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Internal bremsstrahlung spectrum of 3%Ce
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The internal bremsstrahlung spectrum which accompanies the electron capture dé&¥gedb the first
excited state of*%La has been measured in coincidence with the nuclear gamma ray which deexcites that state.
The measured intensity above 42 keV is found to be (1#0J.024) times that predicted by the recent
calculations of Suri@t al. The Qg value is found to be 264:62.0 keV.[S0556-28136)02411-9

PACS numbeps): 23.40-s, 14.60.Pq, 27.60;

I. INTRODUCTION improved upon, if, among other things, the uncertainties in
the calculated IB spectra could be removed. Recently, Suric
Electron capture is a weak interaction process in which dlorvat, and PisK 8] reformulated the relativistic theory of
nucleus decays by capturing an atomic electron and ejectin@BEC and developed a numerical code to calculate IBEC
an electron neutrino. A small fraction of such decays proceeehatrix elements. They included all relativistic and screening
radiatively, with the neutrino, atom, and emitted photon shareffects within an independent-particle approximation. They
ing the decay energy statistically. The produced radiationgxamined the case df°*Ho and found a simpler structure of
which has a continuous energy spectrum, is known as intefhe total IBEC spectrum and a smaller interference suppres-
nal bremsstrahlungB) and the decay process is referred t0gjgn than predicted by the previous calculatip8s]. Their

as internal bremsstrahlung electron captdfEC). The 5 icyjation for 19%Pt, however, was still lower than the data
study of IBEC can yield information on the weak interaction, by about a factor of 2

nuclear parameters, and atomic wave functions; accurate iso- To test Suricet al’s reformulation of the IBEC theory,

baric atomic mass differences can also be deduced from t%e have recently compared their calculation with the mea-
end-point energy of the IB spectrum. A thorough review of red IB trum of2 above the % end point[9,10], It
the theory and experimental status of IBEC up to 1977 ioure spectrum o 1 above the 5 end po T
given by Bambynelet al.[1]. As pointed out by that review, was 'found.that the calcu!atlon reproduces t'he.shape and r.ela-
while the main features of IBEC are generally understood!Ve intensity of the partial IB spectra to within the experi-
there is still a great need for experimental work to test theMental error of a few percent and the absolute intensity to
details of the theory. In particular, Bambynekal. point out ~ Within 15%. In[10], where we reported the measured inten-
that precise measurements of normalized IB spectra are veffty to be 0.86-0.10 times the calculated intensity, the 1B
much needed, as well as measurements of partial spectra tHagtrix elements were calculated in the field of the parent
accompany the capture of electrons from specific atomic sub-">1) atom. It is more appropriate to calculate the IB matrix
shells. element in the field of thdaughteratom (?°Te); using these
Interest in IBEC decays was renewed after DguRils ~ matrix elements we find that the measured intensity is
suggestion in 198[12] that the shape of the IB spectrum near 1.00+0.12 times the calculated intensity, in even better
the end point be used to search for neutrino mass. The seagreement with Suris calculation than reported before.
sitivity is obtained for decays with oW values, where the ~ The % data were taken in the course of a search for 17
IB spectrum is dominated by capture fromorbitals and keV neutrinos[9] and since the emphasis there was on the
could be strongly enhanced by the presencp-ofs poles in  portion of the spectrum above the hinding energy, the low
the electron propagator, if a decay with the right energy isenergy portion of the spectrum was attenuated severely, for
found. Riisageret al. [3] carried out detailed measurements practical purposes. Hence it was not possible to test the Suric
on the IBEC decay of%¥Pt to test De Rjula’s extensions of ~calculation in the x-ray region. Th&%Pt and***Ho IB data,
the Martin-Glauber theory4,5]. Although the calculations however, are near the x-ray regi¢and so will probably be
reproduced the measured shapes of the IB spectra, the mélgture data from any experiment that seeks to lower the limit
nitudes were off by factors of 1.5—2. The upper limit which on the electron-neutrino masand therefore it is important
they quote on the mass of the electron neutrino is 500 eV, dp extend tests of the Suralculation down to that region.
the 90% confidence level. Springer, Bennett, and Baigflen In this paper we report a measurement of the absolute inten-
measured the IBEC spectrum ¢f3Ho and compared the sity of the IB spectrum which accompanies the EC decay of
data with a model similar to that used by Riisageal. They ~ ***Ce. The decay scheme &1°Ce is shown in Fig. 1. Itis an
quote an upper limit on the mass of the electron neutrino oéillowed decay which proceeds exclusively to the first excited
225 eV, at the 95% confidence level, and conclude that imstate with an end-point energy ef99 keV. This energy is
provements of this result are severely limited by uncertainlow enough that the IB is dominated kyy capture. The
ties in atomic interference effects. nuclear y ray that deexcites the first excited state has an
The above limits on the mass of the electron neutrino ar@nergy(165.9 keVj which is higher than the 1B end point; in
much higher than the corresponding limits of 5-10[&/on  a singles spectrum the low intensity IB would be over-
the mass of the electron antineutrino and could certainly bavhelmed by the Compton tail of thatray. Thus, to separate
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FIG. 1. Decay scheme dfCe. The level energy is in keV.

