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Qec value and internal bremsstrahlung spectra of 1"*Ta
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The total and P internal bremsstrahlung spectra accompanying the electron capture det&yahave
been measured in singles and in coincidence Witlrays, respectively. The intensity of the total spectrum was
found to be (1.13%£0.027) times that predicted by the calculations of Sefil, the intensity of the p
spectrum was found to be (1.09D.028) times those calculations. The disagreement with theory is thus much
smaller than the factor of 1.5—2 previously reported 1&#Pt. The Qg value determined from the internal
bremsstrahlung end point energy was found to be 1650641 keV. An independent value f@gc of
109.3£ 3.1 keV was determined by measuring théo K capture ratio.
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[. INTRODUCTION reproduced the measured shapes of the IB spectra, the mag-
nitudes were off by factors of 1.5—2. The upper limit which
Electron capture is a weak interaction process in which &iisageret al. quoted on the mass of the electron neutrino is
nucleus decays by capturing an atomic electron and ejecting00 eV, at the 90% confidence level. Springer, Bennett, and
an electron neutrino. A small fraction of such decays procee®aisden 6] measured the IBEC spectrum 8fHo and com-
radiatively, with the neutrino, atom, and emitted photon sharpared the data with a model similar to that used by Riisager
ing the decay energy statistically. The produced radiationet al. They quoted an upper limit on the mass of the electron
which has a continuous energy spectrum, is known as intemeutrino of 225 eV, at the 95% confidence level, and con-
nal bremsstrahlun@B) and the decay process is referred tocluded that improvements of this result would be severely
as internal bremsstrahlung electron capt@®EC). The limited by uncertainties in atomic interference effects.
study of IBEC can yield information on the weak interaction, The above limits on the mass of the electron neutrino are
nuclear parameters, and atomic wave functions. Accurateuch higher than the corresponding limits of 5—-10[&Y/on
isobaric atomic mass differences can also be deduced frothe mass of the electron antineutrino and could certainly be
the end-point energy of the IB spectrum. A thorough reviewimproved upon, if, among other things, the uncertainties in
of the theory and experimental status of IBEC up to 1977 ighe calculated IB spectra could be removed. Recently,” Suric
given by Bambynelet al.[1]. As pointed out in that review, Horvat, and PisK8] reformulated the relativistic theory of
while the main features of IBEC are generally understood]BEC and developed a numerical code to calculate IBEC
there is still a great need for experimental work to test thematrix elements. They included all relativistic and screening
details of the theory. In particular, Bambynekal. pointed  effects within an independent-particle approximation. They
out that precise measurements of normalized IB spectra akxamined the case df*Ho and found a simpler structure of
very much needed, as well as measurements of partial spethe total IBEC spectrum and a smaller interference suppres-
tra that accompany the capture of electrons from specifision than predicted by the previous calculatip8$]. Their
atomic subshells. calculation for1°3Pt, however, was still lower than the data
Interest in IBEC decays was renewed after DguRus by about a factor of 2.
suggestion in 198[12] that the shape of the IB spectrum near  To test the reformulation of Suriet al. of the IBEC
the end point be used to search for neutrino mass. The betteory, our group has compared their calculation with our
sensitivity is obtained for decays with lo@ values, where measured IB spectrum df¥ above the % end point[9,10]
the IB spectrum is dominated by capture frpmorbitals and ~ and our measured IB spectrum 6°Ce [11]. It was found
could be strongly enhanced by the presencp-efs polesin  that the calculation reproduces the shape and relative inten-
the electron propagator, if a decay with the right energy issity of the 12 partial 1B spectra to within the experimental
found. Riisageret al. [3] carried out detailed measurements error of a few percent. The measured intensity &1 was
on the IBEC decay of®3¥t to test De Rjula’s extensions of found to be 1.08:0.12[10,11] times the calculated intensity,
the Martin-Glauber theory4,5]. Although the calculations and that for'**Ce was found to be 1.0700.024 times the
calculated intensity. While thé3*Ce work suggests that the
calculation of Suriet al. does underestimate the intensity of
*Present address: Celoxica Inc., 900 East Hamilton Ave., Suitéhe IB spectrum, it does so by only #@.4 %, and not by
150, Campbell, CA 95008. the factor of 1.5—2 which is obtained fd?3Pt. To test if the
"Present address: Nuclear Engineering Department, Massachusetigviation from the calculation of Suriet al. increases sub-
Institute of Technology, Cambridge, MA 02139. stantially asZ increases, we have measured the absolute in-
*Present address: Chalk River Nuclear Laboratories, Chalk Rivetensity of the total and 2 IB spectra of'’°Ta. Three sets of
Ontario, Canada. measurements were madé) a set of singles measurements
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to obtain the total IB spectrum2) a set ofL—x-ray—IB  response function of the detector to the lower enefgy

coincidence measurements to obtain thelB partial spec- rays, we also collected a spectrum with e rays differ-

trum, and(3) L to K capture ratio measurements to obtain aentially attenuated. This was done by inserting a 1.2-mm-

value for Qg independent of that determined from the IB thick Cu absorber in front of the detector. The attenuated

end point. spectrum was collected for a period of 12.50 d, at an average
count rate of 38.70 cps.

