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The internal bremsstrahlung spectrum which accompanies the electron capture decay of139Ce to the first
excited state of139La has been measured in coincidence with the nuclear gamma ray which deexcites that sta
The measured intensity above 42 keV is found to be (1.07060.024) times that predicted by the recent
calculations of Suric´ et al. TheQEC value is found to be 264.662.0 keV. @S0556-2813~96!02411-9#

PACS number~s!: 23.40.2s, 14.60.Pq, 27.60.1j
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I. INTRODUCTION

Electron capture is a weak interaction process in whic
nucleus decays by capturing an atomic electron and ejec
an electron neutrino. A small fraction of such decays proc
radiatively, with the neutrino, atom, and emitted photon sh
ing the decay energy statistically. The produced radiati
which has a continuous energy spectrum, is known as in
nal bremsstrahlung~IB! and the decay process is referred
as internal bremsstrahlung electron capture~IBEC!. The
study of IBEC can yield information on the weak interactio
nuclear parameters, and atomic wave functions; accurate
baric atomic mass differences can also be deduced from
end-point energy of the IB spectrum. A thorough review
the theory and experimental status of IBEC up to 1977
given by Bambyneket al. @1#. As pointed out by that review
while the main features of IBEC are generally understo
there is still a great need for experimental work to test
details of the theory. In particular, Bambyneket al.point out
that precise measurements of normalized IB spectra are
much needed, as well as measurements of partial spectra
accompany the capture of electrons from specific atomic s
shells.

Interest in IBEC decays was renewed after De Ru´jula’s
suggestion in 1981@2# that the shape of the IB spectrum ne
the end point be used to search for neutrino mass. The
sitivity is obtained for decays with lowQ values, where the
IB spectrum is dominated by capture fromp orbitals and
could be strongly enhanced by the presence ofp→s poles in
the electron propagator, if a decay with the right energy
found. Riisageret al. @3# carried out detailed measuremen
on the IBEC decay of193Pt to test De Ru´jula’s extensions of
the Martin-Glauber theory@4,5#. Although the calculations
reproduced the measured shapes of the IB spectra, the
nitudes were off by factors of 1.5–2. The upper limit whic
they quote on the mass of the electron neutrino is 500 eV
the 90% confidence level. Springer, Bennett, and Baisden@6#
measured the IBEC spectrum of163Ho and compared the
data with a model similar to that used by Riisageret al.They
quote an upper limit on the mass of the electron neutrino
225 eV, at the 95% confidence level, and conclude that
provements of this result are severely limited by uncerta
ties in atomic interference effects.

The above limits on the mass of the electron neutrino
much higher than the corresponding limits of 5–10 eV@7# on
the mass of the electron antineutrino and could certainly
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improved upon, if, among other things, the uncertainties
the calculated IB spectra could be removed. Recently, Sur´,
Horvat, and Pisk@8# reformulated the relativistic theory of
IBEC and developed a numerical code to calculate IBE
matrix elements. They included all relativistic and screenin
effects within an independent-particle approximation. The
examined the case of163Ho and found a simpler structure of
the total IBEC spectrum and a smaller interference suppre
sion than predicted by the previous calculations@3,6#. Their
calculation for 192Pt, however, was still lower than the data
by about a factor of 2.

To test Suric´ et al.’s reformulation of the IBEC theory,
we have recently compared their calculation with the me
sured IB spectrum of125I above the 1s end point@9,10#. It
was found that the calculation reproduces the shape and re
tive intensity of the partial IB spectra to within the experi
mental error of a few percent and the absolute intensity
within 15%. In @10#, where we reported the measured inten
sity to be 0.8660.10 times the calculated intensity, the IB
matrix elements were calculated in the field of the pare
(125I! atom. It is more appropriate to calculate the IB matri
element in the field of thedaughteratom (125Te!; using these
matrix elements we find that the measured intensity
1.0060.12 times the calculated intensity, in even bette
agreement with Suric´’s calculation than reported before.

