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QEC value and internal bremsstrahlung spectra of 179Ta
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The total and 2p internal bremsstrahlung spectra accompanying the electron capture decay of179Ta have
been measured in singles and in coincidence withL x rays, respectively. The intensity of the total spectrum was
found to be (1.13160.027) times that predicted by the calculations of Suric´ et al.; the intensity of the 2p
spectrum was found to be (1.09760.028) times those calculations. The disagreement with theory is thus much
smaller than the factor of 1.5–2 previously reported for193Pt. TheQEC value determined from the internal
bremsstrahlung end point energy was found to be 105.6160.41 keV. An independent value forQEC of
109.363.1 keV was determined by measuring theL to K capture ratio.
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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 radiat
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. Accu
isobaric atomic mass differences can also be deduced
the end-point energy of the IB spectrum. A thorough revi
of the theory and experimental status of IBEC up to 1977
given by Bambyneket al. @1#. As pointed out in 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. pointed
out that precise measurements of normalized IB spectra
very much needed, as well as measurements of partial s
tra that accompany the capture of electrons from spec
atomic subshells.

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
sensitivity 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
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reproduced the measured shapes of the IB spectra, the
nitudes were off by factors of 1.5–2. The upper limit whic
Riisageret al. quoted on the mass of the electron neutrino
500 eV, at the 90% confidence level. Springer, Bennett,
Baisden@6# measured the IBEC spectrum of163Ho and com-
pared the data with a model similar to that used by Riisa
et al. They quoted an upper limit on the mass of the elect
neutrino of 225 eV, at the 95% confidence level, and c
cluded that improvements of this result would be sever
limited by uncertainties 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
improved upon, if, among other things, the uncertainties
the calculated IB spectra could be removed. Recently, Su´,
Horvat, and Pisk@8# reformulated the relativistic theory o
IBEC and developed a numerical code to calculate IB
matrix elements. They included all relativistic and screen
effects within an independent-particle approximation. Th
examined the case of163Ho and found a simpler structure o
the total IBEC spectrum and a smaller interference supp
sion than predicted by the previous calculations@3,6#. Their
calculation for 193Pt, however, was still lower than the da
by about a factor of 2.

To test the reformulation of Suric´ et al. of the IBEC
theory, our group has compared their calculation with o
measured IB spectrum of125I above the 1s end point@9,10#
and our measured IB spectrum of139Ce @11#. It was found
that the calculation reproduces the shape and relative in
sity of the 125I partial IB spectra to within the experimenta
error of a few percent. The measured intensity for125I was
found to be 1.0060.12@10,11# times the calculated intensity
and that for139Ce was found to be 1.07060.024 times the
calculated intensity. While the139Ce work suggests that th
calculation of Suric´ et al. does underestimate the intensity
the IB spectrum, it does so by only 7.062.4 %, and not by
the factor of 1.5–2 which is obtained for193Pt. To test if the
deviation from the calculation of Suric´ et al. increases sub-
stantially asZ increases, we have measured the absolute
tensity of the total and 2p IB spectra of179Ta. Three sets of
measurements were made:~1! a set of singles measuremen
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to obtain the total IB spectrum,~2! a set of L –x-ray–IB
coincidence measurements to obtain the 2p IB partial spec-
trum, and~3! L to K capture ratio measurements to obtain
value for QEC independent of that determined from the
end point.

II. EXPERIMENTAL PROCEDURES

A. Source preparation

The 179Ta source was produced at the Lawrence Berke
National Laboratory’s 88-Inch Cyclotron via th
179Hf( p,n)179Ta and 180Hf( p,2n)179Ta reactions. Two
pieces of natural hafnium, each 0.75 mm thick, were stac
together and bombarded for 17 h by a 5mA beam of 20 MeV
protons. After waiting for several months to let short-live
activities in the source decay away, the Ta was separ
radiochemically from the hafnium target. The target was d
solved in a mixture of concentrated HF and HNO3. Then an
organic/aqueous separation of Ta was performed using
thyl isobutyl ketone. The radiochemistry was repeated u
the only observable activity was that due to179Ta. Approxi-
mately 7 months after the initial bombardment the sou
was shipped to Tennessee Technological University~TTU!
in solution form. There it was evaporated onto a piece
Scotch tape and sealed with a similar piece. The initial
tivity of the sealed source was about 0.1mCi. Another
source was similarly produced 2 years later to continue w
the investigations. The counting measurements described
low were conducted at TTU.

B. IB measurements

1. Total IB spectrum

The total IB spectrum of179Ta was measured in single
using a well-shielded intrinsic planar Ge detector with
16-mm diameter, 10-mm depth, and a 0.128-mm-thick
window. An aluminum absorber with a thickness of'0.5
mm was placed in front of the detector to attenuate the HL
x rays sufficiently so that their pileup with the HfKb x rays
into the IB region was negligible. The ORTEC 572 amplifi
had a 3-ms shaping time and was equipped with pileup
jection circuitry. The amplifier pulses were digitized using
ORTEC 916 PC-based multichannel analyzer~MCA! card.
Spectra were saved to disk every 12 h.

