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Abstract

We have measured fhe.electron-capture decay branch of 1°°T¢ to be 1.8+
0.9) x 1073 %, from which we deduce log ft = _4.40'1'8::138. Th_lS indicates that a
two-step process connecting only the ground states of 1°°Mo-1%Tc-%Ru can

account for the measured 2v double-3 decay rate of 199Mo.
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I. MOTIVATION

In order to interpret the results of experiments on double-3 decay one needs to understand
the relevant nuclear physics. In this respect, there is a 10ngstanding discrepancy between
calculated and measured 2v decay rates [1]. The case of 1%°Mo promises to be a benchmark
for testing nucleﬁr calculations. The 2v decay rate to the. ground state of °Ru has been
recently measured: ¢/, = (1.16%333) x 10‘19y [2] and 1/, = (1.15%535) x 10"y [3]. One can
compare these to an estimation of the contribution of the virtual transition via only the

ground state of 1%°Tc to the 2v decay rate (see Fig. 1), .making use of the equation [4]:

o= G¥ (B0, Z)| M. | &)

Here G?*(E,, Z) results from lepton phase space integration and M2% contains the nuclear

matrix element. In our naive calculation we estimate the latter as:

<19 Rul|or*][10Tc(g.5.) ><!% Te(g.s.)|lor|[°Mo >
(@ec + Qp-)/2

~ The B~ log ft value of ®Tc to the g.s. of 1%Ru is known from the half-life and decay branch

(2)

2y __
Mgy =

to the gs [51, bﬁt the electron-capture (EC) decay branch i's‘ not known. If we assumé it
to be similar to corresponding transitions in the neighboring nuclei 9%Zr and Mo, i.e.,
log ft=4.2, we obtain ty /2# 5.4 x 1018 y. This shows fhat the contribution from fhe ground
state of 1°°Tc could exceed the total rate, thus requiring the higher excitation energy levels
to interfere destructively. A similar argument was presented by Abad et al. [6] who showed
"that this. situation could be common to all 0+t — 0% double-B-decaying nuclei in which thé
ground state of the intermediate nucleus has J™ = 1t. Héwever, it could be argued that
some particular cancellation is taking place in the EC matfix element and that our estimate
of log ft=4.2 is an overprediction of the EC decay rate. The expected decay branch for the
EC decay corresponding to log fi=4.2 is z2.9><10‘,3%. In the following section we describe

“an experiment we performed in order to measure the EC decay rate of 1%°Tc.



II. EXPERIMENT
A. Production of '®Tc and Experimental Set-Up

We produced ®Tc by means of the 1°°Mo(p,n) reaction using a 9 MeV proton beam
from the 88-Inch Cyclotron at Lawrence Berkeley Laboratory. The beam impinged on a
stack of six self—supportlng 100Mo targets. Each target was enriched to 97.4% 1sotop1c purity
and was ~500 pug/cm?® thick. A He-jet system was used to transport the '%Tc to a remote
shielded counting station. This was important because Mo x rays, Wthh constitute the
signature for the EC decay of 1%°T¢, are pr;)fus'ely generated by particle or photon excitation
of the Mo targets. |

The radioactivity in the He jet was deposited on a polypropylene tape which was moved -
- every 30 seconds by .a corﬁpufer tape drive unif to position the radioactivity in the center of
~our counting s('{aLtiqn, which is shown in Fig. 2. (In what follows we will refer to this mode

as ‘fa,st-cycle"). We typically obtained a deposition rate of ~5x10* 1%Tc atoms/s from
the He jet onto the tape. We counted the EC deéays by detecting Mo x rays (B, = 17.4
keV) using a Ge planar detector, 2 cm in diameter and 0.5 cm thick. Because these x rays
are not \accompa,nied by fhe emission of either vy iays or B rays, whz‘area,s the B~ decay of
100T¢ produces coincident 4’s and A’s, we used fwo a.dditional detectors as vetos to reduce
the. background. The tape was threaded through a plastic scintillating detector, which was
‘located in front of the Ge detector.- A 33-cm diameter, 26-cm long segmented annular Nai
detector surrounded the Ge and plastic detectors. Every time there was a signal in the
Ge detector w‘e.recorded the energy and tiﬁﬁng signals of the plastic scintillator and Nal
detectors. In order to measure the half-life corresponding to the Mo x ray, we also recorded,
for every event, the time interval between the start of the counting cycle, t.e., positioning
of the fresh ra,.djoactivitvy in place, é,nd the detection of a signal in the Ge detector. This
was done by recording the readout of a scaler that was zeroed. each time the radioactivity

was positioned in the counting station (evéry ~30 seconds) and incremented by a (=30 Hz.)



pulser.