Counts per 258 eV

the IB from the Compton tail of the nuclearray, a coinci-
dence measurement was performed in which the IB was de-
tected in one detector and theray, simultaneously, in an-
other.

(c) 166 gate

II. EXPERIMENTAL PROCEDURE

0 50 100 150 200 250

The IB data presented in this paper were obtained during E (keV)

the course of an experiment to measure the probability of
double K-shell vacancy production in the electron capture G 2. A sample singles spectrum and total gated coincidence
decay of*Ce[11]. The essential features of the experimentspectra from the EC decay 8#%Ce. Energies are in keV. THe x
will be reproduced here for completeness; further details carays belong to La.
be found in Ref[11].

Sources of approximate strengths 10—40 nCi were preene from each detector gated on ke (166-keV v) in the
pared by evaporating several drops of an active solution obther detector.
CeCl; in 1 N HCl onto cellophane tape, and sealing the dried The total IB spectrum was obtained from the spectrum in
tape with a similar piece. These sources were sandwichecbincidence with the 166-ke\y ray [Fig. 2(c)] after sub-
between two intrinsic Ge&Gamma-X detectors placed face tracting the contributions of the following(l) residual
to face. One of the detectors had a 43.5 mm diameter, 458ileup coincidences; these are mostly due to real coinci-
mm depth, ad a 3 mmcrystal-to-endcap distance, and the dences between the 166-ke}/ray and aKka or aK g, fol-
other a 54.2 mm diameter, 39.2 mm depth, and 5 mm crystalowed by a random photon which adds to tkex or K3
to-endcap distance. Both detectors had 0.5 mm Be windowssignal, (2) accidental coincidences between the 166-kgV
these were thick enough to stop Auger and conversion ele¢ay and a random single photon in the other detector,(and
trons associated with*Ce decay. The resolution of the de- true coincidences between background signals in the 166-
tectors at the L& « line (= 33 keV) was 715 eV. keV gate region and the IB detector. The residual pileup

The detectors were connected to amplifiers equipped witBpectrum is, to a very good approximation, a convolution of
pileup rejection circuitryf(ORTEC 572. A standard circuit the coincidence spectrum with the singles spectrum. This is
was used to generate coincidence signals. The digitized eso because the combination of the electronic and software
ergy and fast-timing signals from each detector were repileup rejection gives a resolving time of about 100 ns,
corded event by event on magnetic tape for later analysisvhich is short enough to make the combination of two pulses
Most of the recorded data consisted of coincidences onlyarriving within that time interval appear as the full energy
with singles-plus-coincidence data recorded in short runs evsum. Nevertheless, we have employed a new Monte Carlo
ery few days. Typical singles counting rates were about &imulation procedure which improves on the shape of the
few hundred counts per s. The total counting time was apealculated pileup spectrum, especially in the region of peak

proximately 90 days. +peak sums. The shape of the amplifier signal was digitized
and later approximated by a semi-Gaussian. A random pulse
IIl. DATA ANALYSIS AND RESULTS with a height distributed according to the coincidence spec-

trum is generated. Another random pulse with a height dis-
The data on the magnetic tapes were replayed to generatébuted according to the singles spectrum is generated
singles and prompt coincidence spectra. The energy gains @fithin a uniformly distributed random time between 0 and
the two detectors were matched and stabilized in softwar@00 ns. The two pulses are added and the location of the
and the spectra in coincidence with the 166-kgVay were  maximum is found numerically. Repeating this procedure
subjected to a two-dimension&kD) software gate in the gives the desired pileup spectrum. The spectra thus obtained
energy vs risetime plane to reduce pileup, as described igive a shape for the pealpeak sums which agrees very well
Ref. [11]. Figure 2 shows a sample singles spectiifiy.  with that of measured pileup spectra. The intensity of the
2(a)], and the total coincidence spectra gated orkthexray  pileup spectrum was obtained by normalizing the Monte
[Fig. 2(b)] and the 166-keVy ray [Fig. 2(c)]. The Ka-  Carlo simulatedK o+ K« peak to the corresponding peak in
(166-) gated coincidence spectrum is the sum of two spectrathe coincidence spectrum, after subtracting the contribution
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2.35+0.29 higher than those for the low count rate run, the
ratio of the yields in the 40—60 keV region are consistent
with unity, thus confirming the adequacy of our pileup-
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raw counts
---------- pileup