Two sets of data were collected, one with the source
close as possible to the detector, thus producing a ‘‘h
count rate’’ spectrum, and one with the source a few m
away from the detector, thus producing a ‘‘low count rat
spectrum. The primary reason for collecting data at differ
rates is to ensure that the procedure for subtracting~the rate-
dependent! residual pileup was adequate. The ‘‘high cou
rate’’ data were collected for a total period of 17.83 days
live counting, at an average rate of 326.4 counts per sec
~cps!. The ‘‘low count rate’’ data were collected for a tota
period of 25.00 days of live counting, at an average rate
176.6 cps. A background spectrum totaling 22.70 days
live counting was also collected.

To verify that the yield in the IB region is due to highe
energyg rays, rather than due to a high-energy tail in t
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response function of the detector to the lower energyK x
rays, we also collected a spectrum with theK x rays differ-
entially attenuated. This was done by inserting a 1.2-m
thick Cu absorber in front of the detector. The attenua
spectrum was collected for a period of 12.50 d, at an aver
count rate of 38.70 cps.

2. 2p IB spectrum

A separate set of coincidence experiments were c
ducted to measure the 2p IB spectrum. The spectrum wa
obtained from coincidences betweenL x rays and IB pho-
tons, recorded in the planar Ge detector described above
a coaxial Ge detector with a 43.5-mm diameter, 45.3-m
depth, a 3-mm crystal-to-endcap distance, and a 0.5-mm
window. The detectors were placed face to face with
179Ta source sandwiched in between. Four sets of data w
analyzed, three obtained with a weaker source prepare
1990 and one obtained with a stronger source prepare
1992. The measurements with the 1990 source were c
ducted in 1991, while those with the 1992 source were c
ducted in 1996. The first experiments were conducted w
out any absorbers, thus allowing two sets ofL-IB
coincidence spectra to be obtained, one with theL ’s detected
in the planar detector and the other withL ’s detected in the
coaxial detector. However, we found that there was resid
pileup ofL andKa x rays. To eliminate this pileup peak, w
conducted the remaining measurements with an alumin
absorber between the source and the coaxial detector.
last two sets of data~one from 1991, the other from 1996!
were obtained with this absorber in place.

All data were recorded event by event on magnetic ta
In addition to recording the two energy signals, two timin
signals were recorded for each detector, one obtained fro
low threshold on the leading edge module and one from
high threshold. The time difference between the two thre
olds gives a measure of the risetime of each pulse. A furt
reduction in pileup can be obtained by gating on a tw
dimensional~2D! plot of the rise time versus energy for eac
detector, as explained in Ref.@12#.

C. L -to-K capture ratio measurements

A separate set of experiments was conducted to mea
the L to K capture ratio for179Ta. From this set one can
obtain a value forQEC independent of that determined from
the IB end point. To our knowledge our technique is nov
and does not require knowledge of the efficiency of any
tector for L x rays. To motivate the setup we used for th
measurement we give here a brief explanation of the p
ciple of the measurement; the detailed expressions rela
the measured rates to theQ value are given in Sec. III B.
Consider an experiment in whichL x rays are detected in on
detector andK x rays in another, with both coincidence an
singles rates being recorded. The number ofL-Ka coinci-
dences is proportional to~among other things! the efficiency
of the L x-ray detector and theK-capture probabilityPK .
The number ofL x rays inanticoincidencewith the K x-ray
detector is again proportional to the efficiency of theL x-ray
detector and a sum of two terms, one proportional to
2-2
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QEC VALUE AND INTERNAL BREMSSTRAHLUNG . . . PHYSICAL REVIEW C 63 065502
L-capture probabilityPL and the other toPK , to account for
the fraction ofK x rays that escape vetoing. The coincidenc
to-anticoincidence ratio is therefore independent of the e
ciency of theL x-ray detector and can be used to determ
PL /PK , and henceQEC, provided one knows the absolu
vetoing efficiency. The vetoing efficiency is much easier
determine than the efficiency forL x rays, since it involves
measuring the efficiency forKa x rays at an energy of;55
keV, around which there are lines from calibration sourc
such as133Ba, and for which the difference in self-absorptio
between the179Ta source and the calibration source is ne
ligible. Most conventional methods would have requir
knowledge of the efficiency forL x rays; the energy of thes
(;10 keV! is low enough for self-absorption, and its vari
tion between a calibration source and the179Ta source, to
potentially become a major source of systematic uncertai

To maximize the sensitivity of the anticoincidence yie
to PL one has to maximize the vetoing efficiency forKa x
rays, i.e., make the efficiency of theK x-ray detector as large
as possible. To that end, we used a well-type NaI crystal
our K x-ray detector. The cylindrical crystal had a diame
of 5.7 cm and a height of 6.3 cm; the coaxial well had
diameter of 1.5 cm and a depth of 3.9 cm. The179Ta source
was placed at a depth of 2.0 cm into the well. TheL x rays
were detected in the planar Ge detector described above
Ge detector was placed facing the NaI detector, as sh
schematically in Fig. 1.

Coincidence and singles events were recorded even
event on magnetic tape for later analysis. Measurem
were performed on both the 1990 and 1992 sources. The
of emission ofK x rays by each source was determined
separate singles measurements, using the planar Ge det
after determining its efficiency curve using calibrat
sources of133Ba, 109Cd, and 57Co. Dead-time corrections
were made using a precision 60 Hz pulser.

