 5% of
kn steradians for Spec. 1. Differences in the values for

F; calculated from the different 48, were only about 1% ana

the average values used for the products Py(cosé,) P,(cos8j)

and Pu(cosel) Pu(cosez) of Eq. 34 were 0.115 and 0.122,
respectively. Systematic errors in these numbers due to the
uncertainties in 6, and 8, mentioned above are ~40% and in
some cases could severely limit the accuracy of an entire
coincidence measurement.

Theoretical values of A, are tabulated (55), but in
calculating C(1-2) the experimental valuss reported in the
literature from gamma-ray angular correlation measurements
were used. Values of b, are also tabulated (55) for K-shell
internal conversion electrons, and those used in this
investigation are listed in Table vi. The explicit form
used for estimating C(1-2) is then

C(1-2) = 1 + (0.115 * 0.045) b,(1) b,(2) A,

+ (0.12 £ 0.05) b,(1) by(2) 4, .  (35)
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Table VI. Values for the particle parameters b,

n b, (344) 1b,(122) by(245) b (265) b, (134) b (123)

2 1.59 1.89 1.71 1.07 1.87 1.89
'4' bl -1022 -0078 1038 . ‘1.18 - e wn

Attenuation effects due to source environment are
discussed in the text along with the experimental values for
An. In practice, the signs of the A, coefflclents determine
whether the large systematic errors introduced by the ?Z F;
product will add or subtract when a ratio of C factors is
taken. For example, in the C(B-344)/C(245-122) ratio the
opposite signs for the A,'s contribute to a 1.7% error which
is the largest single source of error in the relative

measurement of ap(34k4) to ax(122).
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XI. APPENDIX C: INTERNAL CONVERSION MEASUREMENTS
IN Gal5* anp pyl60

In addition to the primary experimental investigation
presented above, internal conversion coefficient measurements
were also performed on the 123- and 87-kev, E2 transitions in

Gal%% ana Dyl60, respectively, and are described below.
A. Measurements in Gd15h

The decay of Eu154 leads to the levels of Gd15u
according to the decay scheme shown earlier in Fig. 7. A
sample of enriched (95%) Eu%5303 was irradiated by slow
neutrons in a reactor at the Oak Ridge National Laboratory
to produce the Eu15u activity used in this investigation.
Preparation of the Eu15uF3 source for the spectrometer and
the actual measurement of the internal conversion coefflcient
of the 123-kev transition was performed in a manner exactly
analogous to the measurement on the 344-kev transition
described above. Two additional complications arose in this
experiment, however, due to approximately 25% of Eu152
activity contained in the source and to the fact that all
of the beta-ray transitions do not lead to the 123-kev level.

Ir Spec. 1 1s set on the beta distribution at an

energy of 163 * 8 kev, the number of coincidences obtained by
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setting on the peak of the 123 K-internal conversion line in
Spec. 2 18 given by

N (123) = R(163) N (8) £(163) [1 + a(123))°1 o (123) -
(36)
(Q2) €2(123) Cc(p - 123) ,
where B(163) is the ratio of the Eul* betas to the total
number of betas at 163 kev, and £(163) is the fraction of
Eul?¥ betas at 163 kev which lead to the 123-kev transition.
The other symbols are the same as those used previously, and
the peak height value of (3.10 * 0.05)x10"2 4m steradians
discussed in Appendix A was used for (Qo)p . This value was
used rather than the one based on the peak area because the
true shape of the 123 K-internal conversion line was not
known and because any systematic errors introduced by an
energy dependence of fl, would be negligible in this case.
The internal conversion lines of the 123-kev
transition are shown in Fig. 18 with the contaminant from
the 122-kev transition. From these data and the ay/a ratlo
for the 122-kev transition, the ax/a ratio for the 1l23=kev
transition was determined to be 0.531 * 0.007. This value
is changed only 0.3% by a 104 change in the amount of the
contaminant. For comparison, & value of 0.553 * 0.010 was
estimated from the data of Kelman et gl. (54) by assuming an
ar/0M4.., ratio of 4.5 + 0.9, This assumption is based on the

4,5 + 0.1 value for the same ratio of the 122-kev transition
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which was also measured by them.

An experiment with Spec. 1 set at 163 + 8 kev gave an
unexpectedly low value for ax(123) and a repeat experiment
was subsequently performed. An additional measurement was
also performed with Spec. 1 set at 480 * 25 kev where the R
and f factors of Eq. 36 would be different from those at
163 kev. The R factors were estimated from N/ beta spectra
constructed according to the Eul5% ana Eul5? decay schemes
and were adjusted by the number of 344 K-internal conversion
electrons; the f factors were estimated from the decay scheme
branching ratios and the N/7 beta spectrum of EulSh,

Extrapolation of the beta-gamma directional
correlation measurements in Eu15h by Bhattacherjee and Mitra
(62) to 163 and 480 kev gave values of -0.02 * 0.01 and
=0.07 ¥ 0.02, respectively, for the A, coefficients which
were used in estimating the angular correlation factors
discussed in Appendix B. The measured and estimated
quantities for these experiments are listed in Table VII

Values of ayg(123) calculated from the quantities
listed in Table viiand in the text give the results tabulated
in Table VIiI. The errors on the experimental values of ag(123)
come primarily from the R and f factors which limit the
accuracy of these measurements.