Il. EXPERIMENTAL PROCEDURES

) 2. 2p IB spectrum
A. Source preparation L .
A separate set of coincidence experiments were con-

The **Ta source was produced at the Lawrence Berkeley) cied to measure thep2IB spectrum. The spectrum was

l;l%t_l'onal 1I7_ge11_boratory 5180'488-Inch179TCyclotror1 via the gptained from coincidences betweknx rays and 1B pho-

“Hf(p,n)*"Ta and “Hf(p,2n)""Ta reactions. TWO (ong recorded in the planar Ge detector described above and
pieces of natural hafnium, each 0.75 mm thick, were stackeq -paxial Ge detector with a 43.5-mm diameter. 45.3-mm
together and bombarded for 17 h by @B beam of 20 MeV  gepth, a 3-mm crystal-to-endcap distance, and a 0.5-mm Be
protons. After waiting for several months to let short-lived indow. The detectors were placed face to face with the
activities in the source decay away, the Ta was separatetiory source sandwiched in between. Four sets of data were
radmchemmal_ly from the hafnium target. The target was d's'analyzed, three obtained with a weaker source prepared in
solved in a mixture of concentrated HF and HNGhen an 1990 and one obtained with a stronger source prepared in
organic/aqueous separation of Ta was performed using M8gg2 The measurements with the 1990 source were con-
thyl isobutyl ketone. Th_e_radlochemlstry was repeated_ untiyycted in 1991, while those with the 1992 source were con-
the only observable activity was that due ¥0Ta. Approxi-  gycted in 1996. The first experiments were conducted with-
mately 7 months after the initial bombardment the sourcgyt any absorbers, thus allowing two sets &fIB
was shipped to Tennessee Technological Univerdiil)  coincidence spectra to be obtained, one withltredetected
in solution form. There it was evaporated onto a piece ofy, the planar detector and the other witts detected in the
Scotch tape and sealed with a similar piece. The initial acyoaxial detector. However, we found that there was residual
tivity of the sealed source was about QuCi. Another  pileyp ofL andKa x rays. To eliminate this pileup peak, we
source was similarly produced 2 years later to continue withyonqucted the remaining measurements with an aluminum
the investigations. The counting measurements described bgpsorber between the source and the coaxial detector. The

low were conducted at TTU. last two sets of datéone from 1991, the other from 1996
were obtained with this absorber in place.
B. IB measurements All data were recorded event by event on magnetic tape.

In addition to recording the two energy signals, two timing
signals were recorded for each detector, one obtained from a

The total IB spectrum of °Ta was measured in singles |ow threshold on the leading edge module and one from a
using a well-shielded intrinsic planar Ge detector with ahigh threshold. The time difference between the two thresh-
16-mm diameter, 10-mm depth, and a 0.128-mm-thick Beyids gives a measure of the risetime of each pulse. A further
window. An aluminum absorber with a thickness 0.5  reduction in pileup can be obtained by gating on a two-
mm was placed in front of the detector to attenuate thé Hf dimensional2D) plot of the rise time versus energy for each
x rays sufficiently so that their pileup with the i3 x rays  detector, as explained in RéfL2].
into the IB region was negligible. The ORTEC 572 amplifier
had a 3us shaping time and was equipped with pileup re-
jection circuitry. The amplifier pulses were digitized using an
ORTEC 916 PC-based multichannel analy@&iCA) card. A separate set of experiments was conducted to measure
Spectra were saved to disk every 12 h. the L to K capture ratio for'’®Ta. From this set one can

Two sets of data were collected, one with the source asbtain a value foQgc independent of that determined from
close as possible to the detector, thus producing a “highhe IB end point. To our knowledge our technique is novel
count rate” spectrum, and one with the source a few mmand does not require knowledge of the efficiency of any de-
away from the detector, thus producing a “low count rate” tector forL x rays. To motivate the setup we used for this
spectrum. The primary reason for collecting data at differentneasurement we give here a brief explanation of the prin-
rates is to ensure that the procedure for subtradtimg rate-  ciple of the measurement; the detailed expressions relating
dependentresidual pileup was adequate. The “high countthe measured rates to tl@@ value are given in Sec. Il B.
rate” data were collected for a total period of 17.83 days ofConsider an experiment in whi¢hx rays are detected in one
live counting, at an average rate of 326.4 counts per secondetector and x rays in another, with both coincidence and
(cps. The “low count rate” data were collected for a total singles rates being recorded. The numbelLef« coinci-
period of 25.00 days of live counting, at an average rate oflences is proportional t@mong other thingsthe efficiency
176.6 cps. A background spectrum totaling 22.70 days obf the L x-ray detector and th&-capture probabilityPy .
live counting was also collected. The number oL x rays inanticoincidencewith the K x-ray

To verify that the yield in the IB region is due to higher detector is again proportional to the efficiency of thg-ray
energy y rays, rather than due to a high-energy tail in thedetector and a sum of two terms, one proportional to the