III. DATA ANALYSIS AND RESULTS

A. IB spectra

1. Total IB spectrum

The net IB spectra were produced by subtracting the c
tribution of background and of residual pileup from the ra
spectra. The background was subtracted by normalizing

FIG. 1. Schematic diagram of the detector setup used in
L-to-K capture ratio measurements.K x rays emitted by the179Ta
source were detected by the well-type NaI detector, whileL x rays
were detected by the planar Ge detector.
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measured background spectrum to the raw179Ta spectrum in
the energy region 153–295 keV. This way of normalizi
the background spectrum agreed with a normalization ba
on the ratio of the live times~as measured by the MCA card!
to within 2%. This small difference between the two norm
ization parameters is well within the accuracy of the liv
time calculation of the MCA; this later accuracy wa
checked by a comparison of the live-time reported by
MCA with that obtained using the precision 60 Hz puls
during the collection of some calibration spectra.~The pulser
wasnot used during the collection of the total IB and bac
ground spectra used in this analysis, and thus a pulser-b
calculation of the live time was not possible.! The normal-
ized background spectra for the ‘‘high count rate’’ and ‘‘lo
count rate’’ data are shown in Figs. 2 and 3, respective
The background spectrum shows a slight179Ta contamina-
tion, but this is too small ('531025 of the raw 179Ta spec-
trum! to be of any significance. The pileup spectrum w
calculated using the Monte Carlo simulation procedure
scribed in Ref.@11#. The intensity of the pileup spectrum wa
obtained by normalizing the Monte Carlo-simulated sp
trum to the background-subtracted179Ta spectrum in the en
ergy interval 108–130 keV. The normalized pileup spec
for the ‘‘high count rate’’ and ‘‘low count rate’’ data are
shown in Figs. 2 and 3, respectively.

The net IB yield for the ‘‘high count rate’’ data, divided
by the number ofK captures and by the width of the energ
bin ~0.304 keV!, is shown in Fig. 4. The number ofK cap-
tures was deduced from the yield of HfK x rays~Fig. 2! and
using a fluorescence yieldvK50.955 @13#. The normalized
experimental spectrum was fit with a theoretical spectr
calculated using the code developed by Suric´ et al. and con-
voluted with the response function of the detector. The
sponse shape was parametrized as the sum of a Gau
peak, an exponential tail on the low energy side, GeKa and
Kb x-ray escape peaks, and a flat tail.~Over the limited
fitting region of 70–97 keV a flat tail is quite adequate

e

FIG. 2. The raw ‘‘high count rate’’g-ray spectrum of179Ta,
together with normalized background and pileup spectra. The179Ta
spectrum represents 17.83 days of counting at an average coun
of 326.4 counts per s. The background spectrum represents a
of 22.70 days of counting.
2-3
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M. M. HINDI et al. PHYSICAL REVIEW C 63 065502
describe the Compton-scattered portion of the spectrum.
photons with energy of 97 keV or less the sharp backsca
edge is below 70 keV and hence falls below the fitted
gion.! Both the exponential tail and the flat tail were conv
luted with a Gaussian that had the same width as the m
Gaussian peak. The shape parameters were interpolated
function of photopeak energy from the shape parameters
tained for the HfK x rays and for the133Ba 53-keV and
81-keV lines and the109Cd 88-keV line. The variation of
photopeak efficiency with energy was also obtained us
the 133Ba source, after correcting for summing effects.
calculating the theoretical IB yield the atomic binding en
gies ~of Hf! which enter into the phase space factor we
obtained from the tables of Larkins@14#. The wave functions
which enter into the calculation of the energy-dependent
matrix elements were obtained in the field of the daugh
~Hf! atom, while the normalizing electronic wave functio
which determines the~nonradiative! K-capture rate was ob
tained in the field of the parent~Ta! atom.

Two parameters were allowed to vary freely in the fit:~1!
a multiplicative normalization factorA and ~2! the electron
captureQ valueQEC. Figure 4 shows the best fit to data
the 70–97 keV energy range. Data points in the vicinity
the 92.6-keV234Th background line were omitted from th
fit. The resultingx2 per degree of freedom and the best
parameters for both the ‘‘high count rate’’ and ‘‘low cou
rate’’ data are shown in Table I. The first error listed in t

FIG. 3. The raw ‘‘low count rate’’ gamma-ray spectrum
179Ta, together with normalized background and pileup spectra.
179Ta spectrum represents 25.00 days of counting at an ave
count rate of 176.6 counts per second.
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table is statistical and the second systematic. The latter
estimated from the change in the fitted parameters with
sonable variations in background, accidentals and pil
subtractions, the relative photopeak efficiency, and the sh
parameters used in convoluting the theoretical IB spectr
The results of the fits to the two data sets are in fair agr
ment with each other and indicate that possible system
errors due to pileup and background subtractions are con
tent with the quoted errors on the results.