The 125I data were taken in the course of a search for 1
keV neutrinos@9# and since the emphasis there was on th
portion of the spectrum above the 1s binding energy, the low
energy portion of the spectrum was attenuated severely,
practical purposes. Hence it was not possible to test the Su´
calculation in the x-ray region. The192Pt and163Ho IB data,
however, are near the x-ray region~and so will probably be
future data from any experiment that seeks to lower the lim
on the electron-neutrino mass! and therefore it is important
to extend tests of the Suric´ calculation down to that region.
In this paper we report a measurement of the absolute inte
sity of the IB spectrum which accompanies the EC decay
139Ce. The decay scheme of139Ce is shown in Fig. 1. It is an
allowed decay which proceeds exclusively to the first excite
state with an end-point energy of'99 keV. This energy is
low enough that the IB is dominated byp capture. The
nuclearg ray that deexcites the first excited state has a
energy~165.9 keV! which is higher than the IB end point; in
a singles spectrum the low intensity IB would be over
whelmed by the Compton tail of thatg ray. Thus, to separate
2709 © 1996 The American Physical Society
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2710 54M. M. HINDI AND R. L. KOZUB
the IB from the Compton tail of the nuclearg ray, a coinci-
dence measurement was performed in which the IB was
tected in one detector and theg ray, simultaneously, in an-
other.

II. EXPERIMENTAL PROCEDURE

The IB data presented in this paper were obtained dur
the course of an experiment to measure the probability
doubleK-shell vacancy production in the electron captu
decay of139Ce @11#. The essential features of the experime
will be reproduced here for completeness; further details c
be found in Ref.@11#.

Sources of approximate strengths 10–40 nCi were p
pared by evaporating several drops of an active solution
CeCl3 in 1 N HCl onto cellophane tape, and sealing the dri
tape with a similar piece. These sources were sandwic
between two intrinsic Ge~Gamma-X! detectors placed face
to face. One of the detectors had a 43.5 mm diameter, 4
mm depth, and a 3 mmcrystal-to-endcap distance, and th
other a 54.2 mm diameter, 39.2 mm depth, and 5 mm crys
to-endcap distance. Both detectors had 0.5 mm Be windo
these were thick enough to stop Auger and conversion e
trons associated with139Ce decay. The resolution of the de
tectors at the LaKa line (' 33 keV! was 715 eV.

The detectors were connected to amplifiers equipped w
pileup rejection circuitry~ORTEC 572!. A standard circuit
was used to generate coincidence signals. The digitized
ergy and fast-timing signals from each detector were
corded event by event on magnetic tape for later analy
Most of the recorded data consisted of coincidences on
with singles-plus-coincidence data recorded in short runs
ery few days. Typical singles counting rates were abou
few hundred counts per s. The total counting time was a
proximately 90 days.

III. DATA ANALYSIS AND RESULTS

The data on the magnetic tapes were replayed to gene
singles and prompt coincidence spectra. The energy gain
the two detectors were matched and stabilized in softw
and the spectra in coincidence with the 166-keVg ray were
subjected to a two-dimensional~2D! software gate in the
energy vs risetime plane to reduce pileup, as described
Ref. @11#. Figure 2 shows a sample singles spectrum@Fig.
2~a!#, and the total coincidence spectra gated on theKa x ray
@Fig. 2~b!# and the 166-keVg ray @Fig. 2~c!#. The Ka-
~166-! gated coincidence spectrum is the sum of two spec

FIG. 1. Decay scheme of139Ce. The level energy is in keV.
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one from each detector gated on theKa ~166-keVg) in the
other detector.

The total IB spectrum was obtained from the spectrum
coincidence with the 166-keVg ray @Fig. 2~c!# after sub-
tracting the contributions of the following:~1! residual
pileup coincidences; these are mostly due to real coin
dences between the 166-keVg ray and aKa or aKb, fol-
lowed by a random photon which adds to theKa or Kb
signal, ~2! accidental coincidences between the 166-keVg
ray and a random single photon in the other detector, and~3!
true coincidences between background signals in the 1
keV gate region and the IB detector. The residual pileu
spectrum is, to a very good approximation, a convolution
the coincidence spectrum with the singles spectrum. This
so because the combination of the electronic and softw
pileup rejection gives a resolving time of about 100 n
which is short enough to make the combination of two puls
arriving within that time interval appear as the full energ
sum. Nevertheless, we have employed a new Monte Ca
simulation procedure which improves on the shape of t
calculated pileup spectrum, especially in the region of pe
1peak sums. The shape of the amplifier signal was digitiz
and later approximated by a semi-Gaussian. A random pu
with a height distributed according to the coincidence spe
trum is generated. Another random pulse with a height d
tributed according to the singles spectrum is generat
within a uniformly distributed random time between 0 an
100 ns. The two pulses are added and the location of
maximum is found numerically. Repeating this procedu
gives the desired pileup spectrum. The spectra thus obtai
give a shape for the peak1peak sums which agrees very wel
with that of measured pileup spectra. The intensity of th
pileup spectrum was obtained by normalizing the Mon
Carlo simulatedKa1Ka peak to the corresponding peak in
the coincidence spectrum, after subtracting the contributi