1. Total IB spectrum

C. L-to-K capture ratio measurements
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L-to-K capture ratio measurement§.x rays emitted by the’°Ta w0 N
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the fraction ofK x rays that escape vetoing. The coincidence- g 2. The raw “high count rate”y-ray spectrum of"*Ta,

to-anticoincidence ratio is therefore independent of the effiyogether with normalized background and pileup spectra. fia
ciency of theL x-ray detector and can be used to determinespectrum represents 17.83 days of counting at an average count rate
P /Py, and henceéQgc, provided one knows the absolute of 326.4 counts per s. The background spectrum represents a total
vetoing efficiency. The vetoing efficiency is much easier toof 22.70 days of counting.
determine than the efficiency far x rays, since it involves
measuring the efficiency fdf « x rays at an energy of 55  measured background spectrum to the f&Wa spectrum in
keV, around which there are lines from calibration sourcesthe energy region 153—-295 keV. This way of normalizing
such as'*Ba, and for which the difference in self-absorption the background spectrum agreed with a normalization based
between the!’°Ta source and the calibration source is neg-on the ratio of the live timegas measured by the MCA card
ligible. Most conventional methods would have requiredto Within 2%. This small difference between the two normal-
knowledge of the efficiency for x rays; the energy of these i;ation parameters is well within the accuracy of the live-
(~10 keV) is low enough for self-absorption, and its varia- time calculation of the MCA; this later accuracy was
tion between a calibration source and tHéTa source, to checked by a comparison of the live-time reported by the
potentially become a major source of systematic uncertaintyVCA with that obtained using the precision 60 Hz pulser
To maximize the sensitivity of the anticoincidence yield during the collection of some calibration spectfehe pulser
to P, one has to maximize the vetoing efficiency o x ~ Wasnot used during the cpllectlon pf the total IB and back-
rays, i.e., make the efficiency of théx-ray detector as large ground spectra usgd |n'th|s analysis, and.thus a pulser-based
as possible. To that end, we used a well-type Nal crystal fofalculation of the live time was not possibl&he normal-
our K x-ray detector. The cylindrical crystal had a diameterized background spectra for the “high count rate” and “low
of 5.7 cm and a height of 6.3 cm; the coaxial well had acount rate” data are shown in Figs. 2 and 3, respe'ctlvely.
diameter of 1.5 cm and a depth of 3.9 cm. TH&a source  The background spectrum ShOWS5 a slightra contamina-
was placed at a depth of 2.0 cm into the well. The rays  tion, but this is too small£5x10° of the raw *°Ta spec-
were detected in the planar Ge detector described above. TH&IM to be of any significance. The pileup spectrum was
Ge detector was placed facing the Nal detector, as showfdlculated using the Monte Carlo simulation procedure de-
schematically in Fig. 1. scribed in Ref[11]. The intensity of the pileup spectrum was
Coincidence and singles events were recorded event HyPtained by normalizing the Monte Carlo-simulated spec-
event on magnetic tape for later analysis. Measuremenf&um to the background-subtractét’Ta spectrum in the en-
were performed on both the 1990 and 1992 sources. The raf$0y interval 108—130 keV. The normalized pileup spectra
of emission ofK x rays by each source was determined infor the “high count rate” and “low count rate” data are
separate singles measurements, using the planar Ge detec@}oWn in Figs. 2 and 3, respectively. .
after determining its efficiency curve using calibrated The net IB yield for the “high count rate” data, divided
sources of'33Ba, 19%Cd, and 5’Co. Dead-time corrections bY the number oK captures and by the width of the energy

were made using a precision 60 Hz pulser. bin (0.304 keV, is shown in Fig. 4. The number & cap-

tures was deduced from the yield of Kfx rays(Fig. 2) and

Ill. DATA ANALYSIS AND RESULTS using a fluorescence yield, =0.955[13]. The normalized
experimental spectrum was fit with a theoretical spectrum

A. IB spectra calculated using the code developed by Setial. and con-

voluted with the response function of the detector. The re-
sponse shape was parametrized as the sum of a Gaussian
The net IB spectra were produced by subtracting the conpeak, an exponential tail on the low energy side,Kgeand
tribution of background and of residual pileup from the rawK g x-ray escape peaks, and a flat tdiDver the limited
spectra. The background was subtracted by normalizing thiétting region of 70-97 keV a flat tail is quite adequate to

1. Total IB spectrum
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FIG. 3. The raw “low count rate” gamma-ray spectrum of  FIG. 4. Net IB spectrum of-"°Ta, obtained from the “high
17974, together with normalized background and pileup spectra. Theount rate” data. The solid line is a normalized fit using the calcu-
179Ta spectrum represents 25.00 days of counting at an averadation of Suricet al. Only data in the 70-97 keV energy region
count rate of 176.6 counts per second. were used in the fit. The multiplicative factor for the theoretical

calculation is 1.1430.014.