Since the IB yield in the region just above theKa andKb
x rays is 4 to 5 orders of magnitude smaller than the yield
the x rays, just below, it is important to ascertain that t
yield in the IB region is not due to the response function
the detector, i.e., that it is not due to an instrumental lo
term high energy tail of the x-ray peaks. It is very difficult
test the response function of the detector at that level in
energy region. All radioactive sources are accompanied
internal or external bremsstrahlung at a level comparabl
that of 179Ta. However, it is possible to verify that the yiel
in the IB region is due to higher energyg rays, rather than
the tail of lower energy x rays, by means of differential a
tenuation. To that end, we collected a179Ta spectrum with a
1.2 mm Cu absorber in front of the detector. The spectr
was collected for a period of 12.50 d at an average count
of 38.70 cps. Figure 5 shows the ratio of counts from t
spectrum, after background subtraction, to that of the ‘‘h

e
ge

FIG. 4. Net IB spectrum of179Ta, obtained from the ‘‘high
count rate’’ data. The solid line is a normalized fit using the calc
lation of Surić et al. Only data in the 70–97 keV energy regio
were used in the fit. The multiplicative factor for the theoretic
calculation is 1.14360.014.
e

TABLE I. Fitting results for total IB spectra.

High count rate Low count rate Weighted averag

Count rate 326.4 Hz 176.6 Hz
Data points 84 84
x2 71.81 86.44
QEC ~keV! 105.0360.3960.25 106.1160.5760.25 105.3760.3260.25
A 1.14360.01460.025 1.11160.01860.025 1.13160.01160.025
2-4
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QEC VALUE AND INTERNAL BREMSSTRAHLUNG . . . PHYSICAL REVIEW C 63 065502
count rate’’ run. The solid line shows the expected ra
calculated from tabulated attenuation coefficients for gam
rays at the indicated energies.~The line represents an abs
lute calculation, not a fit to the measured ratio.! The relative
decrease between theKa andKb peaks was used to calcu
late an effective thickness for the Cu, to take into acco
variations due to angle of traversal through the Cu and p
sible thickness inhomogeneities. The resulting thickness
1.19 mm is consistent with the nominal thickness of the
sheets which were used. With the effective thickness
measured ratio at theKa energy determined, the expecte
ratio at other energies could be calculated. From Fig. 5
clear, at least qualitatively, that the measured ratio in the
region is consistent with the expected ratio; if a substan
portion of counts in the IB region were due to the high e
ergy tail of theKa and/orKb x rays, then the ratio in the IB
region would have been comparable to the measured ratio
theKa and/orKb x rays.~The increase in the ratio of coun
between the two x ray lines is due to the increase in the
energy tail of theKb x ray, arising from forward scattering
in the Cu absorber.!

2. 2p IB spectrum

Figure 6 shows a singles spectrum recorded in the pla
detector. The inset shows the region of theL x rays. There
are three main groups ofL x rays, labeledLa, Lb, andLg.
TheLa group contains a mixture of lines from theL2 andL3
shells, with those from theL3 dominating. TheLb group
contains a mixture of lines from theL1 , L2, andL3 shells,
with those from theL2 dominating. TheLg group contains a
mixture of lines from theL1 andL2 shells, with those from
the L1 dominating. Because of absorption in the source,
efficiencies for the three different groups are not equ
Therefore a single gate on all theL x rays would not produce
a correct 2p spectrum, but rather one weighted more heav
with contributions from the 2p1/2 subshell~because of the
smaller absorption of the higher energyL x rays it produces!.
However, by obtaining two separate spectra, one gated

FIG. 5. The ratio of a net spectrum of179Ta taken with a Cu
absorber of nominal thickness 1.2 mm to a net spectrum ta
without the Cu absorber. The solid line is the expected ratio, ca
lated from tabulated attenuation coefficients.
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the La group and the other on theLb group, and obtaining
the yield of theKa1 and Ka2 x-ray lines in each of these
spectra, one can solve for the 2p1/2 and 2p3/2 IB spectra and
form a properly weighted total 2p IB spectrum. Specifically,
let dN(IB3La) be the experimentally measured yield of I
in some energy intervaldE at energyE in coincidence with
La x rays. Then that yield can be related to the number oK
captures~during the counting period!, NK , the efficiency for
detecting IB photons at energyE in the IB detectore1(IB),
the efficiency for detectingLa x rays in the x-ray detecto
e2(La), the IB yield from theL2 shell perK capture in the
energy intervaldE dv2(IB) ~convoluted with detector re
sponse!, the corresponding IB yield from theL3 shell
dv3(IB), the number ofLa x rays emitted perL2 vacancy
nL2La , and the number ofLa x rays emitted perL3 vacancy

nL3La by

dN~ IB3La!5NK e1~ IB! e2~La! @dv2~ IB! nL2La

1dv3~ IB! nL3La#. ~1!

Using similar notation, the yieldsN(Ka13La) and
N(Ka23La) of Ka1 and Ka2 x rays in coincidence with
La x rays can be written as

N~Ka13La!5NK e1~Ka! e2~La! nKKa1
nL3La , ~2!

N~Ka23La!5NK e1~Ka! e2~La! nKKa2
nL2La , ~3!

where nKKa i
is the number ofKa i x rays perK vacancy

~these can be obtained from the tables given in Ref.@15#!. In
the above we have taken the efficiency forKa1 andKa2 x
rays to be the same, which is a very good approximation
the larger coaxial Ge detector used for IB detection in thep
coincidence experiments. Using Eqs.~2! and ~3! to solve,
respectively, fornL3La andnL2La and substituting the result
into Eq. ~1! we obtain

n
u-

FIG. 6. A sample singles spectrum of the179Ta source, recorded
with the planar Ge detector during the 2p IB measurements. The
inset shows the region of theL x rays of Hf.
2-5
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dN~ IB3La!5
e1~ IB!

e1~Ka! F S N~Ka23La!

nKKa2
D dv2~ IB!

