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Inner Beta Spectra of Ag'" and Rb"f
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The relatively high comparative half-lives of the low-energy, inner beta-ray group of Ag"' and the inner
group of Rb" suggest that their spectra may have nonstatistical shapes. The spectra were investigated
with a 4m. beta-ray scintillation spectrometer which had been adapted for beta-gamma coincidence studies,
Both spectra are found to exhibit nonstatistical shapes.

INTRODUCTION

HE low-energy, inner beta-ray group in Ag'" and
the inner beta-ray group in Rb", which are

classified as once-forbidden, nonunique transitions, each
have a logft value of 7.9. This value is relatively high
for transitions in this class of forbiddenness. ' This
suggests that there may be destructive interference
occurring between the radiations generated by the
nuclear matrix elements. Because of the usually domi-
nant. energy-independent terms in the once-forbidden,
nonunique shape factor, most transitions in this class
have been found to exhibit spectral distributions which
are not measurably diff'erent from a statistical shape. If
these energy-independent terms in the shape factor are
sufficiently suppressed by the destructive interference,
a nonstatistical shape may result. The low-energy,
inner group of Ag"' and the inner group of Rb" have
been investigated to determine if they have non-
statistical shapes.

Although present interest lies mainly in the study of
the above mentioned groups, it is also of interest in the
case of Ag'" to examine the other beta-ray groups. Such
a study provides a check of the decay scheme proposed
for this isotope.

EXPERIMENTAL

The beta spectra were investigated with a 4x beta-ray
scintillation spectrometer which had been adapted for
beta-gamma coincidence studies. The spectrometer has
been described in a previous paper. ' The 4n--steradian

geometry was obtained by sandwiching the source of
activity between two cylindrical plastic phosphors which
were each optically coupled to a 6292 Dumont photo-
tube. The resolution of the instrument for the 624-kev
internal-conversion electron line in. Cs"' was 13 to 14%
The linearity of the relation between the observed pulse
height and the beta-ray energy was checked in the
energy region between 40 and 976 kev by the measure-

Aglll

The source material was obtained from the Oak Ridge
National Laboratory where it was produced by slow-
neutron irradiation of Pd'" and subsequent 22-minute
decay of Pd'" to Ag"'. The silver was separated from
the palladium by means of an anion exchange procedure. 4

The decay scheme as proposed in earlier investiga™
tions is shown in Fig. 1. The energies, intensities, and
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ment of six internal-conversion electron lines. The
capability of the instrument to measure both single and
coincidence beta spectra was veri6ed in the energy
range from 36 kev to 1 Mev through the study of six
known spectra.

The source preparation was essentially the same for
the silver and the rubidium isotopes. Each source was
mounted on a 10-ttg/'cm' Zapon film. Insulin was used
to aid in the uniform spreading of the source materiaP
over an area of 0.5 cm'. A 7-ttg/cm' Zapon film was
placed over the source. The mounted source was cen-
tered on the face of one phosphor. The two phosphors
were then brought into contact.

j' This work was supported by the joint program of the OfEce of
Naval Research and the U. S. Atomic Energy Commission and
by a grant from the Research Corporation. FIG. 1. Decay scheme of Ag"'. The energies, intensities,

* Present address: Physics Division, Oak Ridge National and logft values are from tl'e present study.
Laboratory, Oak Ridge, Tennessee.

' The logft values of most once-forbidden, nonunique transitions ' L. M. Langer, Rev. Sci. Instr. 20, 216 (1949).
with spin change of 0 and 1 are centered around 6.5 and 7.5, re- 4 Schindewolf, Winchester, and Coryell, Phys. Rev. 105, 1763
spectively. R. W. King and D. C. Peaslee, Phys. Rev. 94, 1284 (1957).
(1954). ~ Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25,

s R. L. Robinson and L. M. Langer, Phys. Rev. 109, 1255 (1958). 469 (1953).
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FIG. 2. Fermi-Kurie plot of the low-energy, inner beta spectrum of
Ag'" measured in coincidence with the 340-kev gamma ray.

comparative half-lives which are given in the figure are
those found in the present study.