describe the Compton-scattered portion of the spectrum. For
photons with energy of 97 keV or less the sharp backscattaable is statistical and the second systematic. The latter was
edge is below 70 keV and hence falls below the fitted re-estimated from the change in the fitted parameters with rea-
gion.) Both the exponential tail and the flat tail were convo- sonable variations in background, accidentals and pileup
luted with a Gaussian that had the same width as the maisubtractions, the relative photopeak efficiency, and the shape
Gaussian peak. The shape parameters were interpolated aparameters used in convoluting the theoretical IB spectrum.
function of photopeak energy from the shape parameters olrhe results of the fits to the two data sets are in fair agree-
tained for the HfK x rays and for the'®*Ba 53-keV and ment with each other and indicate that possible systematic
81-keV lines and the'®®Cd 88-keV line. The variation of errors due to pileup and background subtractions are consis-
photopeak efficiency with energy was also obtained usindgent with the quoted errors on the results.
the 133Ba source, after correcting for summing effects. In ~ Since the IB yield in the region just above tker andK 8
calculating the theoretical IB yield the atomic binding ener-x rays is 4 to 5 orders of magnitude smaller than the yield of
gies (of Hf) which enter into the phase space factor werethe x rays, just below, it is important to ascertain that the
obtained from the tables of Larkif&4]. The wave functions vyield in the IB region is not due to the response function of
which enter into the calculation of the energy-dependent IBhe detector, i.e., that it is not due to an instrumental long
matrix elements were obtained in the field of the daughteterm high energy tail of the x-ray peaks. It is very difficult to
(Hf) atom, while the normalizing electronic wave function test the response function of the detector at that level in that
which determines thénonradiativé K-capture rate was ob- energy region. All radioactive sources are accompanied by
tained in the field of the pareriTa) atom. internal or external bremsstrahlung at a level comparable to
Two parameters were allowed to vary freely in the:  that of 1"°*Ta. However, it is possible to verify that the yield
a multiplicative normalization factoA and (2) the electron in the IB region is due to higher energyrays, rather than
captureQ value Q. Figure 4 shows the best fit to data in the tail of lower energy x rays, by means of differential at-
the 70-97 keV energy range. Data points in the vicinity oftenuation. To that end, we collected &Ta spectrum with a
the 92.6-keV23*Th background line were omitted from the 1.2 mm Cu absorber in front of the detector. The spectrum
fit. The resultingy? per degree of freedom and the best fit was collected for a period of 12.50 d at an average count rate
parameters for both the “high count rate” and “low count of 38.70 cps. Figure 5 shows the ratio of counts from this
rate” data are shown in Table I. The first error listed in thespectrum, after background subtraction, to that of the “high

TABLE I. Fitting results for total IB spectra.

High count rate Low count rate Weighted average
Count rate 326.4 Hz 176.6 Hz
Data points 84 84
X2 71.81 86.44
Qec (keV) 105.03t0.39+0.25 106.11#+0.57+0.25 105.3%#0.32+0.25
A 1.143+0.014+0.025 1.11#+0.018£0.025 1.131#+0.011+0.025
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FIG. 5. The ratio of a net spectrum of°Ta taken with a Cu FIG. 6. A sample singles spectrum of th€Ta source, recorded
absorber of nominal thickness 1.2 mm to a net spectrum takewith the planar Ge detector during thgp 2B measurements. The
without the Cu absorber. The solid line is the expected ratio, calcuinset shows the region of tHex rays of Hf.
lated from tabulated attenuation coefficients.

. o . theLa group and the other on tHeB group, and obtaining
count rate” run. The solid line shows the expected ratio,ihe yield of theKa; andKa, x-ray lines in each of these
calculated from tabulated attenuation coefficients for 9amMM@pecira; one can solve for the2, and 24/, IB spectra and
rays at the indicated energiedhe line represents an abso- ¢, 4 properly weighted totalIB spectrum. Specifically,
lute calculation, not a fit to the measured ratibhe relative let dN(IB X La) be the experimentally measured yield of 1B
decrease between théx andK S peaks was used to calcu- i, gome energy intervalE at energyE in coincidence with
late an effective thickness for the Cu, to take into accounf , rays. Then that yield can be related to the numbef of
variations due to angle of traversal through the Cu and pos'aptures(during the counting perigdNy , the efficiency for

sible thickness inhomogeneities. The resulting thickness o . ;
. . . . ) tect IB phot t the IB detect IB),
1.19 mm is consistent with the nominal thickness of the CL{ etecting photons at energyin the etectorey(1B)

; . . A e efficiency for detectin X rays in the x-ray detector
sheets which were used. With the effective thickness andﬁ| y g Y Y

. . é>(La), the IB yield from thelL, shell perK capture in the
me_asuredhratlo at t.hKO‘ er;grgy delterlmlngdl,:the i?‘pegt.ed. energy intervaldE dw,(IB) (convoluted with detector re-
Cloar, at loast dualtatiely, that the measured ratio i the IEPO7SE he coresponding I8 yield flom the.; shel

AR q vely, su o o1 . fiwg(IB), the number ofL« x rays emitted petL, vacancy
region is consistent with the expected ratio; if a substantial .
) . ; . N_ . ., and the number df & x rays emitted pek 5 vacancy
portion of counts in the IB region were due to the high en- -2
ergy tail of theK a and/orK 3 x rays, then the ratio in the 1B MLsLa DY
region would have been comparable to the measured ratio for
theKa and/orK B x rays.(The increase in the ratio of counts dN(IBXLa)=Ng €;(IB) e5(La) [dw,(IB) NLLa
between the two x ray lines is due to the increase in the low
energy tail of theK 3 x ray, arising from forward scattering +dwz(1B) 4] (1)
in the Cu absorber.
Using similar notation, the yieldsN(Ka;XLa) and
2.2p 1B spectrum N(KayXLa) of Ka; andKa, x rays in coincidence with
Figure 6 shows a singles spectrum recorded in the plands@ X rays can be written as
detector. The inset shows the region of tha rays. There

are three main groups af x rays, labeled_«, L3, andLy. N(KayXLa)=Ng €;(Ka) €(La) Nk, Nigrar (2
ThelL a group contains a mixture of lines from thg andL 3
shells, with those from thé s dominating. Thel 8 group N(Ka,XLa)=N €(Ka) ex(La) Nkka, Niyras ()

contains a mixture of lines from thie;, L,, andL; shells,

with those from thd., dominating. The.y group contains a .