———— accidentals ] subtraction procedure.
« background

The IB yield in the region just above the pole is about 4-5
orders of magnitude smaller than the yield of e and
KB x rays, just below; a legitimate question, therefore, is the
following: is it possible that a substantial portion of the yield
just above the x-ray peaks is due to the response function of
the detector, i.e., could an instrumental long term high en-
ergy tail account for a substantial portion of the counts ob-
served above the x-ray peaks? It is very difficult to test the
e e o] s b response function of the detector at that level in that energy
40 50 60 70 80 90 100 region. All radioactive sources are accompanied by internal
E, (keV) or external bremsstrahlung at a level comparable to that of
13%Ce. Itis possible to verify that the yield in the IB region is
FIG. 3. The raw IB spectrungsolid line) and the normalized due to higher energy rays, rather than the tail of lower
components which were subtracted from it to get the net spectrumenergy x rays, by means of differential attenuation, but the
pileup (short-dashed line accidental coincidencedong-dashed time required for a statistically meaningful result would have

Counts per 258 eV

line), and background coincidencesolid circles. been prohibitive. That the yield above the x ray peaks is
primarily due to IB can nevertheless be inferred from Fig.
of accidental coincidences to the lattsee below. 2(b), which shows that the yield above the 166-kgVay' in

Accidental coincidences were subtracted by assuming theoincidence withKea [which has the same counts as the
shape of the accidentals spectrum to be the same as that Rfx peak in Fig. 2c)] is less than 10° of the 166-keV peak,
the singles spectrum and normalizing this spectrum to thend that yield, within statistics, can all be attributed to pileup
yield of accidental 166-keV-166-keV coincidences. Theand accidental coincidences. Thus any high energy tail
background coincidence spectrum was generated by setting(above the usual Gaussian jaitmust be smaller than
gate on a region just above the 166-keV line. Figure 3 shows-10"7 of the peak height. The region of the detector
the raw IB spectrum together with the normalized pileup,sampled by the 166-ke\f ray includes as a subset that
accidentals, and background spectra. Clearly, IB dominatesampled by the x rays; hence one would not expect the av-
from the region of the f—1s pole up to 65 keV, while the erage amount of charge collected per unit energy deposited
other components dominate beyond that energy. in the detectofand the statistical variation thergdab differ

In principle, the time resolution of the pileup rejection substantially between the 166-kejray and the x rays. This
circuitry could depend on the relative sizes of the pulses. Tgs confirmed by the measured linearity of peak centroid and
ascertain that the Monte Carlo generated spectrum, whicariance withy-ray energy, from~5 to 200 keV. Accord-
assumes the same pulse-pair resolution regardless of relatiygyly, the high energy tail, if present, is less thad% of the
pulse size, adequately accounts for pileup in the 40-60 ke¥B yield in the 40—50 keV energy region, and well within the
region, we compared the IB yield from a run using a weakstatistical error throughout the investigated 1B region.
source with that from a run using a stronger source. Figure 4 The net IB yield, divided by the number & captures
shows the ratio of the normalized IB erIdS in the 40-60 keVand by the width of the energy b(m)258 ke\b is shown in
region, together with the ratio of accidental 166-keV—166-Fig. 5. The number oK captures was deduced from the
keV coincidences for the two runs. While the accidental cox g yield [Fig. 2b)] and using a fluorescence yield
incidences for the "high count rate” run are a factor of ,, —0.907[12] and aK g fraction of 0.193[13]. The nor-

malized experimental spectrum was fit with a theoretical
— e spectrum calculated using the code developed by Stirad.
Accidental [8], and convoluted with the response function of the detec-
2.5 7 tor. The response shape was parametrized as the sum of a
' ] Gaussian peak, an exponential tail on the low energy side,
] GeKa andK g x-ray escape peaks, and a flat tail. Both the
] exponential tail and the flat tail were convoluted with a
i

