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The internal bremsstrahlung spectrum in the unique first-forbidden K-capture decay of 0 Tl
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(Received 1 November 1978)

The spectrum of the internal bremsstrahlung accompanying the II -capture decay of "Tl was measured.
The intensity of the spectrum in the range from 103 keV to the end point was found to be (2.17+0.26) )( 10 '
photons per I capture, 4.3 times lower than the intensity predicted by the theory of Zon, The Coulomb-free
version of the theory is in better agreement with the data.

~ RADIOACTIVITY 2 71.; measured IBx-ray coin; deduced II&, Q.
I

I. INTRODUCTION

Internal br emsstrahlung (IB) accompanying cap-
ture of orbital electrons has been extensively in-
vestigated for allowed transitions. Morrison and
Schiff' developed the early theory of the IB spec-
trum using the highly simplified assumptions that
the effect of the nuclear Coulomb field on the in-
termediate electron states may be neglected, and
that capture takes place only from the K shell.
Considerable improvement of the theory was made
by Martin and Glauber. ."' They took into account
Coulomb and relativistic effects as well as screen-
ing and included capture from I and M shell. s. A
recent review of the experimental results was
given by Bambynek et al. '

'The theory of forbidden transitions was devel. -
oped by Zon and Rapoport' and later by Zon' who
presented formulas for the IB spectra accompany-
ing capture from an arbitrary shell and valid to
any dejree of forbiddenness. For verification of
this theory, unique first-forbidden transitions are
of great interest since in this case the intensity of
IB per nonradiative capture does not depend on
matrix elements involving nuclear wave functions,
Two such transitions have been studied. Myslek
et a l.' have measured the IB spectrum in the de-
cay of 'Ca and found that its shape does not agree
with the theory. Lancman and Bond' have deter-
mined the IB spectrum accompanying K-electron
capture in" Tl. In the latter work the IB spectrum
was measured in coincidence with Hg x rays; how-
ever, the use of NaI(Tl) detectors for both the x
rays and the IB made it impossible to estimate
accurately the contributions of other higher order
effects to the measured IB spectrum. The results
of this measurement were not, therefore, com-
pared with the predictions of the Zon and Rapo-
port theory.

'The purpose of the present work was to carry
out the measurement of the IB in a way that would
allow an accurate separation of these contrib-
utions. This was done by employing a high resol-
ution Ge(Li) spectrometer in the x-ray branch of
the system. A careful. examination of the x-ray
spectrum, which this made possible, revealed
contributions not only due to double internal and
external bremsstrahlung which were discussed
previously' but also due to internal bremsstrah-
lung accompanying K-shell autoionization in the
P decay of" Il, a new effect which has not been
reported bef ore. '

Investigations of IB for allowed K-capture trans-
itions have shown that its intensity depends on the
nuclear charge S as a result of Coulomb and re-
lativistic effects. The Martin and Glauber theory
has successfully accounted for these effects by a
correction factor R„which multiplies the Morrison
and Schiff expression; This factor has only a
small influence on the shape of the spectrum. It
was of interest to consider the effect of Z in the
Zon and Rapoport theory, and compare the experi-
mental spectrum to a Coulomb-free version of
this theory. This is obtained by setting S = 0 in the
expression given by Zon and leads to g spectral
distribution of the IB identical to that obtained by
application of the Cutkosky rule. "

In contrast to the situation in allowed transitions
the Coulomb-free version of the theory gives a
lower intensity for the IB spectrum of '"Tl than
the full theory. As wiQ be shown the Coulomb-
free theory is in better agreement with our exper-
imental results,

The spectra predicted by the theory and its
Coulomb-free version are shown in Fig. 1(a) and
1(b), respectively, for several values of E„, the
end-point energy. The comparison of the experi-
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mental data and the Coulomb-free theory gives a
lower K for the IB spectrum of ' ~T1 than a sim-
ilar comparison made with the full theory. For
this reason the Coulomb-free spectra were com-
puted starting from a lower end-point energy.