mixture of lines from the., andL, shells, with those from Wwhere MikKe; 1S the number ofKa; x rays perK vacancy
the L, dominating. Because of absorption in the source, théthese can be obtained from the tables given in Ri]). In
efficiencies for the three different groups are not equalthe above we have taken the efficiency fos; andKa, x
Therefore a single gate on all thex rays would not produce rays to be the same, which is a very good approximation for
a correct D spectrum, but rather one weighted more heavilythe larger coaxial Ge detector used for IB detection in the 2
with contributions from the @, subshell(because of the ~coincidence experiments. Using Ed&) and (3) to solve,
smaller absorption of the higher enerigy rays it produces ~ respectively, fomn_ , andn,_ , and substituting the results
However, by obtaining two separate spectra, one gated oimto Eg. (1) we obtain
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€,(1B)
€1(Ka)

|

The above expression relates the two unknowas(IB)
and dw3(IB) to the experimentally measured coincidence
yields and well-known atomic quantitiee,(Kai, with an un-

certainty of 1%[15]), but which does notdepend on the
efficiency for detecting-« X rays, a quantity which is usu-

N(KayXLa)

dN(IBX La)= .
KKea,

|

N(Kaq XLa)

NkKa,

) dw,(1B)

dws(1B) |. (4

ally difficult to measure accurately because of the non-

negligible self-absorption in the source, or oL, , & quan-

tity which has an estimated error of 5445]. One can
similarly relate the measured yields of 1B photoisg, X
rays, andK @, X rays in coincidence with. 3 x rays to the
unknownsdw,(1B) and dw3(1B) by

|

N(Ka;xLB)

NKkKa,

€,(1B)
el(Ka)

|

One can then solve Eq#&4) and (5) for the two unknowns
dw,(IB) and dws(IB) and obtain the proper sunmdw,
+d(1)3.

N(KapX L)

NkKa,

dN(IBXLg)=

) dw3(|B)}. (5)
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FIG. 7. (a) Sample singles spectrum recorded in the coaxial
detector.(b) Spectrum recorded in the coaxial detector in true co-
incidence withLa x rays recorded in the planar detector. The ac-
cidental coincidence spectrum is shown as dark shaded. The light
shaded spectrum is the simulated pileup spectf@pSame agb),
but for coincidences with the 8 group.

Figure 7 shows real and accidental spectra gated on thE996 set, together with the best fit. Also shown, for compari-

La and LB groups, from the 1996 set. A sample singles
spectrum is also shown, for comparison. The pileup spectr
in the figure were calculated as described in Ré&f]. It

son, are the total IB spectrum and its fit.
a Table Il shows the results of the fits for the four different
data sets, along with the weighted averages. The first error

should be mentioned that the pileup spectra were calculatdited in the table is statistical and the second systematic. The
assuming that the resolving time for pileup rejection is indedatter was estimated from the change in the fitted parameters

pendent of the relative heights of the detector pulses. Th

with reasonable variations in accidentals and pileup subtrac-

fact that after subtraction of the pileup spectrum there was

residual pileup ofL and Ka x rays (when, as mentioned
previously, the Al absorber was not ugesliggests that the
resolving time is larger for a small pulse that follows a large

pulse than for two pulses of comparable height. The numbe

of residualL + K« pileup events observed when the Al ab-

sorber was not in place can be used to estimate the fractiolg
of unsubtracted pileup events in that region of the IB spec-&
trum. That fraction is about 1.5% for the planar detector andg
0.5% for the coaxial detector. These fractions are considerg
ably smaller than the statistical errors on the measured intens,

10'35”\,\.'. R AR R AERR R AERE e
A { Total IB
> . — Suric fit
. 10% b J
a %v} b 2p 1B
? -——- Suric fit
107 N‘%

sities of the P spectra and have been included in our esti-
mate of the systematic erro(see below.

After subtracting the contributions of pileup and of acci-
dental coincidences, the totapaB spectra were formed by
solving Egs.(4) and(5) at each energy bin and the resulting
spectra fitted with the calculation of Suret al, over the

energy interval 60—97 keV. The theoretical spectra were

IB Intensi

10°%

convoluted with the response function of the detector, mea- F|G. 8. Total and P IB spectra of °Ta, together with fits

sured with 1°°Cd and**Ba calibration sources. There were
two free parameters in the fitl) a multiplicative normaliza-
tion factorA and(2) Qgc. Figure 8 shows the data from the

using the calculation of Suriet al. For the total spectrum the fitted
region was 70-97 keV; for the@spectrum the fitted region was
60-97 keV.
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TABLE II. Fitting results for 2o IB spectra.

Data set IB detector Al absorber A Qcc (keV)

1996 Coaxial Yes 1.1280.019+0.026 107.76:0.90+0.81
1991 Coaxial Yes 1.0460.035-0.026 108.96:2.09+0.81
1991 Coaxial No 1.0900.109+0.026 108.16:2.68+0.81
1991 Planar No 1.0670.034+0.026 103.821.52+0.81
Weighted average 1.0970.015+-0.026 107.040.70+0.81
Total IB Planar Yes 1.13t0.011+0.025 105.3%0.32£0.25

tions, the relative photopeak efficiency, the shape parameters B. L-to-K capture ratio measurements

used in convoluting the theoretical IB spectrum, and the lim- Figure 9 shows the spectrum bfx rays recorded in the