The gamma spectrum of the silver isotope was studied
with a NaI scintillation spectrometer. Photopeaks were
observed at 247&5 and 340&7 kev. From the number
of counts in the photopeaks, the gamma-ray counting
rates were obtained by correcting for the efBciency of
the NaI crystal, ' for the photofractions, ' for the absorp-
tion in s-inch Lucite (used to prevent beta rays from
reaching the NaI crystal) and in the canister in which
the crystal is packaged, and for the solid angle at the
source subtended by the NaI crystal. The gamma-ray
intensities were obtained from the comparison of the
corrected gamma-ray counting rates with the total
beta-ray counting rate which was measured for the
same source with the 4~ scintillation spectrometer. The
intensities are 1.0&0.5% and 6.0&1.5% of the total
decays for the 247 —and 340-kev gamma rays, re-
spectively. Since the internal conversion coeKcients
are small, "these intensities are approximately the in-
tensities of the two inner beta-ray groups.

To observe the low-energy, inner beta-ray group
separately, the beta rays in coincidence with the 340-
kev gamma-ray photopeak were recorded. Three runs
were made over a period of eleven days (approximately
one and a half half-lives of Ag"'). The masses of the three
sources diGered by a factor of approximately seven.
For two runs, the resolving time of the coincidence
circuit was 0.9psec; for the third run the resolving
time was 0.4psec. Chance counts and background
counts were subtracted. Corrections for decay and for
finite resolution were applied. "The corrections other
than the decay correction were small. For example, in
the third run the real to chance ratio was greater than
400, the resolution correction was less than 1%, and

P. R. Bell, in Beta- and Gamma-Ray Spectroscopy, edited by K.
Siegbahn (Interscience Publishers, Inc., New York, 1955), Chap. 5.

r M. J. Berger and J. Doggett, Rev. Sci. Instr. 27, 269 (1956).
s S. Johansson, Phys. Rev. 79, 896 (1950).
9 C. L. McGinnis, Phys. Rev. Sl, 734 (1951)."J.P. Palmer and L. J. Laslett, U. S, Atomic Energy Com-

mission, Bulletin ISC-174, 1950 (unpublished).
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Fze. 3. Experimental shape factor of the low-energy,
inner beta spectrum of Ag"'.

the background correction was less than 0.5% for more
than half of the points. The maximum decay correction
for this run was 9.7%. Also for more than half of the
points, the mean statistical error was less than 3%.

No diGerence was observed in the spectrum shape
obtained in the three runs. Fermi-Kurie plots of the
data exhibit nonlinear shapes. The end™point energies,
as determined by visual fitting of the best curve to each
of the three Fermi-Kurie plots, are 687, 693, and 690
kev. Our best estimate of the end point is 690&13kev.

To minimize the mean statistical error, the experi-
mental data of the three runs were combined. The data
were normalized in the energy range of 87 to 613 kev.
The Fermi-Kurie plot of the combined data is shown in
Fig. 2.

A sensitive method of distinguishing spectrum shapes
is to plot the experimental shape factor C against the
relativistic energy 8' of the electron. C is given by the
quantity X(W)/&WF(Ws —W)s, where rl is the rela-
tivistic momentum of the electron, F is the Coulomb
function, and 8'0 is the maximum energy of the beta
spectrum. For a spectrum with a statistical shape, such
a plot is a straight line parallel to the energy axis. A plot
of the experimental shape factor of the transition in
Ag"' (Fig. 3) indicates clearly its nonstatistical shape.
The shape factor decreases 17% between 80 kev and
600 kev. The error Aags in the figure represent the mean
statistical errors.

The second inner beta-ray group in Ag'" was ob-
served by recording the beta rays in coincidence with
gamma rays whose energies fell between 220 and 280
kev. The average end-point energy of three such coin-
cidence runs is 793~15kev. Unfortunately, the gamma-
ray energy interval between 220 and 280 kev included
not only the photopeak of the 247-kev gamma ray, but
also the low-energy side of the 340-kev gamma-ray
photopeak and Compton electrons produced by scat-
tered 340-kev gamma rays. Thus, some beta rays from
the 690-kev group were also recorded. In some in-
stances, the energy of a Compton electron produced
by a 340-kev gamma ray which was scattered in a plastic
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phosphor as well as in the NaI crystal would be added
to the energy of a beta ray from the 690-kev transition.
The resultant spectrum is therefore distorted. Because
of this distortion, it is not possible to determine whether
or not the spectrum has a once-forbidden, unique shape,
as the spin and parity assignments indicate.