B. Results

Fig. 3 shows the spectra taken with the Ge detector. The raw spectrum in Fig. 3a shows
the 540 keV-591 keV cascade from the 8~ decays to 1°°Ru*? on top of a continuum of 3.2-
MeV-endpoint Bs from decays to ®Ru(g.s.). In addition, we observe 511 keV « rays from
B*-annihilation and 440-keV 7 rays from BMg. We si)eculate that the latter is produced due
to Na contamination of the targets. At very low energies one notices a rise in 1';he background
due toi B-bremsstrahlung radiation. The EC decay can be detected by measuring the Mo
Ko x ray which is emitted with 57% prébability. In order to improve our sensitivity to x
rays we used the plaétic scihtillator détectdr to vreduce the low ene,rgy’ba,ckground by vetoing
a,riy event that prodﬁced a signal iﬁ the scintillator. In additioh, Qe vetoed any event that
produced a signal in the annular Nal. This suppresséd_ thé Compton .backgfound and was
essential i{g reducing the effect of Tc contaminants, as we vx;ill show below. Fig. 3b shows
the low energy portion of the raw and plastic-plus-Nal vetoed spectra.

Finally, Fig. 4 presents a fit to the vetoed spectrum, which we used to estimate the area
of the Mo Ko x ray pea;k. We fixed the relative intensities of the Kay, Kay, Ky, Kfs, and
K f33, for the x rays corresponding to each element, according to the tables of ref. [7] and
taking int‘o account the measured relative efficiencies. In this way we obtained 1424 4 334

for the area of the Ka Mo x ray peak.

C. Efficiency of Ge detector

In order to calculate the EC deéay branch we determined the relative detection efficiencies

in the following way:

1. We first performed a relative measurement using a %Tc source that we prepared during

our experiment, produced by **Mo (p, n) due to the impurity of our target. This source

.



~

prbduces Mo x rays and « rays of 778, 812, and 850 keV with known relative intensities

. . M M (M )
[5], and this allowed us to calculate the ratios "75(7‘7’8"1‘::,’;), "'5(8;’2"1(:%), and nn(s;oxk:{"y) ,

where n(E) is the photopeak efficiency at energy E.

N 2. We then measured the absolute efficiency in the 100 keV-1300 keV range using standard
calibrated v-ray sources of *7Co, 3’Cs and ®°Co. We fitted the data to a curve of the

form:

n(%) = a1 x (B o 3)

The latter mea,su.rementsvtogether with the fit are shown in Fig. 5.

- In this way we determined the ratios Qni(":_:o_xig%l =19.04+1.4, and Qém‘—k:%)f =14+ 0.1
‘that we need for calculating the EC decay branch, and the contribution of contaminants,

respectively, as discussed below.

D. Contaminants

A potential source of backgrouhd arises from Tc isotopes that decay by EC emitting Mo
x rays in a large fra,ct_ion of their decays and from Nb isotopes that can 3~ decay and emit a
Mo x ray as a result of a y-ray internal conversion. These iébtopes can be produced xﬁainly ,
;' by the (p,h) and (p, @) reactions on different Mo isotopes. Table I preseﬁts the isotopic
composition of our Mo targets. Because most of the produced contaminant isotopes é,re
loﬁg—lived, we prepared a separate source 'by‘ collecting radioactivity on ‘a fixed tape location
for 2 hours 'a,vnd then collected y-ray spectra for one day in 1 hour time bins. Fig. 6 shows the
areas of some éharacteristic Tc isotope « rays as a function of time. The corresponding fits
were used to deduce the amount of contaminants present in our experiment, which are listed
in Table II. The 140.5-keV ~ ray from 9Tc™ is visible in both the ‘fast-cycle’ experiment
(Fig. 3). and in the 2—hour-soﬁrce counting (Fig. 6). We therefore used the 140.5-keV v ray as .
a normalization. We first calculated the ratio of the rate of deposition of contaminant atoms