its of the fitting range. We also tested the stability of thepjanar Ge detector in coincidence wihw x rays recorded in
fitted parameters with changes in the binning size; the reasafe well-type Nal detectofsolid line), superimposed on the
for such a test is that near the end pdiint the 2p coinci- | x-ray spectrum recorded in anticoincidencitted ling.
dence spectrujnthe statistics are low and hence the errorsThe locations of the major lines arising from vacancies in the
may be non Gaussian, while th¢ test assumes Gaussian L,, L,, andL, subshells are also shown. Tk was de-
errors. We indeed found that the bin width f0.225 keV  duced from an analysis of these spectra as follows. The yield
(which was close to the bin width of 0.304 keV used with theN(LaXKa) of La(=La;+Lay) X rays in coincidence
total IB spectra, measured in singlesas too small when with Ka x rays is given by

used with the p coincidence spectra; i.e., when a larger bin

width was used, the fitting results did change by an amourt (L@ Ka)=NPy

approximately equal to the statistical error. Therefore we Ka, Kay Kas ,

kept doubling the bin width until the fitted parameters did X wy| ——+ =~ fagt — = (f1at f157 F1af20)

not change when using the next doubled bin width; as a

result, the bin width used in thep2coincidence spectrum La

was 0.903 keV. The adequacy of the usey8ffitting with X

such a bin width was also confirmed by fitting Monte Carlo—

generated spectr@vith statistics comparable to those of the X €cdLa) enal(Ka), (6)

experimental dada The fits gave back th® value and nor-
malization parameter used in generating the spectra when t
bin width was 0.903 keV, but gave results with deviations
similar to those observed for the experimental data when the
smaller bin width of 0.225 keV was used.

méhereN is the number of decay®y is the probability ofK
capture per decayy is the fluorescence vyield of théshell,

The normalization parameters for thep 2and total 1B e ke e Ls
spectra differ by only 3.43.1%. The closeness of the val- 3 2| I NE
ues of these normalization parameters suggests that the ce L, L# Inly L,
culation of Suricet al. reproduces the relative intensities of f § z :::T
the IB spectra from the different shells very well. Note that 16, L83 " e L,

one cannot obtain an IB spectrum from thp @nd higher
shells by simply subtracting the measurqa spectrum from

the measured total spectrum, because the two spectra we%
obtained with two different detectors, having different re- §
sponse functions and different relative efficiencies. There is e%
slight disagreement in th@® values extracted from thep2 I

and total IB spectra, but the disagreement is about 1.4 stan‘g’ 1000
dard deviationgwhere we have combined all the errors in
quadraturgand is not cause for serious concern. To test the — . N e
effect of theQ value on the normalization parameter, we 6 7 8 9 10 11 12
conducted fits on the21B spectra with theQ value fixed at Energy (keV)

105.37 keV, the value obtained from the total IB spectrum.
The weighted average normalization in that case was FiG. 9. L x-ray spectra recorded in the planar Ge detector in
1.127£0.010£ 0.026, a value which is in even better agree-coincidence with(solid line) and in anticoincidencédotted line
ment with the normalization parameter of the totalwith Ka x rays. The labels give the energin keV) and vacancy
spectrum. from which each line originates.

10.834/ &'
10.890 &'

3000

2000

o
O
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Kea;/K,i=1,2,3 are the&K x-ray branching ratios for transi- M 2.601
tions to theL 5,L,, andL; shells, respectivelthere we refer . ~

to the upward transition of a vacancws is the fluorescence WY &P L. 9561
yield of theL; shell,La/L5 is the branching ratio of the« ' H P
x-ray line, ;. is the Coster-Kronig yield for radiationless W :

transitions between thie; andL, levels, f1; is the intrashell / yo L, 10.739
radiative yield for the transitiorL;—L;, egdlLa) is the L2 Ly 11.272
photopeak efficiency of the planar Ge detector for detectingP,, /

La x rays, andeyg(Kea) is the photopeak efficiency of the
Nal detector for detectingka x rays. [Figure 1 shows a
schematic of the setup used in these measurements and Fi >
10 shows the atomic transitions referred to in E).] The

first line in the above equation gives the numbeKofacan-

cies producedthus leading to the possibility of observing a / K 65.351
Ka X ray), the second line gives the probability that tKe K

vacancy produces K« x ray and a vacancy in thé 5 sub-
shell (thus leading to the possibility of observing a coinci-

dentL_a X ra_ly), th_e th'_rd line gives the probability that di.rbz diagonal arrows indicate the capture of an electron from the corre-
x ray is emitted in filling thel 5 vacancy, and the fourth line - gponding atomic orbital. Upward arrows show the transfer of a
gives the probability that the emittéda and La are de-  yacancy from a deeper to a shallower atomic level via a radiative
tected (at full energy in their respective detectors. In the transition(solid line) or a nonradiative transitiofdashed ling The
second line, the first term in square brackets accounts for th@dicated binding energies are those in the daughter atom Hf, in
radiative transition from th& shell directly to theL; sub-  kev.

shell, the second ter(K a,/K)f,5] accounts for the pro-
duction of theL; vacancy by first having a radiative transi-
tion from the K shell to thelL, subshell, followed by a " o . S
Coster-Kronig transitiortwith probability f,z) from thel, adiative transition(with probability f;3), or a sequence of
subshell to thé 5 subshell, and the last term accounts for theCOSter-Kronig - transitionsL; —L,—L3z (with probability
production of thel 5 vacancy by first having a radiative tran- f12f23). _

sition from theK shell to thel; subshell(with the admit- The yieldN(LaXKea) of La x rays in anticoincidence
tedly small branching rati& a3/K), followed by either a with Ka x rays is given by

s

Ko,
Koy,

FIG. 10. Atomic level diagraninot to scal¢ showing most of
the transitions and intensities referred to in E@.and (7). The

radiative transition froni, to L5 (with probability f,3), or a

— La
N(LaXKa)=N w3L—eGe(La)
3
X[Py (fiat fi1a+Fiof20)

