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Double B decays of 1Mo and *Nd
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The doubleg decays of'®Mo and ®™Nd were studied in a time projection chamber located 72 m under-
ground. A 3275-h exposure of a 16.7-g sample of metallic Mo enriched to 97.4¥No resulted in a
two-neutrino half-life, T2,=(6.82" 335+ 0.68)x 10'® y. Similarly, a 6287-h exposure of 15.5 g of Mo}
enriched to 91% in°™Nd yieldedT35,=(6.75" 035+ 0.68)x 10'® y. Lower limits on half-lives for neutrinoless
decay with and without majoron emission also have been mead®@856-28187)01911-0

PACS numbeps): 21.10.Tg, 23.40:s, 27.60+j, 27.70+q

[. INTRODUCTION ment calculations. The comparison of theoretical and experi-
mental half-lives for the observe@3,, mode is an impor-
Double 8 decay, the single isobaric jump of two units in tant test for these calculatiof].

atomic number, Here we describe our final measuremdi@isof two rela-
o tively fast g8 emitters, 1Mo (Qgz=3034+6 keV) and
(A,Z)—(A,Z+2)+2e +2v,, 130Nd (Qpp=23367.1-2.2 keV)[9]. We also discuss the dis-

appearance of a persistent excess of high-engggyy, ,-like

is a rare second-order weak transition, directly measurablevents that were present in our earlier data.
under favorable circumstances by means of the ejected pair
of B particles. The phenomenon has been observed, with its
two accompanying neutrinos3{3,,), in several nuclei for Il. EXPERIMENTAL APPARATUS
which single 8 decay is strongly inhibited or energetically
forbidden[1]. The search for a variation lacking the usual
pair of neutrinos in the final state is under way in several The measurements were carried out in a time projection
laboratories as a uniquely sensitive probe of the mass anchamber(TPC) located in an underground valve house in a
charge conjugation properties of the neutrino. Should a neweanyon wall at the Hoover Dam. This site provided a mini-
trinoless doubleB decay (BBq,) branch be seen, it would mum of 72 m of rock shielding and reduced the cosmic ray
demonstrate that at least one neutrino is a massive Majoramauon flux by a factor of approximately 130 from that at the
particle[2], at variance with the lepton-conserving, massles€arth’s surface.
Dirac particles of the standard model. The TPC has been described in detail in REf,11]. It

A second nonstandard mode sometimes considered is a rectangular polycarbonateexan box of inside dimen-
neutrinoless decay with majoron emissiof4p,,,). The  sions 88<88x23 cn?. The BB source plane bisects the vol-
majoron is a hypothetical boson, coupling to the neutrinoume into two 10-cm-deep drift regions and serves as the
with sufficient strength in recent models to make a signifi-central drift-field electrode. Planes of sensing wires parallel
cant contribution to thg8s-decay ratd 3—6). to the source are located near the TPC walls. Anode and

The three decay modes are distinguishable experimentallyathode wires are mutually perpendicular and prowidand
by the spectrum of the sum of the tw®particle energies. y coordinates. The coordinate is provided by the arrival
The BBy, mode is characterized by a distinctive line spec-time of drifting ionization electrons at the anode. Spatial
trum atQgg, whereas theg3,, electron sum spectrum is a resolution inx andy is determined by the wire spacing, 5.1
broad distribution, peaking at about 1/3 of tg; value. =~ mm. The 5.0-mnz resolution is established by the 5-rmus/
The various proposedf,,, spectra are also broad distribu- drift velocity and 1-MHz frequency of wire readout. The
tions, generally distinct fronBg3.,, . corresponding Jus “time buckets” are clocked into an 80-

While all B8 decays observed by direct counting experi-deep shift register, in which the full 10-cm drift distance
ments have had the features of stand@#,,, stringent spans the first 20 buckets. The remaining 60 buckets are used
lower limits on BB, and BBy, , half-lives have been to record any hits that occur in the 1 ms following the initial
achieved. Geochemical and radiochemi@#l experiments  trigger. This scheme permits tagging background frofiBi
and searches foy rays following 83 decay to excited levels events by recording the subsequent 1842*Po « particle.
of the daughter do not distinguish among decay modes, buthe required drift field is established by a negative potential
when their rates have been compared with direct-countingpplied to the source plane. Drift-field and anode-wire poten-
limits on the exotic modes, a predominance #8,, has tials are compensated continuously for fluctuations in baro-

A. Time projection chamber

always been impliedl7]. metric pressure. The geometry of the source and wires is
The extraction of upper limits on neutrino mass andillustrated in Fig. 1.
neutrino-majoron coupling strengftlor of actual values for The TPC is shielded on all sides by 15 cm of lead. Noto-

these parameters, should 88, and,,,, half-lives ever  riously radioactive materials, such as circuit board, solder,
be measureddepends on complicated nuclear matrix ele-ribbon cable, circuit components, and connectors, are all
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particles associated with background processes. As an ex-
ample, the 7.7-MeV?¥Po a-particle range is diminished
from about 22 mg/ckin the metal to about 10 mg/chof
/Source Mo in the oxide. For this reason, the Mg@as reduced to

the metal in our laboratory in a quartz tube in a high-
temperature hydrogen atmosphere. About 20.0 g of fine me-

T TPC Wall

- girg% Wires tallic powder were available for source fabrication.
.............................................. :< Anode Wires The 150Nd consisted D3 g of Nd203 purchased from the
——— - Cathode Wires same German supplier plus an 82-g batch of RussigiONd

FIG. 1. Schematic representation of the source plane and wir@Ptained through an agreement with the late Professor A. A.
array geometry. The sinusoids represent tae view of helical ~Pomansky of the Institute for Nuclear ReseaftRR) in
tracks from two electrons emitted by the source. _l\éloscow. Elemental Nd is reactive, so it was left as the ox-

ide.
completely outside the lead shield. Interleaved with the lead Samples of both isotopes were forwarded to Pacific
shielding are six cosmic-ray veto panels inaarangement Northwest LaboratoriePNL) for photon counting and mass
that identifies muon-associated events at a rate of approxspectroscopy. The PNL results indicated radioisotopes of eu-
mately 0.25 Hz. ropium in the'Nd at levels too great foBs-decay studies.

A magnetic field is applied perpendicular to the sourceThe INR and commercial batches of neodymium oxide then
plane by a pair of coils mounted in an iron flux return. An were sent to the Ames Laboratory Materials Preparation
electron emitted from the source follows a helical trajectoryCenter, where they were combined and processed with a lig-
about thez axis. The momentum of the particle and its angleuid chromatography system. TH&MNd isotopic enrichment
to the magnetic field are determined from the parameters aff the combined batches was 90.9%. Of the initial 85 g of
the helix fitted to its track. The 1200-G fieldpproximately — Nd,Os;, 94% survived the purification process. We retained
twice the strength in our earlier experiments without the flux21.6 g and the balance was returned to Pomansky for his
returr) is uniform to =0.8% over the active volume of the own 88 measurementgl2]. Samples were again forwarded
TPC. to PNL where post-purification measurements indicated a re-

Helium mixed with 7% propane flows through the cham-duction of more than two orders of magnitude in europium
ber at a rate of 57 I/hr. Mixture proportions and flow rate arecontaminatior{13]. This reduction was more than sulfficient,
both controlled by a mass-flow controller system. Prior toalthough we were requested not to reveal the level of sensi-
mixing, the helium is passed through a liquid-nitrogen coldtivity of the measurements. Uranium and thorium were not
trap, which freezes out all measurable Rn produced by Rdetected.
within the gas supply cylinders. Meanwhile, our portion of the N&;, which had been

The trigger used in the present experiment requires a stastored in sealed plastic bags, changed color from its charac-
hit and at least one hit in buckets 3-5. In addition to com-teristic robin’s-egg blue to a blue-gray. This indicated that
plete tracks, the trigger will capture tracks having aom-  some of the oxide had been hydrated ta®H)5. This com-
ponent as short as three time buckets. This feature increaspsund is undesirable for the same reasons discussed in the
the efficiency at which short-particle tracks are saved, case of the!®Mo oxide. The hydrate was transferred to a
while maintaining some protection from noisy wires. Herequartz crucible and heated to 1100 °C in an electric furnace.
we refer toa particles other than thé'¥Po type already This restored the characteristic blue color, and the approxi-
included in the 1-ms sensitive period following?4Bi trig- mately 12% loss in mass observed is consistent with conver-
ger. Ana particle appearing within an hour or two at the site sion of NdOH); to Nd,Os. After processing, approximately
of a BB candidate event is a good indicator that the eventl9.0 g remained. It was stored in an evacuated jar until
was background from one of the primordial decay chainsneeded.