3.0
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Gaussian that had the same width as the main Gaussian peak.
S ] The shape parameters were interpolated as a function of pho-
% ‘ ] topeak energy from the shape parameters obtained for the
* ] 13334 x-ray, 53-keV and 81-keV lines. The variation of pho-
: . . . L ] topeak efficiency with energy was also obtained using the
0.0 =0 25 50 55 60 13383 source, after correcting for summing effects. In calcu-
E, (keV) lating the theoretical IB yield the atomic binding enerdiet
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FIG. 4. Ratio of IB yield for the high count rate run to the low
count rate run. The shaded block shows tlseréange of the ratio of 1The peak just above the 166-keV peak is due to true summing of
accidental 166-keV—-166-keV coincidences for the two runs. the 166-keVy ray with L x rays.
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FIG. 5. Net IB spectrum of**Ce above the< 8 energy. The FIG. 6. A comparison between thepZomponent(solid line)

solid line is a normalized fit using the Susét al. calculation. The — and then=3 componentgshort-dashed lineof the theoretical 1B
(multiplicative) normalization factor for the theoretical spectrum is spectrum. Note the different energy dependences in the 40-50 keV
1.070+0.024. region.

La) which enter into the phase space factor were obtaineg‘e relativg contribu'_[ion of thef2IB _is !arger Fha_n that given
from the tables of Larking14]. The wave functions which y the Suriccalculation, though, within the indicated error,

enter into the calculation of the energy-dependent IB matri hOt m_cgngstf[an; \f[\('th It A F'QB 6tSE°WS’ the fss;sﬂgty tot
elements were obtained in the field of the daughtes) en=. contribution comes about because ot e dilferen

atom, while the normalizing electronic wave function which energy dependences of the 2nd 3 IB spectra(the latter

determines thénon-radiativg K-capture rate was obtained b_el_ng the dominant contrlbuto_r to the=3 spectrurm in the
in the field of the parentCe) atom. vicinity of the 3p—1s pole; this pole contributes to thep3
Two parameters were allowed to vary freely in thelyy ~ SPECLrUm, but not to thespectrum. _
a multiplicative normalization factok, and(2) the end-point Secqnd, the ratio of@ IB.tO th(_a tqtal B was obtained by
energy Qg of the transition. Figure 5 shows the best fit to comparing the yield .Of IB in coincidence with th_e 166
data in the 42-91 keV energy range. The resultifgper ~ SUM peak to that with the 166-key peak.' A‘?‘ Fig. 2)
degree of freedom is 192.9/190; the best fit parameters ard'OWS: the spectrum gated & shows coincidences not
A=1.070-0.022:0.010 and Q,=98.7-1.7+1.0 keV, only with the 1.66—keVy ray, bu't also wnh the 166-kevy
where the first error is statistical and the second systematit?y Summed with thé. x ray which sometimes depopulates
The latter was estimated from the change in the fitted paranfi€L hole left after thek« emission ¢, =0.103[12]). A
eters with reasonable variations in background, accidentagoincidence spectrum gated KB showed only the 166-keV
and pileup subtractions, the relative photopeak efficiencypeak, not the 166 L peak, thus confirming the origin of the
and the shape parameters used in convoluting the theoretidattter. From the ratio the 166L peak to the 166-keV peak
IB spectrum. The sensitivity of the fitted parameters to the(in coincidence wittK &) one obtains the absolute efficiency
energy interval selected for fitting was also explored: fits infor L x-ray detection. Using that efficiency one can obtain
which the high end was varied between 60 keV and 91 keMthe 2p contribution to the total IB spectrum by comparing
and the low end varied between 40 keV and 45 keV werdghe area of the 166L peak to that of the 166-keV peak in a
conducted. The best fit values were all consistent with thepectrum gated on the IB. For IB in the region 40.63-50.85
numbers quoted above. In particular, a fit over the energkeV we find the  fraction to be 0.66:0.16, whereas Su-
range 42-63 keM(which excludes the region where one ric’s calculation predicts a ratio of 0.481 in that region. That
might question the use of thg? estimator because of the is, the measured 2 fraction is 1.37-0.33 times that pre-
small number of counts per bigivesA=1.051+0.027 and dicted by Suricet al.’s calculation, or, equivalently, the mea-
Qo=100.8-2.6 keV, and ay? per degree of freedom of sured fraction oh=3 IB is 0.66+0.31 times that predicted
87.7/80. by the calculation. This latter number is in agreement with
In the above fits the relative contribution of IB from dif- that obtained from the spectral shape analysis, though the
ferent shells was fixe@o the value given by the Suriet al.  statistical error is large in both cases.
calculation[8]). Two independent attempts were made at ex-
tracting the relative contribution of 2 1B to the .tote}l B IV. DISCUSSION AND CONCLUSIONS
spectrum from the data. In one attempt the contribution of IB
from the n=3 shell was multiplied by a scaling parameter The measured end-point energy giveQac value of
r which was allowed to vary freely in the fit. A fit in the 264.6£1.7+=1.0 keV. This value is lower than the value
region 42-91 keV gave=0.79+0.35,A=1.15+-0.16 and 277*=9 keV, deduced from an unweighted average of many
Qu=98.1+2.2 keV. That is, this fit suggests that the relative K-capture probability measuremeris5], but is in agree-
contribution of then= 3 shell to the total IB spectrum is less ment with the value 2655 keV given in the mass evalua-
than that given by the Surialculation(or, equivalently, that tions of Wapstra and Audil6], which is based on a subset
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of the measured,’s. While the Qg value obtained in this Wwhile relatively small, is, nevertheless, statistically signifi-
work has a much smaller error than the previous values, iant. The origin of this discrepancy is not obvious to us.
should be pointed out that the current result presumes thatossible improvements to the Sugalculation which could
the Suriccalculation gives the correct shape of the IB spec?€ made within the context of the independent-particle ap-
trum in the fitted energy regioiThe statistics in the vicinity ~Proximation are(1) inclusion of exchange-overlap correc-
of the end point are too poor to pin dov@y, from a fitina  tions and(2) taking into account the differeizt dependences
limited region near the end pointAlthough there is no rea- Of the two time orders in the electron propagator, namely, the
son to suspect Sutictheoretical shape — indeed, thyé for fact that ra_dlatloq b_efore capture occurs in the f!eld of gle-
the fit is quite reasonable and the shape was found to agréBeNtZ, while radiation after capture takes place in the field
very well with the data in the case df [9], which has a o_f elementZ—1 [18]. Both of these effects have been con-
Z not too different from**Ce and an IBEC spectrum domi- Sidered before by Persson and Koofd:8,19, but at much
nated byp capture, like!3%Ce—the current analysis does not lower Z and higherQ,, where the IB spectra are dominated
preclude, on its own, that a small shape factor is being comPY 1S and(to a lesser exten®s capture. At some stage true
pensated by a slightly errafg, value. many-body effects in the atomic wave functions may have to