II. EXPERIMENTAL APPARATUS AND PROCEDURES

FIG. 1. IB spectra accompanying K capture in Tl
for various end-point energies: (a) obtained with 8 &~

andR ]/given by Zon (Ref. 17); (b) obtained with Rf~~ =RI82&

(z= o~.

a. total time of 329.5 h. The source, less than 2
mm in diameter, was evaporated on plastic tape
and sealed in place. A special effort was made to
achieve a uniform distribution of source material.
The sources used for detector calibration were
prepared in the same way and were approximately
of the same intensity.

The '"Tl source was examined for impurities
in the energy range from 65 to 600 keV with the
aid of a high resolution Ge(Li) spectrometer. The
photon spectrum from '"Tl consisted of Hg x rays
superimposed on a continuous bremsstrahlung
spectrum. No indications of impurities were de-
tected. The upper limit of the intensity of con-
taminant y rays was found to be 2 ~ 10 ' per decay
of "4Tl.

The electronics consisted of a fast-slow coin-
cidence system. Slow pulses from the NaI(T1) de-
tector were gated on bremsstrahlung in the energy
interval from 90 to 600 keV; the Ge(Li) detector
pulses were gated on the region including the Hg
Kn and KP x rays, which spanned the energy inter-
val from 65 to 87 keV. A biased amplifier was in-
cluded in the x-ray branch to distribute the nar-
row band of pulses along the 64 channels avail-
able for x-ray analysis.

The gate pulses determined a slow coincidence,
which was used to strobe the output of the time-
to-amplitude converter (TAC). The ' start" and

stop" pulses used to drive the TAC were devel-
oped in constant fraction timing discriminators
in either branch of the system. It proved advan-
tageous to start the TAC with the Ge(Li) pulses
and stop it with the fast pulses from the RCA 8575
tube coupled to the NAI(T1) detector. The TAC
coincidence spectrum accumulated during the run
had a: full width at half maximum (FWHM) of 13 ns.

A "'Bi source was used to determine the effi-
ciency of the coincidence electronics. The decay

The IB spectrum was measured with a 7.6 ~ 7.6
cm NaI(T1) detector The x rays . were measured
with an Ortec high resolution Ge(Li) detector with
a 0.125 mm thick Be window. The sensitive re-
gion of the detector was 16 mm in diameter and
5 mm thick. To obtain a satisfactory coincidence
counting rate it was necessary to place the detec-
tors face to face. This arrangement resulted in
serious backscattering from one detector to the
other. To minimize this backscattering a set of
conical collimators was used. The source, cov-
ered on both sides by beryllium discs, was cen-
tered between the coll. imators as shown in Fig. 2.
The whole setup was placed in a lead housing of
5 cm wall thickness to reduce the background.

A '"Tl source with a strength of 18 300 Hg K x
rays per second was used to collect the data for
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FIG. 2. Experimental arrangement of the Tl source
and the detectors.
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of "'Bi yields a high rate of coincidences between
Pb K x rays and 570 keV y rays and therefore

is ideally suited for the measurement since the
energies of these photons lie within the ranges
selected in the single channel analyzers for the
IB measurements. A coincidence efficiency of
practically 100% was found down to Nal(T1) pulses
of 90 keV.

The NaI(T1) detector response functions and en-
ergy calibration were determined by measuring
the pulse-height spectra resulting from a number
of monoenergetic y rays in the same experimental
geometry as the one used for the IB measure-.
ments. The response for arbitrary energies was
determined by interpolating over the character-
istic components of these spectra; e.g. , photo-
peak, Compton distribution, backscatter, and
iodine x-ray escape peak. The photopeaks and
escape peaks were fitted to Gaussian shapes. Be-
cause of the close geometry employed in the ex-
periment, the Compton regions were divided into
sections and the interpolation was carried out
separately over each section. In addition, since
tables of peak-to-total ratios are suitable under
conditions of minimum scatter, these ratios were
measured under the present experimental condit-
ions. This procedure more accurately accounted
for the shape and magnitude of the Compton dis-
tributions than fitting to geometrical shapes and
thus assured that the effects associated with the
close geometry were more accurately accounted
for.