The trigger fires at about 0.6 Hz.

A small dead time in the chamber arises primarily from C. Source preparation
the cosmic ray veto. Triggers are vetoed for a period of 30
us following a hit in any of the veto panels. The resulting
dead time is about 0.6%. The overall dead time of the systerﬂ
is (0.87+0.05)%.

The data acquisition system is able to direct the latc

A thin layer of 1°Mo was deposited on each of twown
luminized polyestefMylar) substrates, each supported by a
alf section of a Lexan source frame assembly. A nitrogen
Hoas powered gun was used to inject the powdered isotope

modules to disable the occasional noisy wire. Typically, thematerial at high speed into a glass box positioned in turn

TPC is operated with about 1% of the wires dead or disabled®V®" each substrate: The re;ulting cloud of powdgr settled
Routines for off-line selection of one- and two-electron 2Nt© the Mylar, leaving a thin, uniform deposit of isotope.

events are discussed in Sec. VII. Only thogs Dairs with This fragile layer of powder was then fixed to the Mylar with

electrons emerging from opposite sides of the source are an _flng misting ofzpt))(?)vamyl gcetal res(rqurmvaD solution. A .
lyzed -pCi droplet of <“'Bi solution was applied to the geometri-

cal center of one of the source halves in a 3-cm square region
left devoid of powder by a mask. After drying, the Bi was
fixed in place with a drop of Formvar solution to prevent
The molybdenum, enriched to 97.4% Mo, was pur-  migration to thes deposit.(The conversion electrons emit-
chased as Mo®from a German supplier and is of Russian ted by the ?°’Bi provide a continuous monitor of detector
origin. The oxide is not the optimum form for detection®f performance.When dry, the two substrates were placed face

B. Isotope preparation
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TABLE I. Ranges and escape probabilities for several impordaparticles. Values in parenthesis for
21%pq refer toa-decay identification probability when “blips” from shakeoff electrons are used in addition
to full a-particle tracks. Energies are taken from Kaplad]. MeasuredP , values from Ref[8] have been
corrected for loss of*“Bi events when ther comes within~ 15 ws and spoils thgg track, or comes after the
1024us window.

Estimated escape probabiligy, (%)

« energy Mean range 1090 source 150Nd source
a decay (MeV) in air (cm) Measured GEANT Measured GEANT
2%pg 7.6804- 0.0009 6.90% 0.006 73+ 5 75 72+ 5 76
(98 = 2) 85+ 7)
2%j 6.0466+0.0027 4.736:0.008 60+ 72 65 58+ 72 66
212pg 8.78010.0040 8.576:0.007 79+ 42 79 78 + 42 80

acaled from thé*Po measurement by the Bragg-Kleeman approximatioadparticle ranges in materials.

to face to form a sandwich of Mylar and isotope, with the association is confirmed by the delay-time distribution of
isotope in the interior and the aluminized surface of the My-blips, which shows the characteristic 1@4- half-life of
lar facing outward. 214pg,

All seams between the Mylar and the Lexan frame were Since the blips substantially increase the identification
sealed with low-activity epoxy, isolating the interior of the chances for thé*4Po « particle (see Table )l they are also
source from the TPC gas. The interior of the source wasised in the routine rejection oi*“Bi. The « detection en-
vented to atmosphere through an oil bubbler, allowing thehancement from shakeoff electrons on tH8\d source is
slight overpressure of the TPC to press the sheets of souregnaller because of subsurfaé®Ra. Othera decays used
Mylar tightly together into a thin, flat plane. Both t#8®™Mo  for background estimation aré?Bi and 21%Po, also included
and °Nd BB sources were prepared in the same manneiin Table I.

The masses of the isotope deposits on the two sources were
16.7£0.1 g of Mo and 15.50.1 g of NC&O3 Full details of B. Opening angle acceptance

the source preparation procedure may be found in F8éf. - .
urce prep P y P& The TPC's inability to reconstruct tracks making angles to

the magnetic field with cosines near 0 or 1, the requirement
that electrons from @pB-decay emerge from opposite sides
A. a-particle detection probability of the source, and multiple scattering of the electrons within
the source all conspire to distort the measured opening angle

Detection ofa particles is an important aid in identifica- distribution and obliterate the distinction between openin
tion of BB-decay backgrounds. Source thicknesses were chg P 9

sen to ensure that a large fractionsoparticles would escape angle distributions fof3 decay and background. We do not

to the chamber gas where they would be observed. The pro ngake use of opening angle information in our present analy-

ability P, that ana particle from the source will enter the
TPC gas has been calculated with the CERN LibiGEANT
Monte Carlo programP _, was also measured for the case of
the 2YPo « particle, following an injection of??Rn of suf-
ficient strength to overwhelm pre-existing activity. Here
P,(?*Po) was taken as the number of single electrons o
energy greater than 1.5 Mekéssentially all were?*Bi B
particleg that had ana track in the following millisecond,
divided by the sum with or without aa particle. The?'Bi
from the Rn injection settles on the source surface, but as

IIl. DETECTOR PERFORMANCE

However, it is worth pointing out that the requirement for
opposite-side electrons leads to low efficiency for small
opening angles and thereby helps suppress one of the poten-
tial BB-decay backgrounds, Mer scattering(see Sec. VL
Pﬂéller opening angles are in the range Ogs=+0.2 to
+0.5. The efficiency for reconstructing events in this range
is relatively low and will selectively suppress Mar events.

C. Energy resolution

long as the source thickness is less thandhmarticle range, A convenient line source for displaying energy resolution
P, determined in this way is a good approximation f&fBi is 2°"Bi, which provides internal conversidifiC) energies at
located anywhere on or within the source. The results arapproximately 0.5, 1.0, and 1.7 MeV. A separate source as-
given in Table I. sembly was built and peppered with 16 deposits?¥Bi

To the extent that“Bi is on the surface of the source totaling 6 nCi, distributed over the area normally covered
(=100% for Mo and~50% for Nd, Sec. VI A, the ?®Poa  with powderedBB-decay isotope.
decay can be identified with higher efficiency than implied The resulting energy spectrum o7L0° events is shown
by these escape probabilities. For surf&t®Bi, even thea  in Fig. 2. Energies of electrons with tracks nearly parallel to
particle that buries itself completely in the source is nearlythe magnetic field|cos9%>0.8) are less well determined and
always accompanied by “shakeoff’ electrons, which pro- have been excluded from this spectrum. The widths of the
duce a one- or two-bucket “blip” at the,y location of the  peaks are determined by fitting each of them with a pair of
decay. Observation of such a blip in the 1-ms post-triggeiGaussians, centered on tkeandL lines. The corresponding
interval identifies the trigger event as &'Bi decay. This ¢ is 26 keV, 39 keV, and 68 keV for the 482-keV, 976-keV,
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tion of the TPC, the quality of the reconstruction diminishes.
Similarly, if the z separation of adjacent cycles of the helix is
less than the resolution of the TPC, the helix will not be
resolved.
Although some sensitivity clearly remains for energies as
low as the 57-keV2°'Bi Auger electror{11], for this analy-
sis a 250-keV energy threshold was imposed. The TPC does
| not reach optimum efficiency until somewhat higher ener-
gies, but in place of still higher-energy cuts, which would
sacrifice a significant amount of good data, a model of the
detector response was determined and used in subsequent
analyses.
Also included in the model is the high-energy response,
which is limited as well, because the pitch and radius of the
s track tend to increase with higher energies. At some point,
En frgy (M evz),s the track becomes too straight for the fitter to determine re-
liable helix parameters. Fortunately, a large fraction of
FIG. 2. Measured energy spectrum ot I0° 2°Bi IC electrons. ~ €vents satisfy the requirements for good fits and can be very
The inset shows the weak peak near 1.7 MeV. Electrons with trackBicely reconstructed.
nearly parallel to the magnetic field linefc¢sd>0.8) have been
cut. Conversion line energies and relative strengths are represented E. Detector response model
by vertical lines.
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15000