+Pi(fii, + fr {1 [7nval(Ka) + 7ed Ka) = 7ge nal Ka) 1], (7

where P, is the probability of electron captur@er decay by a radiationless transitiofwith yield f,3) or a radiative
from subshelL;, fy, is the radiationless yield df; vacan- transition (with yield f15), or a sequence of radiationless

cies perK vacancy(due to Auger transitions of &-shell ~ transitionsL;—L,—Lg (with probability f;,f55). The term
vacancy, andf,’<L3 the radiative yield ol_; vacancies peK  in the third line accounts for the production lof vacancies

vacancy,7na(K @) and 7e4 K @) are the total efficiencies of by L, capture(with probability PLz) followed by a transfer
the Nal and Ge detectors, respectively, for detecingx  of theL, vacancy to thé 5 shell by a radiationless transition
rays, andzgena(Ka) is the probability that &Ka x ray  (with yield f,3). (Direct capture from theé 5 shell is forbid-
leaves a signal in both the Ge and Nal detectthsough den) Clearly capture from thé.; and L, shells does not
Compton scattering from one detector to the other angroduceKa x rays and hence the resultihgy x rays will be
through | x-ray escape from the Nal to the Ge detector a subset of those in anticoincidence whhy x rays. The
In Eq. (7) the term on the second line accounts for theterm on the fourth line accounts for the production Lof

production ofL5 vacancies by ; capture(with probability = vacancies b capture(with probability Py), followed by a
PLl) followed by a transfer of the; vacancy to theé.; shell  radiationless(Augen transition of the vacancy from thi
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shell to thel 5 shell (with yield fy ) or a radiative transition TABLE Ill. Qgc (keV) determined froni-to-K capture ratios.
(with yield f,’<|_3), provided the emittedK« x ray is not de-

Peak
tected (_i._e., is in anticoincide_nce with the « X ray)._ The_ Source Lo Lg Ly
probability that theK« x ray is not detected is 1 minus its
probability of being detected either in the Nal detector1990 110.84.3 108.9-4.6 107.5:6.7
[ 7na(Ka)] or the Ge detectof g Ka)] (the reason that 1992 111.64.7 110.4:4.7 106.6-6.4

detection in the Ge detector leads to vetoing is thatklae  Overall average 109:3.1
signal sums with th& « signal, thus throwing thé « signal
out of its photopeak regionhowever, bothyy,(Ka) and
ned Ka) (beingtotal efficiencieg contain the same contri- ficult to measure accurately because of the non-negligible
bution 7ge naKa) of events in which th&« leaves a sig-  self-absorption in the source. Although thgg group con-

nal in both detectors and hence that contribution is doublyains peaks from different shells, these are sufficiently close
counted in the sumyy,(Ka) + 7cd Ka) and should be sub- in energy to be characterized by a single efficieagy(L 3)
tracted away once to form the correct vetoing probability.that enters both the expressions ffL X Ka) andN(LB
[The above is simply a restatement of the elementary probx K o) as a multiplicative factor and hence cancels out in the
ability  theory  result  P(A or B)=P(A)+P(B)  ratioN(LBxKa)/N(LBXKa). The same is true for they

—P(A and_ B_)-] ) ) group. Another advantage to our method is the enhanced
The radiative yield ofL.; vacancies peK vacancy was  sensitivity to Qg that the anticoincidence witK e brings.
calculated as in Eq6), namely, Without anticoincidencdi.e., in a singles measurement of

N(La)] the coefficient of P in Eq. (7) would be 0.538,

while with anticoincidence the coefficient is only 0.10e-

cause of the large anticoincidence efficiency of the well-type
8 Nal detector of 0.88 Thus the anticoincidence enhances the
The radiationless yield, , was calculated as the number of sensitivity ofN(Lax Ka) to P which in turn enhances the

, Kal Ka2 Ka3 ,
fiy= oK =t Fast 1 (Taat Tiat faafag) |-

L5 vacancies peK vacancy minus the radiative yiel‘q<L3: sensitivity t0Qgc.
NKLa The various efficiencies for théa x rays were obtained
frl= _1_f|’<L ) (9)  from a knowledge of the absolute emission rates of these x
L 3 rays by the’®Ta sources. That emission rate was measured

As can be seen, the numberl_o; Vacancies peK Vacancy by first Obtaining an efﬁciency curve for the Ge detector
was calculated from the ratio of the numberlof, x rays  using calibrated sources 6f*Ba, *Cd, and®’Co placed at -
perK vacancy @, ,.) to the number ot a; x rays perL, @ distance of 13.1 cm from the face of the detector; this
al . . . .
vacancy GLSL%). distance is large enough that summing effects could be ig-