FIG. 2. A sample singles spectrum and total gated coinciden
spectra from the EC decay of139Ce. Energies are in keV. TheK x
rays belong to La.
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54 2711INTERNAL BREMSSTRAHLUNG SPECTRUM OF139Ce
of accidental coincidences to the latter~see below!.
Accidental coincidences were subtracted by assuming

shape of the accidentals spectrum to be the same as tha
the singles spectrum and normalizing this spectrum to
yield of accidental 166-keV–166-keV coincidences. Th
background coincidence spectrum was generated by setti
gate on a region just above the 166-keV line. Figure 3 sho
the raw IB spectrum together with the normalized pileu
accidentals, and background spectra. Clearly, IB domina
from the region of the 3p→1s pole up to 65 keV, while the
other components dominate beyond that energy.

In principle, the time resolution of the pileup rejectio
circuitry could depend on the relative sizes of the pulses.
ascertain that the Monte Carlo generated spectrum, wh
assumes the same pulse-pair resolution regardless of rela
pulse size, adequately accounts for pileup in the 40–60 k
region, we compared the IB yield from a run using a we
source with that from a run using a stronger source. Figur
shows the ratio of the normalized IB yields in the 40–60 ke
region, together with the ratio of accidental 166-keV–16
keV coincidences for the two runs. While the accidental c
incidences for the ‘‘high count rate’’ run are a factor o

FIG. 3. The raw IB spectrum~solid line! and the normalized
components which were subtracted from it to get the net spectru
pileup ~short-dashed line!, accidental coincidences~long-dashed
line!, and background coincidences~solid circles!.

FIG. 4. Ratio of IB yield for the high count rate run to the low
count rate run. The shaded block shows the 1s range of the ratio of
accidental 166-keV–166-keV coincidences for the two runs.
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2.3560.29 higher than those for the low count rate run, th
ratio of the yields in the 40–60 keV region are consiste
with unity, thus confirming the adequacy of our pileup
subtraction procedure.

The IB yield in the region just above the pole is about 4–
orders of magnitude smaller than the yield of theKa and
Kb x rays, just below; a legitimate question, therefore, is th
following: is it possible that a substantial portion of the yield
just above the x-ray peaks is due to the response function
the detector, i.e., could an instrumental long term high e
ergy tail account for a substantial portion of the counts o
served above the x-ray peaks? It is very difficult to test th
response function of the detector at that level in that ener
region. All radioactive sources are accompanied by intern
or external bremsstrahlung at a level comparable to that
139Ce. It is possible to verify that the yield in the IB region is
due to higher energyg rays, rather than the tail of lower
energy x rays, by means of differential attenuation, but th
time required for a statistically meaningful result would hav
been prohibitive. That the yield above the x ray peaks
primarily due to IB can nevertheless be inferred from Fig
2~b!, which shows that the yield above the 166-keVg ray1 in
coincidence withKa @which has the same counts as th
Ka peak in Fig. 2~c!# is less than 1026 of the 166-keV peak,
and that yield, within statistics, can all be attributed to pileu
and accidental coincidences. Thus any high energy t
~above the usual Gaussian tail! must be smaller than
;1027 of the peak height. The region of the detecto
sampled by the 166-keVg ray includes as a subset tha
sampled by the x rays; hence one would not expect the a
erage amount of charge collected per unit energy deposi
in the detector~and the statistical variation thereof! to differ
substantially between the 166-keVg ray and the x rays. This
is confirmed by the measured linearity of peak centroid an
variance withg-ray energy, from;5 to 200 keV. Accord-
ingly, the high energy tail, if present, is less than;1% of the
IB yield in the 40–50 keV energy region, and well within the
statistical error throughout the investigated IB region.