10000
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One could determine the detector response to a particular

i . . . _ B spectrum by placing a calibratggisource in the TPC and
and 1682-keWK lines, respectively. The width of each con ?ting the ratio of the measured spectrum to the true spec-

version lin n m r vari in n m . .
ersion line ca be easu ed at various cosines and a mo um as a function of energy. Such a function would not be
of resolution versus cosine and energy can be constructe

Figure 3 shows the results of this analysis. This function enerally applicable, however, because its dependence on the

. . : > energy derivatives cannot be extracted from a single test
provides a statistical estimate of the uncertainty in the energ¥pectrum. For this reason, it is useful to separate the detector

g{;rﬁ)gj\ﬁn Seelidlrl?rl]z truasc:S. ;LT: flI\J/ancr'Eitgnth?rlr(;n%rgr%rlsrg’rniiref.feds into two classes, intrinsic and instrumen.tal,_an_d deal
the energies of the éimulated events with the former by Monte Carlo methods. The intrinsic _ef—_

' fects include scattering and energy loss of electrons within
the BB source and backscattering of electrons from the TPC
walls. Instrumental effects begin with the collection of ion-

The energy of a particle is determined by fitting a helix toization electrons from the gas and include such factors as the
the reconstruction of its trajectory. Low-momentum particlessampling cell size, electron attachment by impurities, gas
will create helices of relatively small radius and low pitch. amplification, the readout electronics, and track reconstruc-
As the diameter of the helix approaches thandy resolu-  tion software.

Intrinsic effects were modeled with tlr@&ANT code. The
model could then be applied generally for a@yspectrum.
More importantly, the model can predigto-electronbehav-
ior where the electrons are correlated in energy and opening
angle as, for example i88 decay or Mdler scattering.

Instrumental effects are too complicated for a reliable
Monte Carlo simulation. Their two consequences are the
resolution function, already determined frof¥/Bi measure-
ments in Sec. Il C, and the probability that an electron that
has already survived theeaNT process for intrinsic effects
will also survive the track reconstruction process. Since this
probability is the same for any electron emerging from the
source with a given energy and polar angle, it can be de-
duced from a comparison of a TPC-measu@dpectrum
with the resolution-smeared output of the corresponding
intrinsic-effects Monte Carlo calculation. This was done with
the equilibrium °°Sr and ®%y combinationg spectrum.

Input electrons for the Monte Carlo calculation were
sampled from the®°Sr and *°Y spectra of Ref[15]. The

FIG. 3. Energy resolutiofin percent of the TPC as a function Output energies then were smeared by the resolution function
of electron energy and the cosine of the angle that the electroff Sec. Il C. A comparison with the spectrum of recon-
makes with the magnetic-field lines. This function is derived fromstructed electrons from a calibrated drop ¥8r solution
studying the conversion lines 6fBi. applied to a dummyBg source in the TPC revealed the sur-

D. Energy threshold
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02 ] //////////‘M%“ FIG. 6. Ratio of%’Sr 2e~ Mdller events to lone-electron events
0 ///////‘M" as a function of single-electron threshold. Polar angi®sare re-
1 /////////%%l‘ stricted to |c0sy|<0.8. The measured data are shifted by
A —0.01 MeV for clarity.
oY s ’
o‘“@/o 4 7 and a further 2.2% loss due to an accompanying second con-

version electron, 13#40.4 single K,L,M, ... electrons
from the 1064-keV transition can be expected every hour.
FIG. 4. Normalized detector response as a function of energfrhe same calculation for the 570-key ray gives 2.98

and cosf)), the angle between the track and the magnetic field. This+ 0,09 single electrons per hour. During 6286.6 hours of live
is the electron survival probability after its emergence from thetime 39 724 electrons were observed in the energy range
source plane. expected from conversion of the 1064-keMray and 8907

val babil ¢ | ‘ ing h electrons for the 570-keV transition. Thus an overall single
vival probability of an electron after emerging from the o gfficiency e .= (47.2+ 1.2)% can be calculated by com-
source pl_aneéFlg. 4. This survival probgablllty, ex_trapolated bining the number of expected electrons from the two lines
for energlels above 1.5 MeV, was then |nC|Udedgégl|IQNT and the corresponding number of reconstructed tracks. An
Monte Carlo program and used to regenerate ON€-  independent measurement was made with the much hotter
electron spectrum; the results compared with the correspontg_nCi 2078 source described in Sec. Il C. The activity of
ing measured spectrum are shown in Fig. 5. this uncalibratec?Bi source was determined from the TPC

Measured 2~ events, generated by Mer §cattering in trigger rate. This method yieldegl.= (48.6+0.8)% for the
the source plane, can also be compared with the simulat VeV line.

results. The ratios of scanned?2 events to lone-electron The 297Bi deposit can also be used to determine ties 2
events, b.Oth t_aken from measuréir decays, were (_:alcu- efficiency. The product of the conversion rates for the 0.5-
lated at nine single-electron thresholds. As seen in Fig. 6, thg, 4 1_MeV lines gives the rate of IC-IC pairs as
measurements are in agreement with the Monte Carlo. Alsg g1 4,103 per 1-MeV y ray. This implies that an IC-IC
from this figure, a systematic uncertainty of 10% can be_, ;

\ . / ; YScascade should occur at a rate of 2.¥3D 2 per 2°/Bi de-
estimated and is applied to all Monte Carlo results mvolvmgCay The activity of the drop on th&Nd source is 1.05

electrons. +0.03 pCi, which should give 0.303#70.009 IC-IC pairs
per hour.
IV. TESTS OF DETECTOR RESPONSE MODEL 207Bj |C-IC decays are easily tagged by their location at
A. Efficiencies for e~ and 2e~ measured with 2°7Bi the center the source plane. In the scatter plot of Fig. 7, most

the points are IC-IC events, as is evident from the clus-

. . 0
The response model of the preceding section can be “S&Eéring near the 481.7-keV and 975.6-keV conversion ener-

to calculate several specific detection efficiencies that can bgias These events are selected by a circular cut that includes
tested by direg&measurement, as summarized in Table Ihgos of the |C-IC signal. Points outside the cirglel] rep-
The calibrated™”'Bi source, at the center of th€Nd iso-  esent Mder scattering of single conversion electrons or
tope deposit, has an activity of 146:@.0 decays per hour. gjngie conversion electrons accompanied by a Compton elec-
Given the conversion rate of the 1064-ke\ay, a 0.6% 10Ss  ron from a cascade ray.
due to electron tracks spoiled by x rays and Auger electrons,

TABLE Il. TPC-measured efficiencies and two-electron events

>
< : as tests of the Monte Carlo model.
360000 |
~ [ Single-electron Two-electron
< 40000 . efficieny e, (%) efficieny e (%)
0o L
© 20000 ! Measured Monte Carlo Measured Monte Carlo
0 SE TS 207Bj 53.0+0.1 13.9-0.1
Energy (MeV) 1pCi  47.2+1.2 13.6:0.9
6 nCi 48.6-0.8 Two-electron events

FIG. 5. Measured®Sr lone-electron spectruihistogram and
the simulated spectruiisolid ling). The simulation includes energy 214Bj 53.8+1.6 54.6-0.2 59 +8 52.9+3.4
smearing and the detector response model.
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This selection method identified 253 IC-IC events in a

live time of 6176.6 h. When compared to the estimated ac- FiG. 9. Measured?“Bi 2e~ spectra, satisfying a 0.2-MeV
tivity of the *°'Bi deposit, this rate implies an efficiency of single-electron threshold, following?Rn injection. The Gaussian

£ee=(13.620.9)%. ideogram(solid curve is a better representation of the expected
signal than is the histogram. Som&Pb contamination is present,
B. Efficiencies fore™ and 2e~ from 2!Bi decay but is not included in th&EANT Monte Carlo predictiongécrosses

A JPC meﬁsurefr];nent of tﬂélfi B spectrumfFig. 8 f These 59 events includedB+IC, B+ Moller
provides another efficiency check. Approximately 1 nCi of , . VLA
2223n was injected into the TPC to produce a deposit ofB Compton, etc(Table Ill). Unlike the situation in Fig. 7,

daughter products, including}8i, on the source plane. The however, the IC events are not easily isolated and counted.
ug products, includ L source piane. ! Therefore, a comparison of thg+ IC subset to the number
requirement of a spatially correlatedparticle in the milli-

, : ; . of B+I f h h i
second following the trigger was used to select triggerin of B+IC events expected from the decay scheme is not a

Yiable method of calculating the effici

21l . . g the efficiency.