on the tape (atoms per second) to the rate of deposition of ®Tc using the 2-hour-source
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data, and then, ba,,sed on the known deca.y scheme of each isotope, deduced the number of
Ka Mo x rays that should have been detected in the ‘fast-cycle" experiment normalized to
" the number of 140.5-keV « rays. Table II l_isté the deduced deposition rates of contaminant
isotopes producing Mo x rays (column thfee) and the expected ratio of Mo x rays to 99’i‘c
140.5-keV ~ rays (column ﬁve); Beca.usé all of the Tc‘conta,rnina,nts decay to excited states
of the daughters emitting prompt 4’s, the Nal veto suppressed these sources of Mo x rays. |
Column six indicates thevfraction of Mo x rays that escaped the veto. This fraction depends
on the number and energy of the « rays emitted after the EC decay for the Tc isotopes,
and on the efﬁcien.cy of the plastic detector for the Nb isotopes. We measured the Nal veto

efficiency using three sources of coincident v rays.

1. A standard ®°Co source which produces a cascade of 1173 and 1332 keV  rays.-

- 2. The 2-hour-source, which after two days was almost pure **Tc. This isotope produces

three ~ rays in coincidence with a Mo x ray.

3. The 540- and 591-keV « rays following the 8~ decay of ®Tc.

The results were slightly»dependeht_onv the y-ray ehergy and we used a linear fit to the
data to.ca,l'cula.te the Nal veto efficiency for each particular y-ray energy. In cases where
there are EC decéys to several daughter states, the number in column six gives the ‘effective
Nal vetoiﬁg efficiency’, i.e., the product of this number times the intenéity in column four
; gives the percentage of decays of the particular contaminant whicﬁ are accompanied by an
X ray and are not vetoed by the Nal detector. Finally, column seven of Table I shows the
effective contribution of each contaminant to the area of the Mo Ka x—fay peak. Because
the half-life of ®*Tc is rather short (t;/,=4.4 minutes) we placed an upper limit on the flux of
this contaminant by looking for the characteristic  rays in the second Gé counter (Fig. 2).
After subtra,cting. these contributions from the measured Mo K oi.x-‘l;a,y peak vavrea, we

obtain the number of Mo K« x rays attributable to the EC decay of **Tc:

A(Mo x ray) = (687 & 347). | (4)



E. Determination of the EC Decay Branch

The total number of °°Tc decays is directly related to the area of the 540 keV peak, for
which we obtain A(540 keV)=(2.48 £ 0.05) x 10°. -
We calculate the EC decay branch as:

A(Mo x ray) y 7(540 keV) g b.r.(540 keV)

B(EC) = .
(EC) A(540 keV) (Mo xray) = fx X wka(Mo x ray) (5)
- where %%‘ioxki% = 5oL 18 the ratio of Ge detectlor efficiencies and b.r. (540 keV) = (7.0 +

0.7) x 1072 is the probability of emission of a 540 keV « ray in a B~ decay; fx = 0.88 is
the fractiqn o_f EC decays that produce a vacancy in the K shell and wg, = 0.65 is the Ko
fluorescence yield, i.e., the probability'of emission of a Ko Mo x ra,y per K vacancy [7]. We

thus obtain:
B(EC) = (1.8 + 0.9) x 10~%%. | (6)

This is the main result of this work. The implications are discussed in section III.

F. Half-lifé measurerhent :

In order to verify the origin of the x rays we measured the corresponding half-life. Fig. 7
presents the total scaler spectrﬁm, Note that tﬁe spectrum shows .a.n exponential decay with
a half-life roughly corresponding to 1°°Tc(t,/,=15.8 s). Using the seven gates shown in the
figure we produced seven vetoed low energy spectra that we fit in the same way as the tofal
. specfrurn of Fig. 4, and obtained seven Mo Ko x-ray peak afeés that we used to measure
the half-iifeo Fig. 8 shows the data and the best fit obtained with a fixed _c;msta,nt term (to
account for the contribution due to contaminants) plus an exponential with free amplitude
and half-life. The best fit correéponds to tyje = 10*:;» s, which agreés with the known half-life

of 19T,



G. Ru x rays and IC and IIE in ®Tc §- decay

-

~ Qur experiment allowed us to measure the number of K vacancies produced in %Ry due
to internal conversion (IC) and internal ionization and excitation (IIE) in the decay of 1®Tc.
(See ref. [8] for a recent review of the latter subject). The Ru K« x-ray peak is composed
of three contributions: A(raw)=A(IC 540)+A“(IC 591)+A(IIE). The former two come from
the internal conversion of the 540 and 591 keV v rays, and the latter from IIE in thé B~
decay. Because of the small decay branch of the 4 rays (= 7 %), both cont‘;ributions (IC
and IIE) are roughly equal. Because the 540-keV and 591-keV are almost 100% in cascade,
they appeared reduced in the Nal-vetoed Ge spectrum. The IC contribution should have
the same sensitivity to the Nal Veto as the 540- and 591-keV v rays, while 93% of the 1IE
contribution should not be affected (see Fxg 1). Then, the area of the Ru Ko x-ray peak .