The net IB yield, divided by the number ofK captures
and by the width of the energy bin~0.258 keV! is shown in
Fig. 5. The number ofK captures was deduced from the
Kb yield @Fig. 2~b!# and using a fluorescence yield
vK50.907 @12# and aKb fraction of 0.193@13#. The nor-
malized experimental spectrum was fit with a theoretic
spectrum calculated using the code developed by Suric´ et al.
@8#, and convoluted with the response function of the dete
tor. The response shape was parametrized as the sum
Gaussian peak, an exponential tail on the low energy sid
GeKa andKb x-ray escape peaks, and a flat tail. Both th
exponential tail and the flat tail were convoluted with
Gaussian that had the same width as the main Gaussian p
The shape parameters were interpolated as a function of p
topeak energy from the shape parameters obtained for
133Ba x-ray, 53-keV and 81-keV lines. The variation of pho
topeak efficiency with energy was also obtained using th
133Ba source, after correcting for summing effects. In calcu
lating the theoretical IB yield the atomic binding energies~of

1The peak just above the 166-keV peak is due to true summing
the 166-keVg ray with L x rays.
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2712 54M. M. HINDI AND R. L. KOZUB
La! which enter into the phase space factor were obtai
from the tables of Larkins@14#. The wave functions which
enter into the calculation of the energy-dependent IB ma
elements were obtained in the field of the daughter~La!
atom, while the normalizing electronic wave function whic
determines the~non-radiative! K-capture rate was obtaine
in the field of the parent~Ce! atom.

Two parameters were allowed to vary freely in the fit:~1!
a multiplicative normalization factorA, and~2! the end-point
energyQ0 of the transition. Figure 5 shows the best fit
data in the 42–91 keV energy range. The resultingx2 per
degree of freedom is 192.9/190; the best fit parameters
A51.07060.02260.010 and Q0598.761.761.0 keV,
where the first error is statistical and the second systema
The latter was estimated from the change in the fitted par
eters with reasonable variations in background, acciden
and pileup subtractions, the relative photopeak efficien
and the shape parameters used in convoluting the theore
IB spectrum. The sensitivity of the fitted parameters to t
energy interval selected for fitting was also explored: fits
which the high end was varied between 60 keV and 91 k
and the low end varied between 40 keV and 45 keV w
conducted. The best fit values were all consistent with
numbers quoted above. In particular, a fit over the ene
range 42–63 keV~which excludes the region where on
might question the use of thex2 estimator because of th
small number of counts per bin! givesA51.05160.027 and
Q05100.862.6 keV, and ax2 per degree of freedom o
87.7/80.

In the above fits the relative contribution of IB from dif
ferent shells was fixed~to the value given by the Suric´ et al.
calculation@8#!. Two independent attempts were made at e
tracting the relative contribution of 2p IB to the total IB
spectrum from the data. In one attempt the contribution of
from the n53 shell was multiplied by a scaling paramet
r which was allowed to vary freely in the fit. A fit in the
region 42–91 keV gaver50.7960.35,A51.1560.16 and
Q0598.162.2 keV. That is, this fit suggests that the relati
contribution of then53 shell to the total IB spectrum is les
than that given by the Suric´ calculation~or, equivalently, that

FIG. 5. Net IB spectrum of139Ce above theKb energy. The
solid line is a normalized fit using the Suric´ et al. calculation. The
~multiplicative! normalization factor for the theoretical spectrum
1.07060.024.
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the relative contribution of the 2p IB is larger than that given
by the Suric´ calculation!, though, within the indicated error
not inconsistent with it. As Fig. 6 shows, the sensitivity
the n53 contribution comes about because of the differe
energy dependences of the 2p and 3p IB spectra~the latter
being the dominant contributor to then>3 spectrum! in the
vicinity of the 3p→1s pole; this pole contributes to the 3p
spectrum, but not to the 2p spectrum.

Second, the ratio of 2p IB to the total IB was obtained by
comparing the yield of IB in coincidence with the 1661L
sum peak to that with the 166-keVg peak. As Fig. 2~b!
shows, the spectrum gated onKa shows coincidences no
only with the 166-keVg ray, but also with the 166-keVg
ray summed with theL x ray which sometimes depopulate
theL hole left after theKa emission (vL2,3

50.103@12#!. A

coincidence spectrum gated onKb showed only the 166-keV
peak, not the 1661L peak, thus confirming the origin of the
latter. From the ratio the 1661L peak to the 166-keV peak
~in coincidence withKa) one obtains the absolute efficienc
for L x-ray detection. Using that efficiency one can obta
the 2p contribution to the total IB spectrum by comparin
the area of the 1661L peak to that of the 166-keV peak in
spectrum gated on the IB. For IB in the region 40.63–50.
keV we find the 2p fraction to be 0.6660.16, whereas Su-
rić’s calculation predicts a ratio of 0.481 in that region. Th
is, the measured 2p fraction is 1.3760.33 times that pre-
dicted by Suric´ et al.’scalculation, or, equivalently, the mea
sured fraction ofn>3 IB is 0.6660.31 times that predicted
by the calculation. This latter number is in agreement w
that obtained from the spectral shape analysis, though
statistical error is large in both cases.