The measured normalization parameter Af=1.070 be taken into account, as well, but these are obviously out-

+0.024(where, for simplicity, we have combined the statis- side the scope of Sutgindependent-particle approximation.
Two independent attempts were made at extracting the

tical and systematic errors in quadrajuseiggests that Su- e - -
rié’s calculation is able to reprodudeo within <10%) the relative intensities of the 2 to 3p IB partial spectra; the
Its could not confirm the Sur@alculation to a high de-

absolute total intensity of IB in regions both far from the €SU or _
poles, as was verified by th&3 measuremenfl0], as well ~ 9r€e of accuracy because of the small efficiency for detecting

as close to the pole, as demonstrated in this work. While the X rays in one case, and insufficient statistics inlt'he relevant
current work suggests that the Sudalculation does under- Part of the spectrum, in the other. The results i [9],
estimate the intensity of the IB spectrum, it does so by only’OWever, suggest that the Sudalculation gives the correct
7.0+ 2.4%, and not by the factor of 1.5-2 which is obtainedrelative |nte_n5|t|es(to within a few percentin this atomic
for 199t [3]. To confirm that the Suricalculation does not "umber region.
get substantially worse as increases we have conducted a
recent experiment to measure the absolute intensity of the 1B
spectrum of'"°Ta [17]. Our preliminary value for the nor-  The assistance of Randy Bybee and Alan Helfer in col-
malization parameter is 1.%30.02. While the underestima- lecting the data is gratefully acknowledged, as is the assis-
tion seems to grow witlZ, it is substantially less than the tance of Dr. Paul Semmes in preparing the sources. The loan
factor of 1.5-2 observed fot**Pt. Thus, the large discrep- of electronic modules by Dr. Peter Parker of Yale University
ancy observed fof**Pt remains somewhat of a puzzle. Per-is deeply appreciated. The authors would also like to thank
haps the treatment of the decay as an allowed decay, evér. T. Suricand Dr. I. Zimen for providing the code for
though it is first-forbidden nonunique, is not valid. A confir- calculating the IB matrix elements and for helpful discus-
mation of the measured intensity might be desirable. sions. This work was supported by the U.S. Department of
The discrepancy of 702.4% between the intensity pre- Energy, Nuclear Physics Division, via Grant Nos. DE-FGO05-
dicted by the Suricalculation and the current measurement,87ER40314 and DE-FG02-96ER40955.
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