Fr4anI‘| et\égnrt:é lmlit:;%Grigirgvfn:hsear?q‘;?gt%h(g giﬁr?gtlrg-ceklz.ctrog Nevertheless, one can still carry out a meaningful check
analysis softwar¢Sec. VII) reconstructed 9561 events origi- f the model by directly comparing the 59 measureti 2

nating on the source plane with eneraies above 500 keV events with the total number of all types oé2 events that
gont P 9 " the model predicts would be measured from 46 Z5Bi
Corrections were made for the energy ¢b1.9% for 8

tracks spoiled by overlapping tracks with a short delay decays. The overall conversion rate was calculated by incor-
(3.09%, 8 tracks spoiled by IC's, etd2.299, 3 tracks origi- porating theB, y, and IC characteristics of the complicated

S L : i
nating on the TPC walls (2822.3)%. andg particles fail- “Bi decay scheme in a stand-alone Monte Carlo program.

e ; . 0
ing to escape the source and contribute to the 46 151-eveTthIS simulation considered more than 99% of the allowed

sample (8.10.8)%. The resulting single-electron efficienc ecay channels and estimated the conversion rate to be
< o 8(53'&1' 6)020. g sing ¥ 0.0194 single conversion electron p&fBi B decay(Table
e_ . .

From the 46 152248i decays the off-line analysis recon- IV). Feeding this information into the response model, with

; ; the usual corrections for wall events and spoiled tracks, re-
structed a total of 189& events(Fig. 9). A single-electron P

. sulted in a prediction of 5293.4 2e~ events of all types
thre_sho_ld of 400 keV then was imposed to avéid?b €O from the 46 151 decays. The favorable comparison to the 59
tamination. The 64 above-threshold events were individuall

m r vents is incl in Table .
examined and 59 goodeZ events were identified. easured events is included able

C. Model testing process

We test the reliability of the Monte Carlo model for effi-

51388 3 ciency and 2~ event prediction in those specific cases that

eoo b have been measured directly, name®/Bi and ?‘Bi as

2 00k described above. The angular distributions and energies of

3 400k BB, are replaced in the Monte Carlo model with those for

© 200 : the appropriate isotope. For example, the opening angle dis-
o . tribution for the IC-IC events of°’Bi [16]

0 05 1 15 2 25 3 35
Energy (MeV) dw/d(cosd) ~1+0.271cod9

FIG. 8. TPC-measuredBi g-decay energy spectrum follow- and the energies of the two conversion electrons, when in-
ing 22%Rn injection. The solid curve is theeant Monte Carlo  Serted in the Monte Carlo method, give. for **'Bi as
prediction normalized above 0.5 MeV. The difference arises largelyl 3.9+ 0.1 versus a measured value of 18®9. The Monte
from contamination of the event sample BifPb. Carlo results and measured values #Qrand ., are sum-
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TABLE Ill. Breakdown of 22~ events, from 10 8 decays, satisfying a 0.25-MeV single-electron thresh-
old. These were generated by theant model of intrinsic effects using the simulated decay schemes. The
columns denote combinations o2 events consisting of the betg), internal conversiolC), Moller (M),
Compton C), and photoelectric) electronsx=g, IC, M, or C. Columns representing combinations
without ten or more events for at least one isotope are omitted, but are included in “All.” In columns lacking
a B, the B did not escape the source.

10(M0 150Nd
Isotope B+IC B+M B+C ICHIC P+x Al B+IC B+M B+C IC+IC P+ Al

239pgn 548 260 1 0 0 811 546 255 1 0 1 804

2%9pp 2568 2 0 0 24 2594 2693 3 0 0 38 2734
214gj 2163 206 167 14 21 2577 2107 164 151 14 36 2480
2280¢ 972 73 50 14 21 1135 995 72 59 18 46 1195

212pp 10 0 0 0 0 10 6 0 0 0 0 6
212gj 234 251 9 6 1 503 241 231 17 4 3 497
2087 4501 143 204 37 28 4924 4527 113 197 44 78 4966
80Co 0 0 6 0 0 7 0 0 6 0 3 10

marized in Table Il. These results are consistent with thder scattering of single electrons born in the source gng
10% systematic uncertainty assigned to the Monte Carlo rezascades in which aray Compton scatters, produces a pho-
sults in Sec. Il E. toelectron, or internally convert$See Table IlI. Pair pro-
duction " e") is not a background since the helical track of
V- BB2y EFFICIENCY £ g5 the posigron V\)/ould be rejectged by a pitch of the wrong sign.
Determination of the®®Mo and **Nd half-lives from the Dominant among these mechanismgidecay accompa-
observed rates requires knowledge of #8,, efficiency, nied by an internal conversio¢ IC), a relatively common
&pg- Since there is no direct way to measerg, itmustbe  phenomenon in the®®U and 2*Th decay chains. These
estimated by the Monte Carlo method. The code employs thg,jjies always are present at some level in Bisotope
detector response mod@ec. Il E) and utilizes the opening stock. In addition, daughters of gasedt#&Rn or 2%Rn can

angle and energy distributions expected , in the : . i
Prigmakoff—Rosengyapproximatiom?].pThe Mm;ﬁtze Carlo— Migrate to theBB source surface from Ra impurities else-
Wwhere in the chamber or in the gas-handling system.

generated efficiencies, as a function of the single-electro

threshold, are shown in Fig. 10. The decay chains supply the major radioactivity feeding
the other background processes as well. Fortunately, each of
VI. BACKGROUNDS these chains contains one or more isotopes with unique and

Candidates foB3 decay are characterized by two nega_identifiable decay characteristics, so good estimates of total
tive electrons with a common point of origin on tgg  uranium and thorium contamination can be made from the
source. Although this signature rejects the vast majority oPbserved activity.
events from radioactive impurities, there are certain ggn-
processes that mimic thee2 topology. These include Mo

e 12 ¢ .

g 10 . Mo Data

‘2 sk * o no ICos(¥) cut

TABLE IV. Properties of isotopes in the U and Th decay chains 38 6 P %, * o o ICos(8)t < 0.8

capable of producing high-energd+IC events. “Total” includes 5 : °o e
events with one or more conversion electrons and “Single” indi- + 3 °o ; .
cates one conversion electron only. These are the raw conversion 2y °3 g .
rates derived from Monte Carlo simulations of the decay schemes, 0 *sz‘ - ‘0}4‘ * ‘Of6‘ : ‘0?8. .+ 1' ‘
without reference to the TPC. Singles Threshold (MeV)

~ 14

0 1 E e "*Nd Data
Q value IC per 5 decay(%) §‘ }é _ ‘e e no ICos(¥) cut

Isotope (MeV) Total Single S ogEk o, . o 1Cos(®) < 0.8

= E [e] [}
234pgn 2.29 1.27 1.18 w i 3 o %,
2pp 1.02 40.6 35.1 S ole,
214gj 3.27 1.95 1.94 o ‘.’?0989 e
zi:ﬁc 2.14 80.3 67.5 Singles Threshold (MeV)

b 0.573 41.5 40.2

212 2.25 0.343 0.339 FIG. 10. Efficiencysgs as a function of the single-electron
2087 4.99 7.07 6.91 threshold. The statistical uncertainties are negligible compared to

the 10% systematic uncertainfgot shown.
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A. Uranium series TABLE V. Summary of 2~ BB-decay background events.

228 21 2120y H : :
The uranium chain includes several isotopes with high Ac, *'Pb, and*'Bi contamination are estimated frof°r!

enoudah alues to be of concern. A summary of those activity (see Sec. VI B Also listed are Mder scattering contribu-
U9 .Qﬁ vai L I u y tions as estimated from lone-electron energy spectra. “Cuts” in-
producingB+IC events is given in Table IV.