III. RESULTS AND DISCUSSION

The coincidence data were obtained simulta-
neously in trues and randoms in a two-parameter
analysis mode. The data was arranged in 32~ 64
matrix arrays. The axes of the matrix repre-
sented the energies of the coincident photons, with
the shorter dimension used for the NaI(T1) spec-
tra. Each of the 32 rows of the matrix repre-
sented a Ge(Li) spectrum corresponding to one
channel of the NaI(T1) spectrum. Figure 3 shows
several representative spectra of the matrix ob-
tained after subtraction of random coincidences.
The latter accounted for about a half of the total
coincidence data.

The prominent features of the spectra are the
Hg Kn and Kp x-ray peaks, which are superim-
posed on a continuous background mainly due to
double internal bremsstrahlung" accompanying
the decay of" Tl. The Ge(Li) detector allowed
resolution of these x rays into their partial Ku„
Ka„KP„and KP, components.

In order to demonstrate more clearly the pre-
sence of all the Hg K x-ray components in the co-
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FIG. 3. Spectra of z rays obtained in coincidence with
IB photons. The photon energy intervals ~E&B are in-
dicated for each spectrum. The straight line under the
K x-ray peaks is an interpolation of the smooth back-
ground due primarily to double internal bremsstrahlung.

incidence data spectra corresponding to brems-
strahlung in the energy range 103-381 keV were
combined and the sum presented in the upper part
of Fig. 3. The positions and the relative inten-
sities of the peaks representing Hg x rays in this
spectrum were found to be in good agreement with
the singles spectrum. The relative intensities of
the peaks were also compared to Salam's" theo-
retical calculations of the ratios of the x-ray tran-
sition probabilities. The agreement was satis-
factory after corrections for the variation in de-
tector efficiency and the germanium x-ray escape
probability in the experimental data were taken
into account.

The peaks at 72.9 and 74.9 keV which are very
weak in the singles spectrum were identified as
Pb Kn x rays resulting primarily from autoioniz-
ation accompanying IB in the P decay of '0 Tl, an
effect which will be discussed in a separate
paper, '

The IB intensities in the coincidence spectra
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FIG. 4. Comparison of the experimental and theoreti-
cal 1s IB pulse height spectra of Tl.

were determined by summing over the channels
of the Ko x-ray peaks, whose positions were de-
termined from the singles spectra and subtract-
ing the background, shown in Fig. 3 by the straight
lines. The lines were obtained by a least squares
fit. The Hg K x- ray intensities from this pro-
cedure were determined for the spectra corre-
sponding to the IB in the energy range from 103
to 400 keV. The total K x-ray intensities which
give the IB pulse-height distribution were ob-
tained by multiplying the K+ intensities by the
(Ko. +KP)jKu ratio. The resulting spectrum is
shown in Fig. 4.

In order to compare the theoretical spectra to
the experimental data, the theoretical spectra for
a number of end-point energies were multiplied
by the response matrix of the NaI(T1) detector.
The resulting pulse-height spectra were then nor-
malized to the intensity of the experimental spec-
trum and compared to the latter in a y' analysis. "
From the minimum value of y' the end-point en-
ergy of the best fitting theoretical spectrum was
determined for the full theory and for its Coulomb-
free version. The best fitting theoretical pulse-

height spectra are shown in Fig. 4. For the full
theory the minimum y' obtained for the 15 exper-
imental points was 13, corresponding to a spec-
trum end-point energy K = 307+ 15 keV. The
normalization resulted in a theoretical to exper-
imental intensity ratio of 4.3. 'The integrated in-
tensity of the theoretical spectrum over the en-
ergy range 103-307 keV is 9.36 & 10' photons per
K capture as compared to the experimental value
of (2.17+ 0.26) && 10 '. The experimental error in-
cludes a 7% uncertainty in the intensity of the
measured spectrum due primarily to counting
statistics; a 6% uncertainty in the source inten-
sity; a 6%,uncertainty in the efficiency of the
Ge(Li) detector; a 4% uncertainty in the response
matrix which was primarily due to the uncertain-
ties in the Naj(T1) total detector efficiency and the
experimentally determined peak- to-total ratios;
and finally a 3% uncertainty in the system coin-
cidence efficiency.

For the Coulomb-free theory the minimum y'
obtained was 9, corresponding to a value of
K =272+15 keV. 'The normalization condition
yielded a ratio of 0.75 for the theoretical to ex-
perimental intensity. The intensity of the theo-
retical spectrum over the energy interval 103 to
272 keV was 1.62 && 10 ' photons per K capture per
second.