The total spectrum of Ag"' was also observed. The
maximum energy is 1044&20 kev. To check the decay
scheme, the end-point energy of each inner group was
added to the energy of its coincident gamma ray. The
two sums are 1030&20 kev and 1040&20 kev. The
agreement between these two sums and the maximum
energy of the ground-state transition indicates that
both gamma rays terminate at the ground state. This
is consistent with the earlier reported decay scheme. '
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FIG. 4. Fermi-Kurie plot of the inner beta spectrum of Rb
measured in coincidence with the 1.08-Mev gamma ray.

» E. H. Bellamy and K. F. Smith, Ptul. Mag. 44, 33 (1953).
"Pohm, Lewis, Talboy, and Jensen, Phys. Rev. 95, 1523 (1954).
"W. S. Lyon and J. E. Strain, Phys. Rev 95, 1500 (1954).
'~ H. R. Muether and S. L. Ridgway, Phys. Rev. 80, 750 (1950).
'5A. G. Dmitriev and P. R. Zarubin, Izvest. Akad. sauk

S.S.S.R. Ser. Fiz. 18, 580 (1954).
's Macklin, Lidofsky, and Wu, Phys. Rev. 82, 334 (1951)."R. S. Caird and A. C. G. Mitchell, Phys. Rev. 94, 412 (1954).
's J. Laberrigue-Froiow, J. phys. radium 16, 346 (1955).

Rb86

The one known inner beta-ray group of Rb" decays
from a 2 —level'" to a suggested 2+ level" in Sr"
The intensity of this group, as reported by Lyon and
Strain, " is 9%.

A number of investigations" " "have been made of
the inner beta-ray transition. The experimental measure-
ments of the spectrum shape are not in agreement for
energies less than 230 kev. However, the sources used
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Fro. 5. Experimental shape factor of the
inner beta spectrum of Rb 6.

in previous studies were relatively thick ( 0.1 mg/cm'
to 2 mg/cm'). This may explain the reported diBer-
ences in the observed spectrum shape. It seemed
desirable to re-examine this spectrum with thin sources.
The 4m beta-ray scintillation spectrometer is ideally
suited for this. %ith its high transmission, it is possible
to obtain reasonable coincidence counting rates with
thin sources.

The Rb" activity was obtained from the Oak Ridge
National Laboratory where it had been produced by
neutron irradiation of Rb '. The initial specific activity
was given as 910 mC/g. A gamma spectrum of the
source material showed a photopeak at 1.084&0.020
Mev. This agrees with the energy value of the gamma
ray in Rb' as measured by other investigators. ' The
half-life of the activity, which was obtained from
measurements made over a period of five months, is
18.7&0.5 days.

Two experimental runs were made of the inner beta-
ray group. This group was observed separately by re-
cording only those beta rays which were in coincidence
with gamma rays in the energy region between 1.03 and
1.25 Mev. From the assay of the source material given
by the Oak Ridge National Laboratory, the source
thicknesses were estimated to be 0.8 and 1.7 pg/cm' if one
assumes that source material was uniformly distributed.
The maximum decay correction was 6%. The back-
ground counts to total counts were less than 1%. For
more than half of the points in both runs, the resolution
corrections were less than 1%, the real to chance ratio
was greater than 300, and the mean statistical errors
were less than 3.5%. The Fermi-Kurie plots of the data
appear linear for energies greater than 220 kev. Below
220 kev, both plots show a similar deviation away from
the energy axis. The end-point energies, which are
determined by a least-squares fitting of all the experi-
mental points above 220 kev, are 718 and 716 kev. The
data of the two runs were normalized between the
energies of 80 and 618 kev. The Fermi-Kurie plot of the
combined normalized data is given in Fig. 4. The end-
point energy is 717&14 kev (Ws ——2.404msc'). At 100
kev, the deviation from a linear Fermi-Kurie plot
amounts to an increase of 9.3% in the counting rate.
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A plot of the experimental shape factor of the com-
bined data is shown in Fig. 5. The Gags represent the
mean statistical errors. For energies greater than 200
kev, it is possib1e within the limit of error to fit the data
with a straight line paralle1 to the energy axis. However,
the data are also consistent with a nonconstant shape
factor which is a continuous function of the energy.