- 23 . . ... clude a 250-keV single-electron threshold and 4-wire radius of ex-
Activity below 2*°Th is quantified by the characteristic clusion about thé®'Bi spot at the center.
164us B-a sequence from?Bi and ?“Po (“BiPo”

event3. The TPC’s 1-ms trigger duration includes 99% of Number of events
the ?YPo decaysa tracks that extend into the TPC gas are
i i Tagged
recorded and stored along with tigetracks responsible for pp-decay Background g9 Remain

the triggers.

The Mo source showed a low level of'“Bi events Isotope ype Found Passed cuts _in data
distributed over the entire source plane, irrespective of thé®Mo 21%pp 24 4 0.1& 2.09
region where the!® Mo was located. This uniformity sug- 214gj 9 4 0.12+ 0.11
gests that very little of the activity in th&®™Mo runs arose 2287 ¢ 8.8 + 3.5
from contamination of the isotope material. Increased TPC 212ppy 0.08 0.0%
gas flow rates were accompanied by fewer obsertési 2123 0.6 + 0.2
decays. The flow dependence implied that the primary source 2087 14 8 58+ 26
of 2Bi in the 1°Mo data set wag?Rn in the chamber gas. Méller 205 + 3.6
Data collected during th&°Nd runs indicate that the N®;
itself harbored additionad'“Bi activity roughly equal to that ~ Nd 2P 76 25 33.3+10.2
from ??Rn contamination of the chamber gas. 1B 61 44 9.0+ 4.7

228 11.9 + 4.4

1. ?¥Bi and ?'“Pb backgrounds 2%pp 0.06- 0.02

Pl : : 2128 08 + 0.3
“Bi is potentially the single most dangerous back 2087 - 10 2o 33

ground. The 2~ sum-energy spectrum collected during the .
222Rn-injection rungFig. 9) is not unlike the expected;,, Moller

signal. Thea particles and shakeoff electrons from decay ofaonte carlo systematic uncertainty included.
the 214P9 daughter are exploited to tagBi events with bExcludes 8+ Moller events already included for the above iso-
good efficiency(Sec. Il A). The number of tagged events topes.

together with the known tagging efficiendy,(?**Po) give
an accurate measure of the number of untagdéi events
remaining in the data:

9.2 = 3.13P

It is possible to identify individually and remove many of
the 2¥Pb events in the3B-decay data set by tagging them

1— 7P (%4Po) with the characteristic BiPo signature that follows with a
Nuntagged®™ Ntagged 1 + g)—Z’LP—, mean delay of 28.4 min. If a 1-charea of coincidence and
P (PO a 2-h search window are assumed, the chance of an acciden-

_ _tal coincidence betweengs event and #1Bi decay is only
where£=0.081 and,=0.987 are corrections for corruption a4t 1 in 500. The search has been carried out on all of the

of Bi events by Poa’s in the first 15us or for Po decays g candidates from both sources within the 2shx half-life)
beyond the 1024¢s window. We found that we could also {ime period following the candidate. After human confirma-

tag *Bi events by one or more of the thrpeeviouslinks in 5 of 4 valid BiPo tagFig. 1) the 24Pb event is removed
the uranium chain, with about 50% efficiency in the mores.om the data. Results are shown in Table V.

difficult **Nd ca.;,a.PThe number oi*“Bi events remaining
after the primary“**Po tag, however, was already so small
(Table V) that this more tedious procedure was not needed. 2. #pd" background

Although it has only a 1.0-Me\D value, 2*4Pb has a very A breach of secular equilibrium could allow?d*Pd" sig-
high IC probability which makes it a major source of low- nal without any?!Bi. Since the Mo refinement and enrich-
energy background. Thé*Pb B+IC single-electron- and ment processes could throw these isotopes out of equilib-
sum-energy spectra were measured with the s&fien in-  rium, we must evaluate the level #4Pd" contamination by
jection data used to measure théBi spectrum in Sec. IV B.  searching for its decays directly. This isotope has only one
In this case, however, only manually scanned events with netrong conversion line at 695 keV, so ang 2contribution
accompanyinge-particle or shakeoff electron were consid- should populate the single-electron-energy spectrum at that
ered. This sample contains less than 2% contamination bgnergy. There is no obvious excess observed at 695 keV in

214Bj events. either the®Mo or °Nd 2e~ single-electron-energy spec-
The 2¥PbPBi ratio of 2e~ events from Table Ill was trum, so any?*%Pd" contribution is small.
used to determine the number 8fPb events in thgdB data The 23%Pd" events that do occur must be preceded by the

set from the number of tagged plus untaggétBi events low-energy 22*Th g particle within several 1.2-min half-
discussed abovéAs a check, this ratio, measured from the lives. Techniques used to t£§®TI 2e~ events will also find
222Rn injection data at a 0.200-MeV single-electron threshzhis decay sequence with high efficien@lthough it would
old, is 2.510.30, in agreement with the corresponding probably be labeled asZ®TI evend. Therefore, background
Monte Carlo value of 2.820.07+0.40) from 2%Pd" is assumed to be negligible.
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FIG. 11. Example of'Pb B+ IC event identification. The top
event is a low-energyB-decay candidate. The bottom event is a
“BiP0” sequence emerging from the same point on the source 82
min later, indicating that the candidate is probably*4b 8+ IC
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center of the TPC. Also shown are corresponding spectra
generated by a Monte Carlo method. Noticeable in the sum-
energy spectrum is a significant population in the 3-MeV
region where one looks fg83,, decay in°Mo and *Nd.

The presence of thorium chain contaminants can be rec-
ognized from observation of the 08, mass-212 BiPo se-
quence. Within the temporal resolution of the TPC, both the
B and« decays will appear to occur simultaneously and will
both be recorded in the trigger hits of the event. This signa-
ture can be imitated by=1% of the ?1“Bi decays in which
the 164us a decay of >*%Po occurs in the first few micro-
seconds. A small correction for the mass-214 effect can be
applied once the uranium chain activity is estimated and does
not interfere with using?'Bi as a thorium tracer.

Gas is introduced continuously into the TPC from the top.
When 56-s2?°Rn is injected into the gas feed line, subse-
quent activity is localized at the top of the chamber. Since
this pattern is not observed in normal data runs, the thorium
activity is within the chamber, probably in the3 source
itself.

The serious background isotopes of the thorium series are
separated by a maximum half-life of 1.9 #§Th). Consid-
ering the elapsed time between processing and measurement
of our isotopes, it is safe to say that the thorium chain from
2287c to 2997l is in approximate equilibrium.

1. 287 background

event. Tick marks near the vertex are at the same position in each With @ Q value of almost 5 MeV and 0.5% of its decays
figure. Open circles are th&Po « track, 747us delayed.

The potential of thorium daughters for serio@g back-
ground is evident in Fig. 12, which shows measuresi 2
single-electron- and sum-energy spectra for equilibrium
212pp+ 2128 42987 obtained by injecting??®Rn gas into the

Counts / 100 keV

Counts / 100 keV

FIG. 12. Measured'%Pb+21%Bi-+2%8T| equilibrium 2e~ spec-
trum, satisfying a 0.2-MeV single-electron threshold, following
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generating two electrons passing the standard Chable

1), 29871 is another particularly dangerous background. For-
tunately, the highest-energy decays are almost exclusively
from internal conversion of the 2.61-MeY ray, so events
near 3 MeV can be removed by a cut on single electrons near
the 2.53-MeV conversion energy.

The use of the mass-212 BiPo count to quantify the ac-
tivity of the Th series is not as straightforward as in the
mass-214 case. The effectively instantaneétf®o « par-

ticle is often lost within the?'?Bi B track. It is sometimes
possible, however, to identify #3-decay candidate as a
208T| event by a back search for thedecay that must pre-
cede it with a 3.1-min half-life. For alBB-decay candidate
events, the preceding 20 migix half-liveg is searched by
software for any particle originating near the candidate’s ver-
tex. Particle identification is left to the person analyzing the
data.

The efficiency of this search procedure is the probability
of seeing the?'Bi « decay,P,(?*?Bi) from Table 1. (This
search would be enhanced by the conversion electron from
the 40-keV level in?°8TI that occurs with 70% of thé'®Bi «
decays, but because of its low energy this electron rarely
reaches the TPC gasThe corresponding®TI count is in-
cluded in Table V.