1S N~Ka13La!

nKKa1
D dv3~ IB!G . ~4!

The above expression relates the two unknownsdv2(IB)
and dv3(IB) to the experimentally measured coinciden
yields and well-known atomic quantities (nKKa i

, with an un-
certainty of 1%@15#!, but which does notdepend on the
efficiency for detectingLa x rays, a quantity which is usu
ally difficult to measure accurately because of the n
negligible self-absorption in the source, or onnLiLa , a quan-
tity which has an estimated error of 5%@15#. One can
similarly relate the measured yields of IB photons,Ka1 x
rays, andKa2 x rays in coincidence withLb x rays to the
unknownsdv2(IB) and dv3(IB) by

dN~ IB3Lb!5
e1~ IB!

e1~Ka! F S N~Ka23Lb!

nKKa2
D dv2~ IB!

1S N~Ka13Lb!

nKKa1
D dv3~ IB!G . ~5!

One can then solve Eqs.~4! and ~5! for the two unknowns
dv2(IB) and dv3(IB) and obtain the proper sumdv2
1dv3.

Figure 7 shows real and accidental spectra gated on
La and Lb groups, from the 1996 set. A sample singl
spectrum is also shown, for comparison. The pileup spe
in the figure were calculated as described in Ref.@11#. It
should be mentioned that the pileup spectra were calcul
assuming that the resolving time for pileup rejection is ind
pendent of the relative heights of the detector pulses.
fact that after subtraction of the pileup spectrum there w
residual pileup ofL and Ka x rays ~when, as mentioned
previously, the Al absorber was not used! suggests that the
resolving time is larger for a small pulse that follows a lar
pulse than for two pulses of comparable height. The num
of residualL1Ka pileup events observed when the Al a
sorber was not in place can be used to estimate the frac
of unsubtracted pileup events in that region of the IB sp
trum. That fraction is about 1.5% for the planar detector a
0.5% for the coaxial detector. These fractions are consi
ably smaller than the statistical errors on the measured in
sities of the 2p spectra and have been included in our e
mate of the systematic errors~see below!.

After subtracting the contributions of pileup and of ac
dental coincidences, the total 2p IB spectra were formed by
solving Eqs.~4! and~5! at each energy bin and the resultin
spectra fitted with the calculation of Suric´ et al., over the
energy interval 60–97 keV. The theoretical spectra w
convoluted with the response function of the detector, m
sured with 109Cd and 133Ba calibration sources. There we
two free parameters in the fit:~1! a multiplicative normaliza-
tion factorA and~2! QEC. Figure 8 shows the data from th
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1996 set, together with the best fit. Also shown, for compa
son, are the total IB spectrum and its fit.

Table II shows the results of the fits for the four differe
data sets, along with the weighted averages. The first e
listed in the table is statistical and the second systematic.
latter was estimated from the change in the fitted parame
with reasonable variations in accidentals and pileup subt

FIG. 7. ~a! Sample singles spectrum recorded in the coax
detector.~b! Spectrum recorded in the coaxial detector in true c
incidence withLa x rays recorded in the planar detector. The a
cidental coincidence spectrum is shown as dark shaded. The
shaded spectrum is the simulated pileup spectrum.~c! Same as~b!,
but for coincidences with theLb group.

FIG. 8. Total and 2p IB spectra of 179Ta, together with fits
using the calculation of Suric´ et al. For the total spectrum the fitted
region was 70–97 keV; for the 2p spectrum the fitted region wa
60–97 keV.
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TABLE II. Fitting results for 2p IB spectra.

Data set IB detector Al absorber A QEC ~keV!

1996 Coaxial Yes 1.12360.01960.026 107.7060.9060.81
1991 Coaxial Yes 1.04060.03560.026 108.9062.0960.81
1991 Coaxial No 1.09060.10960.026 108.1662.6860.81
1991 Planar No 1.06760.03460.026 103.8261.5260.81
Weighted average 1.09760.01560.026 107.0460.7060.81

Total IB Planar Yes 1.13160.01160.025 105.3760.3260.25
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tions, the relative photopeak efficiency, the shape parame
used in convoluting the theoretical IB spectrum, and the l
its of the fitting range. We also tested the stability of t
fitted parameters with changes in the binning size; the rea
for such a test is that near the end point~in the 2p coinci-
dence spectrum! the statistics are low and hence the erro
may be non Gaussian, while thex2 test assumes Gaussia
errors. We indeed found that the bin width of'0.225 keV
~which was close to the bin width of 0.304 keV used with t
total IB spectra, measured in singles! was too small when
used with the 2p coincidence spectra; i.e., when a larger b
width was used, the fitting results did change by an amo
approximately equal to the statistical error. Therefore
kept doubling the bin width until the fitted parameters d
not change when using the next doubled bin width; a
result, the bin width used in the 2p coincidence spectrum
was 0.903 keV. The adequacy of the use ofx2 fitting with
such a bin width was also confirmed by fitting Monte Carlo
generated spectra~with statistics comparable to those of th
experimental data!. The fits gave back theQ value and nor-
malization parameter used in generating the spectra when
bin width was 0.903 keV, but gave results with deviatio
similar to those observed for the experimental data when
smaller bin width of 0.225 keV was used.