in the Nal-vetoed Ge spectrum should be:
A(é.fter Nal veto) =~ A(ICY 540)/R(540) + A(IC 591)/R(591) + A(IIE) x 0.93 )

Where we have neglected the small contribution of the IIE corresponding to the decay to
.the éxcited_ states that is strongly vetoed. Table III presents the measured ratios B =
A(raw)/ A(affer Nal veto) for the Ru K« x-ray peak and for the 540 and 591 keV 7 rays.
Based on this information and assuming that the VIC coefficients for the two ~ rays are in

the same ratio as the calculated [5] values, we obtain:

A(IC)

A(TE) — 088 0.2 - (8)

We now use the areas of the Ru x rays -and the 540- and 591-keV « rays meaéured in our

~ experiment and obtain:

ex/7(540) = (4.4 + 0.5)‘ x 1073 | , (9)
ex/7(591) = (3.5+0.5) x 1072 . (10)
Px = (6.0 £ 0.6) x 10-4_. (11)



Here Py is the probability for IIE. This result is larger than the IIE probability measured
for #*Tc {9): Px = (3.89 £ 0.16) x 10™*, but differences of this order of magnitude between
neighboring nuclei are not rare [8]. The internal conversion values are in agreement with the

calculations [5]:

ex/v(540) = 3.8 x 107 | (12)

ex [v(591) = 3.0 x 1073, - (13)

III. CONCLUSIONS

Our measurement of the EC decay branch of 1%°Tc implies log ft = 4.4019:35, where we

~ have used the tables of ref. [10] to calculate the factor f. This can now be used in eq. 1
to calculate the contribution of the ground state of °Tc to the 2v double-8 decay rate, to

h

yield:
tij2 = (8.5 % 4.3) x 10'%y. a (14) .

This conﬁ.rms the guess, presented in section I, based on the log ft measured for neighboring -
nuclei,fthat the contribution of the gréund state of ®Tc alone, can account for the 2v
double-8 decay rate of 1®Mo. Thus, for the case of l°°M<;, we have a confirmation of the
‘low-lying-state-dominance hypothesis’ su_g'gesvted by ABad et al. [6]. This model also predicts
| 'a.éu doﬁble—,B-decay half-life of (1.5+0.2) x 10%® y, for the ‘c‘ase of 128Te, which is reasonably
close to the recently measured value of (174 0.4) x 10 y [11]. o

"Il‘hgre have been essentially two diffefent approaches to perfofm calculations of double-
B decay rates including an explicit summation over the intermediate nucleus. The shell-
model approa.ch,' with a variety of interactions, seemed [1] to overpredict the decay rates.
Quasiparticle-random-phase-approximation (QRPA) calculations, on the other hand, have
been shown to be able to explain the measured 2v rates by fitting a parameter, di, which.

represents the strength of particle-particle interactions [12] . However, Griffiths and Vogel



‘have recently found [13] that ﬁhe Q.RPA calculation cannot simultaneously reprodupe a set
of five experimental numbers in °Mo. They /uéed the measured 2v double-3 decay rates to
the g.s. [2] and 0+ excited state of 1°Ru [14], the corr.esponding' B~-decay rateé from 19T,
and the EC log ft of 19T, whichvthey a;suméd' to be equal to 4.2 for the reasons explained.
in section I. Griffiths and Vogel showed that the EC decay fate should have been more
than a factor of six faster than that corresponding to log ft = 4.2 in order to simultaneously
explain all the ,B‘ and the EC décay rates of 19T¢. The fact that we obtain a log ft so
close to the oné they used, confirms the failure of the QRPA calculation to reproduce the

measurements on 1°°Mo.
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~ FIGURES
FIG. 1. Decay scheme of 10T, The goal of the present work is the determination of the log ft

for the EC decay. All energies are given in keV.

'FIG. 2. Schematic diagram of the experimental set-up. The radioactivity was deposited on a
tape which was moved by a computer tape drive unit every 30 s. The cOuﬁting station consisted of a
Ge planar detector, surrounded by an annular Nal, and a plastic scintillator through which the tape

‘was threaded. A second Ge detector was used to monitor longer lived contaminant radioactivity.