2.2%Bj and 2'%b backgrounds
Although Qg is 2.25 MeV, 2 production per3 decay

220Rn injection. The solid curve is the Gaussian ideogram. Thedy *Bi is only 10% of that by*°*TI (Table Il). Branching

correspondingEANT Monte Carlo predictioricrossesincludes the

branching and loss of'%Bi events spoiled by thé'?Po a.

increases thé'%Bi portion to 18%, but finally it is reduced to
4% by corruption from the essentially simultanecdéo «
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particle, which appears in the gas 80% of the tiffiable ).
This small background contribution 8t2Bi is also included
in Table V.

The number o1%Pb 2e~ events can be determined from
2087 decays in a similar manner. The branching fractions
and 2~ probabilities predict thaf*?Pb events should be i !
detected less than 0.6% as frequently as sinffi&Fl decays. ST T

i n A
These are also included in Table V. o 05 v 15 2 25 3 35
Energy (MeV)

Counts / 25 keV

> 4r
3. 228a¢ background e 107
. Y 103 "**Nd Dat
The complicated decay scheme &Ac almost always S0 e
produces an internal conversion and will frequently produce 2 102
. . . j=
multiple conversions. Decays with three or more electrons 3 10
(&

appearing will not be accepted @g-decay events, so this :
characteristic helps reduce the probability6fAc contrib- I T
uting to the measure@pB-decay spectra. 0 05 1 15 2 25 3 35
Although the singles-energy Monte Carlo spectrum for Energy (MeV)
“Ac .BHC events has a dlstlnctlve peak near 0.85 MeV, FIG. 13. Histograms of the lone-electron energy spectra from
there is no hint of such a peak in the measured Bpectra. 10015 and 15Nd runs and their fittedat =200 ke\) background
We can also scale th&°Ac contribution from the*®Tl ac-  :omponents. These a®®U (excluding 244" (dashed curve
tivity. Assuming that the thorium chain is in equilibrium, 232rn (gotted curv the sum of*%, %°Co, and'¥’Cs (dash-dotted
branching fractions ande2 probabilities predict thaf”®Ac  curve, and the total spectrutgsolid curve.
2e” events should be detected with65% the frequency of

similar 2°°TI decays. These are also included in Table V. radioactivity. Producers of& backgrounds generally emit
far more copious numbers of single electrons. Studying the
C. Other sources of conversion backgrounds lone electronsemitted from the source plane helps establish
limits on the number of associate@?2 background events.
This can be accomplished by fitting the lone-electron energy
epectrum with component background spectra to estimate

Moe and Lowentha]18] have investigated the possibility
of B+1C backgrounds produced i#Se by isotopes outside
of the natural decay series. They considered nuclei produc ) .
from cosmic ray activity, contaminants from atmospheric€ach component's activity.

nuclear weapons test fallout, common man-made materials ~19U"€ 13 3229"\_'3 the energy spectra of lone electrons ex-
such as*°Co, and long-lived nonseries isotopes such%s clusive of the“”'Bi source, collected from all but 518 h of

In order to be considered a serious sourcedsfIC back- e 1090 runs and from the entire set 8*™Nd runs. These

ground, an isotope must have significant internal conversiofPectra were fitted with various background lone-electron
probability andQ value, a half-life greater than the order of spectra generated by tisEANT Monte Carlo pgggraT37“S'”9
six months, or, alternately, a plausible continuous productiorR€'- [15] for input spectra.zslncluded \Qge'ﬂé)K’ Co, ™Cs,
mechanism(We have never seengg candidate rate decline and.c_jaugiwotsers of th&*, **Th, and 5U0decay chains. In
over the duration of the experimentlone of the nuclides ?gd't'on’ lSAg was considered f%r thé®Mo data while
investigated satisfied all of these requirements. “Eu and ***Eu were included for*Nd.

For ®Nd we also considered®®Eu and ®Eu. These
were largely removed by the purification at Ames and were
not in evidence in the fits discussed in the following section. Before his death in 1990, Professor D. Skobeltzin of INR Mos-
Similarly, 1%Ag™, sometimes found if°Mo, was not seen cow hoped someone would investigate the anomalous scattering of

in the fits. B particles observed in his early cloud chamber experiments. Sug-
gesting that a He-filled TPC was the ideal detector, Professor G.
VII. ANALYSIS OF THE DATA Zatsepin relayed this wish to us and requested that we publish this
_ _ footnote. Skobeltzin's photograplisee, e.g.[38]) showedg par-
A. Off-line event selection ticles from 2B suffering apparent inelastic collisions in which

Each day the data acquisition system recorded abodpey lost as much as 90% of their energy. As Skobeltzin described
50 000 events, from which A3 signal of two or three events 't In 39, the phenomenon occurred in 5-10 % of fetracks
had to be extr,acted Automated event stripping routines apv_vithin 20 cm of the source and was consistent kinematically with
. PP T .
plied a set of empirical criteria engineered to select event§" 10" s in-flight decay of an unstable particle. We have never

- L . observed this effect in the marg/tracks examined in the course of
that coulld bwﬂ-dgcay lca.ndldates. A similar set of routines our BB work and would certainly have seen it at the 5-10% level.
was designed for identifying lone electrons.

Nevertheless, to be quantitative, we specifically examined the first

20 cm of 230 high-energg tracks from the decay d“Bi. We saw

B. Event scanning and fitting no event with a sudden, large loss of energy. This result rules out

more than a 1% effect in our gas mixture, with 90% confidence.

Without seeing Skobeltzin's original photographs, we can only
Since 1®Mo and °Nd are stable against singedecay, speculate that the anomaly resulted from nonuniform illumination

all lone electrons spawned in the source are due to unwanted his chamber.

1. Lone-electron events
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TABLE VI. Activities corresponding to the fit to th&Nd lone- 2. Two-electron events
electron energy spectrum of Fig. 13. Also shown are to&l 2

g s The off-line stripper selects negative electron pairs
events surviving standard cuts, as calculated from the activity an%mer ina from opposite sides of the source blane. We did
alternatively from Table V, which is considered to be more reliable. ging PP P ;

not reconstruct same-side events because of added complex-
Total 2~ events ity in event selection and fitting, as well as in understanding
Activity the associated efficiencies.
Isotope (uBag/g) From fif From Table V The stripper rejects events that are not poterfaidecay
candidates. When it cannot reject an event with certainty, it

= <187 =87 will save it. This system ensures that essentially all recogniz-
able BB-decay events are accepted, and efficiency of the off-

“%b 71557 68.5:50 8.3 £10.2 line stripper is not an issue. Studies show that the stripper

e . 65 does not reject any events that would not have been rejected

‘Bi 58.3'¢3 53.0 = 47 by a human scanner.
The off-line stripper saved & * BB-decay candidate”

21%Bi 4.375%° 0 events at rate of about 25—30 per day of running. These
events were individually studied by a physicist. Events that

228p¢ 98.3" 15 % 411738 11.9 + 4.4 had the correcpp-decay topology were fitted with two in-
dependent helices. The scanning software determined the en-

21%pp d 0.21°33%8 0.06+ 0.02 ergy and opening angle of the event based on the parameters
of the fit in conjunction with the magnet current, drift field

2087 d 61.6"112 179 + 3.3 voltage, and atmospheric pressure information recorded with
the event.

212g; 20.4741 0.7"92 08 + 0.3 A 250-keV threshold was imposed on each electron. Two-
electron events from thé®Bi deposit (Sec. IV A were

1% 43,7108 0 eliminated by excluding electrons within a four-wire radius

' of the source center.

60Co 6132 21707 . Occasionally, the fitter had_ troub!e converging to a good
fit because of small defects in a visually acceptable track.