The normalization parameters for the 2p and total IB
spectra differ by only 3.463.1 %. The closeness of the va
ues of these normalization parameters suggests that the
culation of Suric´ et al. reproduces the relative intensities
the IB spectra from the different shells very well. Note th
one cannot obtain an IB spectrum from the 3p and higher
shells by simply subtracting the measured 2p spectrum from
the measured total spectrum, because the two spectra
obtained with two different detectors, having different r
sponse functions and different relative efficiencies. There
slight disagreement in theQ values extracted from the 2p
and total IB spectra, but the disagreement is about 1.4 s
dard deviations~where we have combined all the errors
quadrature! and is not cause for serious concern. To test
effect of theQ value on the normalization parameter, w
conducted fits on the 2p IB spectra with theQ value fixed at
105.37 keV, the value obtained from the total IB spectru
The weighted average normalization in that case w
1.12760.01060.026, a value which is in even better agre
ment with the normalization parameter of the to
spectrum.
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B. L-to-K capture ratio measurements

Figure 9 shows the spectrum ofL x rays recorded in the
planar Ge detector in coincidence withKa x rays recorded in
the well-type NaI detector~solid line!, superimposed on the
L x-ray spectrum recorded in anticoincidence~dotted line!.
The locations of the major lines arising from vacancies in
L1 , L2, andL3 subshells are also shown. TheQEC was de-
duced from an analysis of these spectra as follows. The y
N(La3Ka) of La(5La11La2) x rays in coincidence
with Ka x rays is given by

N~La3Ka!5NPK

3vKFKa1

K
1

Ka2

K
f 231

Ka3

K
~ f 131 f 138 1 f 12f 23!G

3v3

La

L3

3eGe~La! eNaI~Ka!, ~6!

whereN is the number of decays,PK is the probability ofK
capture per decay,vK is the fluorescence yield of theK shell,

FIG. 9. L x-ray spectra recorded in the planar Ge detector
coincidence with~solid line! and in anticoincidence~dotted line!
with Ka x rays. The labels give the energy~in keV! and vacancy
from which each line originates.
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Ka i /K,i 51,2,3 are theK x-ray branching ratios for transi
tions to theL3 ,L2 , andL1 shells, respectively~here we refer
to the upward transition of a vacancy!, v3 is the fluorescence
yield of theL3 shell,La/L3 is the branching ratio of theLa
x-ray line, f ik is the Coster-Kronig yield for radiationles
transitions between theLi andLk levels, f 138 is the intrashell
radiative yield for the transitionL1→L3 , eGe(La) is the
photopeak efficiency of the planar Ge detector for detec
La x rays, andeNaI(Ka) is the photopeak efficiency of th
NaI detector for detectingKa x rays. @Figure 1 shows a
schematic of the setup used in these measurements and
10 shows the atomic transitions referred to in Eq.~6!.# The
first line in the above equation gives the number ofK vacan-
cies produced~thus leading to the possibility of observing
Ka x ray!, the second line gives the probability that theK
vacancy produces aKa x ray and a vacancy in theL3 sub-
shell ~thus leading to the possibility of observing a coinc
dentLa x ray!, the third line gives the probability that anLa
x ray is emitted in filling theL3 vacancy, and the fourth line
gives the probability that the emittedKa and La are de-
tected ~at full energy! in their respective detectors. In th
second line, the first term in square brackets accounts for
radiative transition from theK shell directly to theL3 sub-
shell, the second term@(Ka2 /K) f 23# accounts for the pro-
duction of theL3 vacancy by first having a radiative trans
tion from the K shell to theL2 subshell, followed by a
Coster-Kronig transition~with probability f 23) from the L2
subshell to theL3 subshell, and the last term accounts for t
production of theL3 vacancy by first having a radiative tran
sition from theK shell to theL1 subshell~with the admit-
tedly small branching ratioKa3 /K), followed by either a
f

n

he

06550
g

ig.

he

radiative transition fromL1 to L3 ~with probability f 13), or a
radiative transition~with probability f 138 ), or a sequence o
Coster-Kronig transitionsL1→L2→L3 ~with probability
f 12f 23).

The yield N(La3Ka) of La x rays in anticoincidence
with Ka x rays is given by

FIG. 10. Atomic level diagram~not to scale! showing most of
the transitions and intensities referred to in Eqs.~6! and ~7!. The
diagonal arrows indicate the capture of an electron from the co
sponding atomic orbital. Upward arrows show the transfer o
vacancy from a deeper to a shallower atomic level via a radia
transition~solid line! or a nonradiative transition~dashed line!. The
indicated binding energies are those in the daughter atom Hf
keV.
N~La3Ka!5N v3

La

L3
eGe~La!

3†PL1
~ f 131 f 138 1 f 12f 23!