There are possible eGects other than the 717-kev
beta spectrum having a true nonstatistical shape which
could give rise to the anomalous shape observed for
energies less than 220 kev. Such eBects are considered
in the following paragraphs.

The deviation from a linear Fermi-Kurie plot could
be obtained if a beta-ray transition with an end-point
energy of 220 kev were present in the coincidence
spectrum. If such a group exists, its intensity is 4.4%
of the 717-kev beta-ray group. This was estimated by
extrapolating the Fermi-Kurie plot to zero energy and
by assuming that the 717-kev beta-ray group has an
allowed shape.

If such a 220-kev beta-ray transition were due to an
impurity, the impurity must have a half-life similar to
that of Rb'6. Otherwise the two measurements made of
the spectrum 22 days apart (more than one half-life
of Rbss) would have different shapes. Within the experi-
mental errors, no such difference was observed. Also,
the linearity of the exponential decay curve, followed
for eight half-lives, indicates that there were no impuri-
ties with appreciably diferent half-lives. The impurity
must also have a prompt gamma ray with an approxi-
mate energy of i.T Mev in coincidence with the 220-kev
beta-ray transition. No likely impurity which meets
these requirements could be found.

A second inner beta-ray group in Rb" with a maxi-
mum energy of 220 kev could also be a source of the
deviation. The group, in order to be measured, must be
in coincidence with the 1.08-Mev gamma ray. In coin-
cidence with both the beta-ray group and the 1.08-Mev
gamma ray, there would then have to be a second
gamma ray wi, th an energy of 0.5 Mev. It was estimated
that a gamma ray of this energy would have been
detected in the study of the gamma spectrum if its
intensity were 1% of the 1.08-Mev gamma-ray in-

tensity. Such an intensity of this gamma ray is a factor
of four or more too small to explain. the deviation in the
beta spectrum at low energy. The possibility that the
0.5-Mev gamma ray is highly converted can also be
eliminated. To obtain a reasonable coincidence counting
rate, the gamma-ray transition must have a half-life of
less than a few microseconds. This indicates that the
transition must go by either dipole or quadrupole radia-
tion." From Rose's tables, " the internal conversion
coefficients for such transitions are less than one percent.

~9S. A. Moszkowski, in Beta- and Gamma-Ray Spectroscopy,
edited by K. Siegbahn (Interscience Publishers, Inc. , New York,
1955), Chap. 13.

~ M. E. Rose, in Beta- and Gamma-Ray Spectroscopy, edited by
K. Siegbahn (Interscience Publishers, Inc. , New York, 1955),
Appendix IV.

The sources and source backings and covers were
thin. They would not be expected to give any deviation
down to the lowest energy measured (80 kev). It is
unlikely that the deviation is because of an instrumental
effect, since the experimental setup has been found to
measure other beta spectra reliably. It therefore appears
likely that the spectrum shape found for the inner group
is real and may be a result of the forbiddenness of the
transition.
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Fro. 6. Theoretical its (in terms of ST) to the experimental
shape factor of the low-energy, inner beta spectrum of Ag"1
(14 p=2.349mpc~). Curves (b) and (c) are considered to be good
Gts. Curve (a) is the best fit with )=0.

"E.A. Plassmann and L. M. Langer, Phys. Rev. 96, 1593
(1954).

'Herrmannsfeldt, Maxson, Stahelin, and Allen, Phys. Rev.
107, 641 (1957).