IV. DISCUSSION AND CONCLUSIONS

The measured end-point energy gives aQEC value of
264.661.761.0 keV. This value is lower than the valu
27769 keV, deduced from an unweighted average of ma
K-capture probability measurements@15#, but is in agree-
ment with the value 26565 keV given in the mass evalua
tions of Wapstra and Audi@16#, which is based on a subse

s

FIG. 6. A comparison between the 2p component~solid line!
and then>3 components~short-dashed line! of the theoretical IB
spectrum. Note the different energy dependences in the 40–50
region.
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54 2713INTERNAL BREMSSTRAHLUNG SPECTRUM OF139Ce
of the measuredPK’s. While theQEC value obtained in this
work has a much smaller error than the previous values
should be pointed out that the current result presumes
the Surićcalculation gives the correct shape of the IB spe
trum in the fitted energy region.~The statistics in the vicinity
of the end point are too poor to pin downQ0 from a fit in a
limited region near the end point.! Although there is no rea-
son to suspect Suric´’s theoretical shape — indeed, thex2 for
the fit is quite reasonable and the shape was found to a
very well with the data in the case of125I @9#, which has a
Z not too different from139Ce and an IBEC spectrum dom
nated byp capture, like139Ce—the current analysis does n
preclude, on its own, that a small shape factor is being co
pensated by a slightly errantQ0 value.

The measured normalization parameter ofA51.070
60.024~where, for simplicity, we have combined the stati
tical and systematic errors in quadrature! suggests that Su
rić’s calculation is able to reproduce~to within <10%) the
absolute total intensity of IB in regions both far from th
poles, as was verified by the125I measurement@10#, as well
as close to the pole, as demonstrated in this work. While
current work suggests that the Suric´ calculation does under
estimate the intensity of the IB spectrum, it does so by o
7.062.4%, and not by the factor of 1.5–2 which is obtain
for 193Pt @3#. To confirm that the Suric´ calculation does not
get substantially worse asZ increases we have conducted
recent experiment to measure the absolute intensity of the
spectrum of179Ta @17#. Our preliminary value for the nor-
malization parameter is 1.1360.02. While the underestima
tion seems to grow withZ, it is substantially less than the
factor of 1.5–2 observed for139Pt. Thus, the large discrep
ancy observed for139Pt remains somewhat of a puzzle. Pe
haps the treatment of the decay as an allowed decay, e
though it is first-forbidden nonunique, is not valid. A confi
mation of the measured intensity might be desirable.

The discrepancy of 7.062.4% between the intensity pre
dicted by the Suric´ calculation and the current measureme
d
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while relatively small, is, nevertheless, statistically signifi
cant. The origin of this discrepancy is not obvious to u
Possible improvements to the Suric´ calculation which could
be made within the context of the independent-particle a
proximation are~1! inclusion of exchange-overlap correc
tions and~2! taking into account the differentZ dependences
of the two time orders in the electron propagator, namely, t
fact that radiation before capture occurs in the field of el
mentZ, while radiation after capture takes place in the fie
of elementZ21 @18#. Both of these effects have been con
sidered before by Persson and Koonin@18,19#, but at much
lower Z and higherQ0, where the IB spectra are dominate
by 1s and~to a lesser extent! 2s capture. At some stage true
many-body effects in the atomic wave functions may have
be taken into account, as well, but these are obviously o
side the scope of Suric´’s independent-particle approximation

Two independent attempts were made at extracting
relative intensities of the 2p to 3p IB partial spectra; the
results could not confirm the Suric´ calculation to a high de-
gree of accuracy because of the small efficiency for detect
L x rays in one case, and insufficient statistics in the releva
part of the spectrum, in the other. The results in125I @9#,
however, suggest that the Suric´ calculation gives the correct
relative intensities~to within a few percent! in this atomic
number region.
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