1PL2
f 23

1PK„f KL3
1 f KL3

8 $12@hNaI~Ka!1hGe~Ka!2hGe,NaI~Ka!#%…‡, ~7!
s

n

wherePLi
is the probability of electron capture~per decay!

from subshellLi , f KL3
is the radiationless yield ofL3 vacan-

cies perK vacancy~due to Auger transitions of aK-shell
vacancy!, and f KL3

8 the radiative yield ofL3 vacancies perK

vacancy,hNaI(Ka) andhGe(Ka) are the total efficiencies o
the NaI and Ge detectors, respectively, for detectingKa x
rays, andhGe,NaI(Ka) is the probability that aKa x ray
leaves a signal in both the Ge and NaI detectors~through
Compton scattering from one detector to the other a
through I x-ray escape from the NaI to the Ge detector!.

In Eq. ~7! the term on the second line accounts for t
production ofL3 vacancies byL1 capture~with probability
PL1

) followed by a transfer of theL1 vacancy to theL3 shell
d

by a radiationless transition~with yield f 13) or a radiative
transition ~with yield f 138 ), or a sequence of radiationles
transitionsL1→L2→L3 ~with probability f 12f 23). The term
in the third line accounts for the production ofL3 vacancies
by L2 capture~with probability PL2

) followed by a transfer

of theL2 vacancy to theL3 shell by a radiationless transitio
~with yield f 23). ~Direct capture from theL3 shell is forbid-
den.! Clearly capture from theL1 and L2 shells does not
produceKa x rays and hence the resultingLa x rays will be
a subset of those in anticoincidence withKa x rays. The
term on the fourth line accounts for the production ofL3
vacancies byK capture~with probability PK), followed by a
radiationless~Auger! transition of the vacancy from theK
2-8
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shell to theL3 shell~with yield f KL3
) or a radiative transition

~with yield f KL3
8 ), provided the emittedKa x ray is not de-

tected ~i.e., is in anticoincidence with theLa x ray!. The
probability that theKa x ray is not detected is 1 minus it
probability of being detected either in the NaI detec
@hNaI(Ka)# or the Ge detector@hGe(Ka)# ~the reason tha
detection in the Ge detector leads to vetoing is that theKa
signal sums with theLa signal, thus throwing theLa signal
out of its photopeak region!; however, bothhNaI(Ka) and
hGe(Ka) ~being total efficiencies! contain the same contri
bution hGe,NaI(Ka) of events in which theKa leaves a sig-
nal in both detectors and hence that contribution is dou
counted in the sumhNaI(Ka)1hGe(Ka) and should be sub
tracted away once to form the correct vetoing probabil
@The above is simply a restatement of the elementary p
ability theory result P(A or B)5P(A)1P(B)
2P(A and B).#

The radiative yield ofL3 vacancies perK vacancy was
calculated as in Eq.~6!, namely,

f KL3
8 5vKFKa1

K
1

Ka2

K
f 231

Ka3

K
~ f 131 f 138 1 f 12f 23!G .

~8!

The radiationless yieldf KL3
was calculated as the number

L3 vacancies perK vacancy minus the radiative yieldf KL3
8 :

f KL3
5

nKLa1

nL3La1

2 f KL3
8 . ~9!

As can be seen, the number ofL3 vacancies perK vacancy
was calculated from the ratio of the number ofLa1 x rays
per K vacancy (nKLa1

) to the number ofLa1 x rays perL3

vacancy (nL3La1
).

Expressions similar to those given in Eqs.~6! and ~7!
were obtained for the yields ofLb andLg x rays in coinci-
dence and in anticoincidence withKa x rays. In those ex-
pressions the radiationless yieldf KLi

and radiative yieldf KLi
8

of Li vacancies perK vacancy were calculated using expre
sions similar to those given in Eqs.~9! and~8!, respectively.

For the allowed decay of179Ta the capture fractions ar
related to theQEC value by@1#

Pi5C b i
2 Bi~QEC2Ei !

2, ~10!

whereC contains the nuclear matrix element,b i is the Cou-
lomb amplitude of the bound-state electron radial wave fu
tion in orbital i, Bi is the associated electron exchange a
overlap correction, andEi is the electron binding energy i
the daughter~Hf! atom.

By dividing Eq. ~7! by Eq. ~6! one can eliminateN and
eGe(La) @and in the corresponding equations forLb andLg
eliminateeGe(Lb) andeGe(Lg)] and solve forQEC using the
experimentally measured yieldsN(La3Ka) and N(La
3Ka), the experimentally measured efficiencieseNaI(Ka),
hNaI(Ka), hGe(Ka), and hGe,NaI(Ka), and the tabulated
atomic quantities (vK , f i j , . . . ). Weemphasize again tha
our technique enables us to measureQEC without having to
know theL x-ray efficiency, a quantity which is usually dif
06550
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ficult to measure accurately because of the non-neglig
self-absorption in the source. Although theLb group con-
tains peaks from different shells, these are sufficiently cl
in energy to be characterized by a single efficiencyeGe(Lb)
that enters both the expressions forN(Lb3Ka) andN(Lb
3Ka) as a multiplicative factor and hence cancels out in
ratio N(Lb3Ka)/N(Lb3Ka). The same is true for theLg
group. Another advantage to our method is the enhan
sensitivity toQEC that the anticoincidence withKa brings.
Without anticoincidence@i.e., in a singles measurement o
N(La)] the coefficient ofPK in Eq. ~7! would be 0.538,
while with anticoincidence the coefficient is only 0.101~be-
cause of the large anticoincidence efficiency of the well-ty
NaI detector of 0.83!. Thus the anticoincidence enhances t
sensitivity ofN(La3Ka) to PL1