13704 239" 10 0 The scar)ning software allowed the user to remove these de-

—10 fects. This was done only when necessary and always to the

a\lonte Carlo systematic uncertainty included. smallest possible extent. In the case of gaps in the track, a

bLimit at 90% confidence level. single added point usually guided the fitter to the correct

°2L9ppy and?4Bi were fitted together. result. lonization electrons formed where the track entered

d2287¢  212ppy and2%8T| were fitted together. the 5-mm dead space between the TPC wall and the first

plane of wires could arrive at the anode a few microseconds
_ 10 . later, causing stray hits that could be safely deleted. An elec-
_The fit to the **Mo spectrum was of limited success. o that scattered abruptly in the gas was usually handled by
Difficulty reproducing the shoulder near 1.2 MeV is sugges-qe|eting an entire section of the track, leaving a single sinu-
tive of a contribution from an unidentified contaminant. We gqiq for the fitter to work on. A status flag was recorded with

do not consider this fit to be valid. Since the likely heavy e fit parameters indicating those few cases where the track
elements have been included, the unknown contaminant igas modified.

not expected to be a strong IC emitter. Its dominant contri-
bution to 2~ background should be Mer scattering,
which is accounted for by the lone-electron spectrum, inde- ) ) )
pendent of any fitSec. VIl O. ~The tagging methods described in Sec. VI were used to
The fit of the 150Nd spectrum, however, yielded a good eliminate, event by event, much of the U- and Th-series

match to the measured data. The results are shown in Tab@ckgrpund and estimate the number of background events
VI. Although 2128 is in equilibrium with the 22Th decay ~'emaining among th@g candidates. In thé®Mo data set 16

chain, it was fitted as an independent parameter in order tBackground events were found and in tieNd data set 79

calculate the?'®Po a-particle escape probability. This was events, which otherwise would have been acceptefifas

. ) . . decay candidates. The energy spectra of remaining events are
2
determined to be 67.5 2%, consistent with the values listed shown in Figs. 14 and 15. There are 410 remainifeg 2

in Table I. _ _ events in the!®Mo data set, while the corresponding num-
In addition to the isotopes listed Table VI, others werey o, for 150N is 476. Table V shows details of how many

considered and rejected. Daughters @FU specifically  packground counts were identified and also summarizes the

?1iPb and®*'Tl, were acceptable to the fit, but at the expensesxpected contamination remaining in the data. The spectra

of “%. Ultimately, ***U background was rejected by the fits still include the untagged background events listed in the last

to the 22~ spectra as discussed in Sec. VII D 2. Similarly, column of the table.

1522y was also acceptable in the lone-electron fits but not in - The expected background contamination f6fNd can

the 2~ counterpart. On the other hantP*Eu was rejected also be estimated from the activity derived from the lone

by the lone-electron fit. electron fits GEANT a-particle escape probabilities fétPo

C. Background identification
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T s0oF The method used to estimate the Mo production by the
= i lone-electron spectrum is as follows. The true number of
2 30 C lone electrond\N(K), as a function of true enerdy, can be
E 20 | obtained from the measured numbet(K'), whereK' is
§ : the measured electron energy. This is given by
3 10F
E. s II ........ e TS L N’h'ft(K)
0005 T 15 T2 25 3 35 N(K)= S('—K) (6h)
Sum Energy (MeV) 9
> 150 F
X [ where
S [
- 100 |
Dy : ! ! ! ’ !
g 1 shm<K>=fN (K') P(K,K") dK’,
3 50
© [
N N T ~ S T T NME (k
0005 1T 15 2 25 3 35 (K)= Nsrit(K)
Singles Energy (MeV) N(K)

FIG. 14. Histograms of thé¢®™Mo sum- and single-electron- JP(K,K’) dK'=1 is a probability distribution function,
energy spectra for& events with tagged background decays re-while Ng"h?n(K) is the number of events surviving; both were
moved. Events represented have single-electron energies greatd¢termined from Monte Carlo methods using the measured
than 250 keV and originate at least four wires from #i@i cali-  lone-electron-energy spectrum as input. The first iteration
bration deposit. Also displayed are the results of the extended maxirye spectrum, obtained in this manner, was input to the
mum likelihood fit where the curves denote total backgro(amt- Monte Carlo method to obtain the lone anel 2energy spec-
ted, Bf3,, (dashed and their sunsolid). tra. The former was found to be in excellent agreement with

”1 B ) o the measured spectrum; thus further iterations were unneces-
and ?'%Po (Table ) and 2~ production coefficient§Table sa

Il were used in this calculation. The results, listed in Table The total B+ Méller contribution, estimated from the
VI, are in rough agreement with those in Table V, with the \yonte carlo method. is 21:82.7t2.é for 1Mo and 13.9
exception of the thorium daughters where the fit is less solid. 5 g+ 1 5 for 159\g. lrheﬂ + Méller events, remaining in

due to the interplay of several constituents in the same enne gata and listed in Table V, were obtained by subtracting
ergy region. These fit results are not used in our final backge contribution of each isotope in the table. This contribu-
ground estimates, but serve as a rough consistency check @b, was determined by scaling the remaining events by the

the more precise determinations in Table V. _ Monte Carlo determined fraction @+ Moller to total 22~
In addition to U and Th backgrounds, isotopes outside,ents.

these series contributee2 events through thgs + Moller

process. Mber scattering by the entire lone-electron spec- o

trum can be estimated by Monte Carlo. Since a subset of D. Determination of SB-decay rate

these Mdler events has already been accounted for in the The spectra of3B-decay candidates remaining are com-
contributions of isotopes listed in Table V, those contribu-posed of real3s-decay events and a residue o 2back-
tions are subtracted to yield the balance labeled lI®t8 in  grounds. Good half-life determinations depend on accurate
the table. appraisals of the signals contained in the spectra. This can be
done in several ways.

%
g 40 I 1. Cuts applied to observed spectra
~ [ The majority of 2~ backgrounds occur at low energies
*g 20 F and can be greatly reduced by a high single-electron-energy
3 threshold. A Monte Carlo simulation can then be used to
» | o estimate the number of events that would survive the cut,
0005 7 45 27:is 3 35 allowing us to estimate the number of events in the entire
Sum Energy (MeV) spectrum based on those events over our threshold.
E) 150; A 500-keV single-electron-energy cut is a reasonable
3 [ threshold choice, as it eliminates a large portion of the back-
Z 100 grounds while retaining much of th@B decay. Higher-
P [ energy cuts would remove somewhat more background, but
§ 50 F they rapidly degrade the statistics of the meas8geiecay
© ; spectra. This cut results in estimates for the standard uncut
o Ll i, s Ll spectrum of 426 34 events in the'®Mo energy spectrum
0 05 1 15 2 25 3 35

and 48033 counts in the'®Nd spectrum(This same cut
applied to thgcos9|<0.8 spectrum implies 40742 1Mo
FIG. 15. **™Nd counterpart of Fig. 14. events and 42839 Nd events.

Singles Energy (MeV)
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2. Fits to the observed energy spectra 3. Inclusion of background estimates

As an alternative to the above method, the data were fitted One has to choose a reasonable method for applying the
with the spectra expected from both the signal and the conwarious measured and calculated background models. Two
mon backgrounds. This technique allows full use of all dataextreme possibilities are either to fix all background model

The procedure employed was the extended maximummormalizations at the best estimates while leaving only the
likelihood (EML) method[19-21]. EML analysis uses one BB-decay model free to fluctuate in the fit or to leave all
or more probability distributions that should describe themodels completely unconstrained.
data in question, each of which has one or more free param- Neither of these extremes is particularly appealing. While
eters describing its shape. The parameters are adjusted g background estimates are based on careful measure-
that the probability of the data being derived from that dis-ments, and there is no particular reason to doubt them, the
tribution is maximized. BB candidate spectrum is, in a sense, an independent mea-

For spectral fits, Monte Carlo—generat@® and back- surement of these contamination levels. Fixing the back-
ground spectra were used as probability distributions, witlground models at someepriori normalization results in total
the only free parameters being their absolute normalizationglisregard of the background information contained in the
Exceptions weré®®TI, 21%Pb, and?'?Bi for which the mea- measured & spectrum. Similarly, allowing the model nor-
sured ??°Rn injected spectrum was used. malizations to vary freely ignores the best estimates. In ad-

The likelihood function is given by dition, the various background spectra can be qualitatively

quite similar(e.g. the?Bi 2e~ sum-energy spectrum and
N the theoretical3B decay. These similarities generate corre-
e 2 lated parameters in the fitting procedure, adding nonphysical
constraints to the problem.