The intensity measured by Lancman and Bond'
in the energy range 103 to 300 keV is (3.2 + 0.5)
&& 10 ' IB photons Per E capture. The higher value
than the one obtained in the present experiment is
due to the fact that in the experiment of Lancman
and Bond the two effects that contribute to the
bremsstrahlung spectrum, K capture, and auto-
ionization, could not be resolved.

The experimental results and theoretical pre-
dictions for "'Tl are summarized in Table I. Re-
sults of earlier IB measurements, ' '" which
served to determine the end-point energy appear
to have been unreliable' and therefore were not

TABLE I. Intensity and end-point energy of the K-capture IB spectrum in 2+Tl.

Experiment
This work Ref. 8 Ref. 17

Theory
Ref. 17

Z=O Ref. 3

(kev)
Intensity ~

(10 5 phot. /K capt. )

307 + 15b
272 + 15

2.17+ 0.26

300 + 20d

3.2 + 0.5 9.36' 1.62' 1.0 I

'Integrated over the energy range from 103 keV to the endpoint of the spectrum.
"Based on a fit to the results of Zon's (Ref. 17) calculations.
Based on a fit to the Couloxnb-free version of the theory.

"Based on a fit to the Martin and Glauber theory.
'Calculated for K = 307 keV.
~ Calculated for X = 272 keV.
~Calculated for K = 300 keV.
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included in Table I.
The comparison with Zon's theory yields a tran-

sition energy of 392 + 15 keV in agreement with the
value of 385+20 keV obtained by Lancman and
Bond. ' In the latter experiment the Martin and
Glauber theoretical spectra for allowed transi-
tions with the relativistic correction factor R„
taken to be constant were used to obtain the end-
point energy. The value obtained using the Cou-
lomb-free spectra, is 357+ 15 keV. This is in
satisfactory agreement with the value of 344+ 8
keV given in the mass tables of Wapstra and
Gove. " It is clear that the transition energy de-
pends strongly on the theoretical spectrum used
in the comparison.

The shape of the measured spectrum is, within
the accuracy of the data, in good agreement with
both versions of the theory, the Coulomb-free
approach yielding a slightly better fit. The two
versions, however, disagree sharply on the mag-
nitude of the effect. The intensity of the Zon theo-
retical spectrum is almost six times that of the
Coulomb-free spectrum, the latter being closer
to the experimental value. Part of the reason for
this difference is due to the fact that the two theo-
ries yield different end-point energies. The in-
tensities of the Coulomb-free spectra show a
marked dependence on end-point energy as can be
seen in Fig. 1(b). However, this dependence is
not large enough to account for the discrepancy.
In addition, as can be seen from Fig. 1(a), the
intensities of the spectra obtained from using the
full theory show very little change with changes
in K . In order to have confidence- in the results
of these comparisons, the values of R",,' and R",,'

calculated by Zon, "which were used to determine
the IB intensities have been checked independently
by computer calculations. " Excellent agreement
was obtained.

The lack of agreement between the intensities
of the experimental and the theoretical spectra
might be due to detour transitions" "which were
not considered in Zon's theory. These are tran-
sitions through virtual intermediate nuclear states
which could compete with a forbidden direct tran-
sition leading, through destructive interference,
to a lower intensity of the IB. Decay through the
430 keV, 2' state in "'Hg, e.g. , could constitute
a large contribution to detour transitions. The y
rays in such transitions have a continuous spec-
trum since energy is not conserved in the inter-
mediate state. In cases where the intermediate
state is close in energy to the parent state, the
detour transitions are expected to enhance the
direct transitions for Z ray energies approaching
the end-point energy of the spectrum, and thus
can be observed as a high energy distortion of the
IB spectrum. " No such distortion has been ob-
served in the present spectrum. Transitions
through intermediate 1 states in '

Hg located at
a higher energy could also contribute, since these
would constitute a cascade of an allowed EC tran-
sition and an E1 transition, 'The magnitude of these
contributions is expected to be small, however.
Thus it is doubtful that detour transitions could ex-
plain the observed discrepancies between the the-
ory and experiment in the present measurement.
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