FIG. 3. a)Raw and plastic-plus-Nal vetoed Ge spectra. b)Low energy portion of the spectra -

shown in a).

FIG. 4. Fit to the low energy portion of the vetoed Ge spectrum.

FIG. 5. Gamma-ray detection efficiency vs. energy in the Ge detector. The arrows point to
the data obtained with the 9T¢ source. The rest of the data was obtained with calibrated sources.

. The line shows the best fit to the calibrated sources data.

FIG. 6. Time dependence of contaminant v-ray peak areas as counted using a source prepared
by depositing radioactivity on a fixed tape during tWo hours. The fits were used to extrapolate the

amount of contaminants present. during our experiment.

FIG. 7. Total ‘time’ spectrum. The lines indicate the divisions that were used to obtain the -

gated energy spectra for the half-life measurement.

FIG. 8. a) x? vs. half-life, obtained using the data shown above. b)Area of the Mo Ka x-ray
peak obtained on energy spectra gated as shown in the previous figure vs. time. The fit was
done using a fixed constant térm_ (corresponding to the contribution due to contaminants) plus an

exponential with free amplitude and half-life. The line shows the fit corresponding to the minimum

x2.

12



- TABLES

- TABLE I. Isotopic composition of Mo targets

Isotope - » : : ’ : : atomic percent
100 - o o B 97424003
BMo . | . , 1 0.96+0.03
Mo , , | )  0.28+0.03
96Mo ' B | | 0.344£0.03
%Mo : , , o | o 0.29 + 0.03
%Mo | | - o 0.18 £ 0.03
92Mo | o o o  0.53+0.03




TABLE II. Contribution of Tc contaminants to Mo x rays

istp. tyj2  Flux? I(x)®  A(x ray)/ A(99Tc) ¢ Fractiond A(x ray)®
h) (Y (%) - unvetoed

9T cm 6.02  9120+180. <

9% Tc 102.7 60+ 160 56.5 (3+£8)x 1074 1+2%  (0.3+1.0)
96T m 0858 3004160 1.2 (4.3+£2.3) x 1073 8+ 2% (28 + 16)
5Tc 20.0 248+10 56.5 (7.240.3) x 10~3 25+ 4% (1473: 24)
95 cm 1460 159+ 82 55.9 (6.2 £ 3.2) x 10-% 21+4% (1+1)
MTc 4.88 1942 509 (2.0£0.2)x 1073 1x0% (2+4)
$4cm 0.867 ~ 118+10 - 16.9  (2.4+0.2)x 1072 18+4% (3524 83)
BT 2.75 43+4 49.9 (8.0+0.7) x 10~3 28+5% (1834 36)
92T¢ 0.073 <2f 18.3 | 44 2% : <4
9Nb 1.2 774+£50 0.2 (1.3+0.1) x 1073 22 4 5% (24 £ 6)
9%Nb 234 <10 0.6 <2.7x 1078 1£2% <2x1073
95Nb 840 <243 .01 <3.0x 1077 <50% <1x10°?
%94Nb 1.7 ><'108 - <5%x107 0.2 ,  <51x1077 <10% <4 >< 1073
Total | - | | | } LT39S

2Calculated frdre ther 24 hours counting of the 2-heur-soﬁ£ee; except for 92Tc.

bProbability of emission of a Mo Ka x ray per decay (from ref. [7]). The uncertainties are neglected.
°Deduced ratio of Mo K a x rays to 9Tc 140.5 keV v-rays in our experiment.

dFraction of contaminant dece,ys' that escape the Nal veto, calculated using the measured Nal or
plastic. scintillator veto efﬁciency.‘ This number is detetmined by. the Nal efficiency for the Tc
isotopes, and mainly by the plastic detector efficiency for the Nb isotopes. In the cases where
there are EC decays to several daughter states, we quote a number which multiplied by the x-ray
intensity in column 4 gives the percentage of .deca,ys which emit a Ka x ray and escape the Nal
vetoing.

~ ®Contribution to the area of the Mo K a x-ray peak in the vetoed spectrum.
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{This limit was placed by looking at characteristic y réys in the spectrum of the second Ge spectrum.

TABLE III. Ratio of raw/Nal-vetoed peak areas

Ruxray . = k 540 keV _ . 591keV

R 18403 5.5+ 0.7 | ' 744+ 0.7
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