which in turn enhances the

sensitivity toQEC.
The various efficiencies for theKa x rays were obtained

from a knowledge of the absolute emission rates of thes
rays by the179Ta sources. That emission rate was measu
by first obtaining an efficiency curve for the Ge detec
using calibrated sources of133Ba, 109Cd, and57Co placed at
a distance of 13.1 cm from the face of the detector; t
distance is large enough that summing effects could be
nored. In all the efficiency measurements a precision pu
was used to correct for~the usually small! dead time. The
various atomic quantities that enter into Eqs.~6!–~10! ~and
their equivalents for theLb and Lg peaks! were obtained
from the tables given in Ref.@15# and from Refs.@13,16#.
Table III lists theQEC values deduced from each of theL
x-ray peaks for the two179Ta sources. All the results agre
within their stated errors. The unweighted average for
QEC value deduced from theseL to K capture ratio measure
ments is 109.363.1 keV. The error in the average take
proper account of the correlation between the errors on
individual Q’s because of their common dependence on
same atomic quantities. In fact, the errors in the atomic qu
tities dominate the errors in all theQ’s. These errors are
dominated, in turn, by the errors onv1 ~15%!, v2 ~5%!, v3
~5%!, f 12 ~20%!, f 13 ~10%!, and f 23 ~15%! @13#. While it is
likely that the errors on these atomic yields are correlated
is nearly impossible for us to determine what these corre
tions may be, since the atomic yields were derived fro
many sources@13#; therefore we have simply combined th
errors on the above atomic yields in a statistical way.

IV. DISCUSSION AND CONCLUSIONS

The measured normalization parameters ofA51.131
60.027 for the total IB spectrum andA51.09760.030 for

TABLE III. QEC ~keV! determined fromL-to-K capture ratios.

Peak
Source La Lb Lg

1990 110.864.3 108.964.6 107.566.7
1992 111.664.7 110.464.7 106.666.4
Overall average 109.363.1
2-9
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the 2p IB partial spectrum~where, for simplicity, we have
combined the statistical and systematic errors in quadrat!
suggest that the calculation of Suric´ et al.does underestimat
the IB yield. While this underestimation does seem to gr
with Z ~from 7.062.4 % for 139Ce @Z558# to 13.162.7 %
for 179Ta @Z573#), it is substantially less than the factor o
1.5–2 observed for193Pt (Z578). Thus, the large discrep
ancy observed for193Pt remains somewhat of a puzzle. Pe
haps the treatment of the decay as an allowed decay,
though it is first-forbidden nonunique, is not valid. A confi
mation of the measured intensity for193Pt might be desir-
able.

The discrepancy of 10–13 % between the intensity p
dicted by the calculation of Suric´ et al. and the current mea
surement, while relatively small, is, nevertheless, statistic
significant. The origin of this discrepancy is not obvious
us. Possible improvements to the calculation of Suric´ et al.
which could be made within the context of the independe
particle approximation are~1! inclusion of exchange-overla
corrections and~2! taking into account the differentZ depen-
dences of the two time orders in the electron propaga
namely, the fact that radiation before capture occurs in
field of elementZ, while radiation after capture takes place
the field of elementZ21 @17#. Both of these effects hav
been considered before by Persson and Koonin@17,18#, but
at much lowerZ and higherQ0, where the IB spectra ar
dominated by 1s and~to a lesser extent! 2s capture. At some
stage true many-body effects in the atomic wave functi
may have to be taken into account, as well, but these
obviously outside the scope of the independent-particle
proximation of Suric´ et al.

The QEC value of 109.363.1 extracted from theL-to-K
capture measurements is in fair agreement with theQEC
value of 105.6160.41 extracted from IB end-point measur
ments ~where we have taken the weighted average of
values extracted from the total and 2p IB spectra and, for
L
d

L.

.

C

C
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simplicity, combined the statistical and systematic errors
quadrature!. Two old and mildly discrepant values ofQEC
exist, that of Bisiet al. (10366 keV @19#! and that of Jopson
et al. (12167 keV @20#!,1 while the mass tabulations giv
QEC511065 keV @21#. Because of the substantially large
error of theQ values determined fromL-to-K capture mea-
surements~compared to those determined from the IB en
point energy!, it is not possible to use those to confirm th
validity of the extrapolated shape used in the IB fit~recall
that the fitting region we use ends about 8 keV below
extractedQ value!. The dominant error in theQ value we
determined from theL-to-K capture measurements is the u
certainty in the values of theL1 subshell fluorescence (v1)
and Coster-Kronig (f 12 and f 13) yields. ~If the error in the
atomic quantities were ignored, the resulting error in theQ
value would be 1.7 keV.! It should be possible to improve o
these values by conducting measurements which make u
one of the existing synchrotron radiation facilities. In such
measurement the number ofL1 vacancies that is create
could be measured by detecting the emitted photoelectr
v1 , f 12, and f 13 could be measured by detecting the numb
of L x rays originating in theL1 , L2, andL3, respectively, in
coincidence with the photoelectrons.
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1We have recalculated theQ values of these references based
their publishedL-to-K yields, but using current values of fluores
cence and Coster-Kronig yields.
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