23 Goldhaber, Grodzins, and Sunyar, Phys. Rev. 109, 1015
(1958).

DISCUSSION

If the nonstatistical shapes of the 690-kev beta-ray
group in Ag"' and the 717-kev group in Rb" are real,
the shapes should be explainable by the theory of beta
decay. A theoretical shape factor for a once-forbidden,
nonunique transition similar to that used by Plassmann
and I,anger" in the fitting of the RaE spectrum was
used in the present work to fit the nonstatistical shape
of the inner group in Ag"'. For this shape factor it was
assumed that only 5 and T interactions contribute. At
the time this correction was applied, all experimental
evidence was in agreement with 5 and T interactions.
However, recent investigations" "indicate that V and
A are probably the correct interactions. This correction
factor con.tains two parameters P and x which depend on
the ratio of nuclear matrix elements. The experimental
shape factor with the end-point energy TVO= 2.349@20(,' is
compared with the theoretical shape factor in Fig. 6.
The uncertainty of the end-point energy of the spectrum
is another parameter. A small change in the end-point
energy changes the high-energy portion of the experi-
mental shape factor appreciably. The limits placed on
the error in the end point relative to the rest of the
spectrum is &s%. The experimental shape factor with
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end-point energies of the upper and lower limits
(We=2.343ntsc' and Ws ——2.355rttec') were also fitted
with the theoretical shape factor. Figure 7 shows a plot
of the values of the parameters p and 7t which give a
theoretical shape factor in good agreement with the
experimental shape factor whose end-point energy lies
between these limits. From this figure it can be seen.
that there is a wide range in the values of these param-
eters which will give good agreement between the
theoretical and experimental shape factors.

It should be emphasized that even though good
theoretical fits to the experimental shape are found when
only 5 and T interactions are assumed to contribute, it
does not necessarily mean that these are the correct
interactions. It is likely that good Qts could also be
obtained when V and A are assumed to be the con-
tributing interactions. '4

In the case of Rb", since the spin change is zero,
the theoretical shape factor required can be more
complicated. There are more parameters which can
be adjusted than in the theoretical shape factor applied
to the transition in Ag"'. With the additional param-
eters, it is very likely that a good theoretical 6t of the
experimental data can be found. The limits placed on
the parameters in the shape factor which will give a good
6t would probably be even less definitive than the
limits obtained when fitting the 690-kev beta-ray group
in Ag"' because of the additional parameters. Thus, no
attempt was made to fit the experimental shape factor of
the inner group of Rb" with a theoretical shape factor.

An empirical correction of the form (1+b/W) has
been found to be necessary to linearize the Fermi-Kurie
plots in the case of the allowed transitions Na", P",
and In'" and in the case of the once-forbidden, unique
transition Y" after a once-forbidden, unique shape
correction has been applied. "—"All four spectra have

'4 Note added irI, proof.—It is pointed out by T. Kotani and M.
Ross (Phys. Rev. Letters 1, 140 (1958)j that the shape factor for
a nonunique once-forbidden transition may be written in the
form 1+aW+b/W, where a and b are constants which may be
interpreted ultimately in terms of the correct interaction forms.

'e Hamilton, Smith, and Langer (to be published).
"O. E. Johnson, Ph.D. dissertation, Indiana University, 1956

(unpublished)."L. M. Langer, Proceedings of the Rehovoth Conference on
Nucfear Structure (North-Holland Publishing Company, Amster
dam, 1958), p. 437.
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nonstatistical shapes which cannot be explained by
the present approximation of the theory of beta decay.
For 0.20(b &0.35, the empirical shape factor linearizes
these Fermi-Kurie plots.

It is possible that such a correction should be included
in the theoretical shape factor for once-forbidden, non-
unique transitions. This correction with 0.20 &b(0.35
has a large eGect on the nonstatistical shapes of the
690-kev beta spectrum in Ag"' and the 717-kev beta
spectrum in Rb". Indeed, with a larger value of b this
empirical shape factor will reasonably fit the experi-
mental shape factor. Such a fit to the experimental shape
is obtained for the 690-kev beta-ray group in Ag"' with
0.5(b&0.6 and for the 717-kev group in Rb" with
0.4 &b (0.6.

Nevertheless, these fits for Ag'" and Rb" cannot be
interpreted as evidence for the general applicability
of the empirical factor (1+b/W), since for a once-
forbidden, nonunique transition, an approximation for
the theoretical shape factor might be expected to have
an energy dependence of just that form.