The fact that the besta-group intensities total 100%

introduces systematic tendencies which would cause the value
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Table VII. Qnantifios used in the determination of ax(123)

Beta  (No/N; )x10% ep B £ c
energy
163  68.6 £ 0.8  0.990 * 0.004  0.905  0.890  1.000

69.6 + 0.8 0.995 + 0,002 +0.018 $0.018 #0.001

480  73.4 + 0.8 0.99%5 * 0.002  0.836  0.950  0.996
40,028 #0.010 F0.002

Table VIIL.ay of the 123.1-kev transition in Gal>*

ak(123)

Theory (27) 0,650 + 0.010
Present measurements:

163 0.590 * 0.045

480 0.715 * 0.065

Average 0.65 * 0.07
Juliano and Stephans (72) 0.54 + 0.14
Bernstein (26) 0.82% # 0.12

8Calculated from a(123) = 1.46 * 0.20.
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of Ny (B) to be low at 480 kev if it were high at 163 kev.
These tendencies wbuld then lend support to the average value
for ag(123) given in Table Viiiandits apparent agreement with
theory even though it is derived from two widely different
values. These different values indicate that additional
investigations should be conducted on the Eu154 beta decay.

Although the good agreement with theory for the
average value discussed above is somewhat fortuitous and
should not be overemphasized, the individual values for
aK(123) are still in better agreement with theory than the
other published values.

B. Measurements in Dvl6°

The sample used in this investigation was produced by
slow neutron irradiation of the 100% isotope of Tbji’ 0, in a
reactor at the Oak Ridge National Laboratory. Preparation of
the fluoride source and the other experimental procedures
followed were exactly the same as those described above.
Consldering the abbreviated decay scheme of Tb16°
(49) shown in Fig. 19, if Spec. 1 18 set on the beta
distribution at an energy of 345 + 15 kev, the number of
coincidences obtained by setting on the peak of the 87-kev

K-internal conversicn 1ine in Spec. 2 is given by
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No(87) = Ny(B) £(345)[1 + a(87)1"1 ay(87) (a,) -
(37)
e>(87) c(p-87) ,

where £(345) was estimated to be 0.741 * 0.027 from the
decay scheme branching ratios and the constructed beta
spectrum. The C(g-87) factor was assumed to be unity because
the angular correlation effects are expected to be small in
this case. Any errors introduced by this assumption are
expected to be less than 0.2f.

The internal conversion lines of the 87-kev transi-
tion are shown in Pig. 20. From these data, the ay/a ratio
was determined to be 0.341 * 0.011. A corresponding value
of 0.281 * 0,041 was calculated from the data of Grigor'ev
at al. (73). The value of (7.38 * 0.13)x10-% 4n steradians
given in Appendix A was used for (Q,),. The area to peak
ratio for the 87-kev transition was also determined from the
data presented in Fig. 20 and is listed in TableIX.with the
remaining quantities used in calculating ag(87).

The value of ax(87) determined in this investigation
is given in Table X. It is 30% below the theoretical value
of Rose (27) and is little more than half the value of
Bernstein (26).

The shortcoming of the electron-electron coincidence

method for determining large values of ay which was mentioned
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Table IX. Quantities used in the determination of ak(87)

Beta (No/Np)x10%  (Area/Peak) ¢y ay(87)
energy 1+ a(87)]
345 56.6 0.0242 0.98 0.256

+70.6 40,0007  #0.01 #0.013

Table X. ax of the 86.7-kev transition in Dy16°

ak(87)
Theory (27) l1.50 * 0.05
Present work + 0.26
1.03 _ 0.19
Subba Rao (25) 1.752 + 0.20
Bernstein (26) 1.95 + 0.20

8An average value based on 4 investigations.

bCalculated from a(87) = 6.02 + 0.6.

in Appendix A 1s demonstrated in this experiment by the

manner in which the 5% error on the ay(87)/(1 + a(87)] ratio
gives a 20% error for ax(87). Similarly, a 10% increase in
this ratio, which is the quantity actually obtained from the
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coincidence measurements, increases ax(87) by 60%. Since

the systematic errors introduced into this measurement by the
branching ratios of the decay scheme are large, it is aiffi-
cult to say that the discrepancy with theory is real. This
measurement is not in agreement, however, with the value
given by Bernstein (26) nor with the higher trend for the
measured ay(E2) values in this region of the deformed

nuclel (25,26).
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