: . ) i nored. In all the efficiency measurements a precision pulser
Expressions similar to those given in Ed$) and (7) a5 ysed to correct foithe usually small dead time. The
were obtained for the yields &f8 andLy x rays in coinCi-  \4rious atomic quantities that enter into E¢®—(10) (and
dence and in anticoincidence wii x rays. In those ex-  hejr equivalents for the. 8 and Ly peak$ were obtained
pressions the radiationless yId1Q|_i and radiative ylelcf,’<Li from the tables given in Ref15] and from Refs[13,16].
of L; vacancies peK vacancy were calculated using expres-Table Il lists the Qg values deduced from each of the
sions similar to those given in Eq@) and(8), respectively.  x-ray peaks for the twd”°Ta sources. All the results agree
For the allowed decay ot’*Ta the capture fractions are within their stated errors. The unweighted average for the

related to theQgc value by[1] Qec value deduced from thedeto K capture ratio measure-
) 5 ments is 109.33.1 keV. The error in the average takes
Pi=C B Bi(Qec—Ei)*, (100 proper account of the correlation between the errors on the

, ) , individual Q’s because of their common dependence on the
whereC contains the nuclear matrix elemef, is the Cou-  game atomic quantities. In fact, the errors in the atomic quan-
lomb amplitude of the bound-state electron radial wave funcias dominate the errors in all the's. These errors are
tion in orbital i, B; is the associated electron exchange anddominated, in turn, by the errors asy, (15%), w, (5%), ws
overlap correction, an&; is the electron binding energy in (5%), f1, (209%), f15 (109%), andf s (15%) [13]. While it is
the daughtefHf) atom. likely that the errors on these atomic yields are correlated, it

By dividing Eq. (7) by Eq. (6) one can eliminatdN and s nearly impossible for us to determine what these correla-
€cdLa) [and in the corresponding equations kg8 andLy  {jons may be, since the atomic yields were derived from

eliminateece(L B) andecdL )] and solve forQec using the i any source§13); therefore we have simply combined the
experimentally measured yields(LaxKa) and N(Le  grrors on the above atomic yields in a statistical way.

X Ka), the experimentally measured efficiencigg(K «),
7nal(Ka), nedKa), and ngena(Ka), and the tabulated
atomic quantities g, fj;, ...). Weemphasize again that
our technique enables us to meas@ig- without having to The measured normalization parameters Af1.131
know thelL x-ray efficiency, a quantity which is usually dif- +0.027 for the total IB spectrum amd=1.097+0.030 for

IV. DISCUSSION AND CONCLUSIONS
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the 2p IB partial spectrumwhere, for simplicity, we have simplicity, combined the statistical and systematic errors in
combined the statistical and systematic errors in quadnatureuadraturg Two old and mildly discrepant values @gc
suggest that the calculation of Suetal.does underestimate exist, that of Bisiet al. (103+ 6 keV[19]) and that of Jopson
the 1B yield. While this underestimation does seem to growet al. (121+7 keV [20]),* while the mass tabulations give
with Z (from 7.0=2.4% for 3%Ce[Z2=58] to 13.1+2.7%  Qgc=110+5 keV [21]. Because of the substantially larger
for 1°Ta[Z=73]), it is substantially less than the factor of error of theQ values determined frorh-to-K capture mea-
1.5-2 observed fot%¥Pt (Z=78). Thus, the large discrep- surementgcompared to those determined from the IB end-
ancy observed fol%Pt remains somewhat of a puzzle. Per-point energy, it is not possible to use those to confirm the
haps the treatment of the decay as an allowed decay, evemlidity of the extrapolated shape used in the IB(ficall
though it is first-forbidden nonunique, is not valid. A confir- that the fitting region we use ends about 8 keV below the
mation of the measured intensity fd?*®t might be desir- extractedQ valug. The dominant error in th€ value we
able. determined from thé&-to-K capture measurements is the un-
The discrepancy of 10-13 % between the intensity preeertainty in the values of the; subshell fluorescenceav()
dicted by the calculation of Suriet al. and the current mea- and Coster-Kronig f(;, and f;3) yields. (If the error in the
surement, while relatively small, is, nevertheless, statisticallyatomic quantities were ignored, the resulting error in @e
significant. The origin of this discrepancy is not obvious tovalue would be 1.7 keV It should be possible to improve on
us. Possible improvements to the calculation of Setial.  these values by conducting measurements which make use of
which could be made within the context of the independentone of the existing synchrotron radiation facilities. In such a
particle approximation arél) inclusion of exchange-overlap measurement the number &f, vacancies that is created
corrections and2) taking into account the differe@depen-  could be measured by detecting the emitted photoelectrons;
dences of the two time orders in the electron propagatore,, fi, andfi; could be measured by detecting the number
namely, the fact that radiation before capture occurs in thef L x rays originating in thé_,, L,, andL 3, respectively, in
field of element, while radiation after capture takes place in coincidence with the photoelectrons.
the field of elemenZ—1 [17]. Both of these effects have
been considered before by Persson and Kophih1§, but
at much lowerZ and higherQ,, where the IB spectra are ACKNOWLEDGMENTS
dominated by § and(to a lesser exteh®s capture. At some ) ) ] )
stage true many-body effects in the atomic wave functions The assistance of James Parker in collecting data is grate-
may have to be taken into account, as well, but these arillly acknowledged. This work was supported by U.S. DOE
obviously outside the scope of the independent-particle agerant Nos. DE-FG05-87ER40314, DE-FG02-96ER40955,
proximation of Suricet al. and DE-AC03-76F00098.
The Qgc value of 109.3 3.1 extracted from thé-to-K
capture measurements is in fair agreement with Ghe
value of 105.6% 0.41 extracted from IB end-point measure- we have recalculated th@ values of these references based on
ments (where we have taken the weighted average of theheir publishedL-to-K yields, but using current values of fluores-
values extracted from the total angb 2B spectra and, for cence and Coster-Kronig yields.
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