A compromise to these extremes is to suggest the best-
estimate values for the various backgrounds to the fitter as
initial values and then let the fitter vary the parameters by
some amount determined by the uncertainties associated with
each. This is relatively easy to do in the extended maximum
likelihood scheme since the energy spectra and the back-
ground estimations are independent experiments. This means

P(x,d)= E a;p;(x), that the corresponding probabilities may be simply appended

i to the likelihood function. Specifically, the likelihood func-

tion is modified to include the probabilities of the back-
where ground models taking on given normalizations as determined
by Gaussian probabilities centered on the best estimates,
with standard deviations equal to the measured uncertainties:

H e (3 }:!j)2/20j2:| ,
i

£:

II P(x.8)

where P(x;,d) is the probability of observing eveny;,
given the distribution described by the paramet&rand A/

is the normalization of the model. More specifically, the
probability P(x,a) is the sum of all the probabilities of the
normalized spectra of interest, i.e.,

f pj(x)dx=1.

eV

Ez{ﬂ P(x; ,d)

Thep;(x) may include models of a variety of energy spectra,
i.e., the B8B,,-decay sum,BpB,,-decay single electrons,
the 8B,, ~decay sum,Bp,, ~decay single electrons, the
219k sum,?1Pb single electrons etc. The paramet@rare
then explicitly the absolute normalizations of the various
model components, so that

where theé]- are the best estimates for the normalizations of
the models, ther; are the uncertainties in those estimates,
and thea; are, as before, the fitted parameters representing
the normalizations of the models.
The estimates summarized in Table V were used in an
EML fit to the 2e~ spectra using the procedure described
N=D a. above. The uncertainties in the best estimates were scaled up
i from the 1o values quoted in Table V to reflect 90% confi-
dence levels. The only unrestricted parameters were those
When both single-electron- and sum-energy spectra are usedsociated with thgg,, model normalization and the pa-
in a fit, a single normalization is used to describe both specrameters of backgrounds not listed in Table V. The fits were
tra, i.e., there is a single parameter used to describe the nurperformed on the standard spectr&., no cosine or energy
ber of events attributed to each process. With this schemeut9 and consisted of a fit to all events in the sum-energy
the sum-energy spectrum normalization for a given backand single-electron-energy spectra. Table VII summarizes
ground process would b , while the normalization of the the inputs and results of the fitting procedure.
associated single-electron-spectrum would be.2 The uncertainties in the fitted normalizations are calcu-
A fitter was developed for maximizing EqR) based on lated by themiNOs routine within theMINUIT minimization
the CERN Program Library’siiNnuIT minimization package. package and are derived by considering the shape of the
The fitter was designed for maximum flexibility and allows likelihood function near the maximum. This procedure un-
the user to select arbitrary combinations of models, applylerestimates the uncertainties of the fitted components in
various cuts to the data, restrict fits to specified energylable VIl because of the use of both sum and single-electron
ranges, and even apply a random smearing of the data f@pectra in the fitsmiNOS “thinks” it is working with N
studies of systematic effects. +2N=3N independent events, but théN2electrons from
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TABLE VIII. Parameters used in half-life determination. The
“source mass” is the Mo or NgD; material actually used, not just
the BB-decay atoms. “Observe@p-decay events” are based on
maximum likelihood fit to data. Uncertainties are.1

TABLE VII. Summary of inputs and results of extended maxi-
mum Likelihood fits to theBp-decay 2~ energy spectra. All un-
certainties and limits represent 90% confidence levels.

BB-decay Spectral Constrained Initial Fitted
isotope model by £ estimate valué Parameter value
100v0 BB, no 376.7°253 Parameter Description 0o run  *5Nd run
. a 2e” efficiency (%) 10.1+0.1 11.5:0.1
MGl 205+ 59  19.933 cep
ofer yes 9935 fonr isotope enrichment 0.974 0.91
f BB atoms/molecule 1 2
2% <15.6 mol
a no Mo source masg) 167601  15.5:0.1
W, molecular wt.(g/mol) 99.91 346.4
219pp 0.2+ 34 =23 mol
yes N Avogadro no. (mol?) 6.022x 107
. t; Live time (h) 3275+2 6287+3
214B 0.12+ 0.17 1 +0.68 live
! yes 0-Lloir 68 observedsg events 377°55+2  414'%3+2
2280¢ yes 8.8+ 5.8 8537 310% systematic uncertainty not included.
208710 yes 6.5+ 4.4 5.9°3% 4. Systematic uncertainties in EML fit
0 The EML fit is a point-by-point fit rather than a fit to a
'Pb no <8.2 binned histogram; this feature makes it simple to estimate the
. effect of the TPC’s energy resolution on the fitted results.
Co no <6.3 The energy of every electron in the data set has an uncer-
tainty associated with it, so by randomly altering each of
150y 8B, no 414.47223 t_hese energies in ke_eplng with a Gau5_3|an dlstr|l_)ut|on de-
: fined by the best-estimate energy and its uncertainty, a hy-
. 37 pothetical energy spectrum can be generated from the altered
Moller yes 92 51 8937 experimental data. This new spectrum can then be analyzed
254 with the EML fitter and will probably produce results
a no =130 slightly different from the unaltered data; these differences
, s are due solely to the energy resolution of the experiment, not
‘Pb yes 33.3+16.7  26.8727 the statistics of the data set. This procedure was repeated
" s about 1000 times on both thH8Mo and **Nd data sets and
“Bi yes 9.0+ 7.7 9.4745 distributions of883,, fits were generated. The widths of the
distributions were quite small and imply an uncertainty of
2287 ¢ yes 11.9+ 7.2 11.2°44 only about 0.5%.
b X
2087 yes 87+ 55 9.0°3% E. Half-life calculations
21 The half-life of theBB-decay isotope under investigation
Pb no <5.1 L e X ; )
is given by the fundamental quantities determined in this
60co no <36 experiment as
€gp Mot tive
15 < Tyo=|==2] Tenr fmol =5—|N In2. 3
Eu no <51 12 (100) enr mol( Wil A Nﬁﬁ 3

8See discussion of uncertainties in Sec. VII D 3.

BIncludes?'?Ph and?'%Bi.

The parameters in E@3) are described in Table VIII, which
also summarizes their values. Using these values, the EML-
based half-lives for the two isotopes studied are

the single-electron spectrum provide no additional informa-
tion for the overall normalization. We re-estimate thecer-
tainty in the number of383 events by repeating the fit on the
sum spectrum only. The resultirgB component in this case
is similar, so the sum-spectrum uncertainties g, are
used in Table VIII and the half-life calculations. A comparison with other experiments can be found in Table
Figures 14 and 15 show the fitted model spectra superimX and with theory in Table X.
posed on the experimental data. As described in Sec. The estimated number oBp-decay events based on
VII D 2, the fit considers each event independently; the bin-single-electron energy threshold cuts may also be used in
ning shown in Figs. 14 and 15 is for illustrative purposeslieu of the EML-based estimates in the half-life calculations.
only. The half-lives derived from those values are plotted in Fig.

T27(100\0) = (6.82 038+ 0.68 X 108 ,

T27(150Nd) = (6.75 037+ 0.6 X 10%° y.
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14

TABLE IX. Comparison of the results produced by this work

) ) - IR > ™Mo Data
with those from other experiments. Uncertainties and half-life limits S 12 o no ICos(®)l cut
are at the 90%68%) confidence levels. Limits and uncertainties in < 10 o ICos(#)I<0.8
square brackets indicate that the confidence level was not specified. £ 8 Lk
I B
= 6
14 14 14 o F
LA T oY T 4y
2k
(108 y) (10*'y)  (10%°%y) Work 0 =357~ "0s 06 08 1
Singles Threshold (MeV)
%o Run 2 12 %35t
6.82" (333 (0%9 >1.23 >3.31  this work T 10F e nolCos(®) cut
~ g o ICos(1)I<0.8
76" (3 >(22) [22] =
>(52) >(54)  [23] “;5 61
9.5+[0.4]=[0.9] >6.4 >5 [24] 4 F
2 L | L L L 1 L L n l x L 2 1 N n " 1 L
5.43.0 0.2 0.4 0.6 0.8 1
11'5i2-8(2-0) >26 (25,26 Singles Threshold (MeV)
3.3fg;8§ >(0.71) [27] FIG. 16. Graphical representation of half-lives derived from the
15 number of events at various single-electron-energy thresholds.
Nd Run (Open circles are shifted by 0.01 MeV for clarity) The hatched
band represents the result of the EML fit to the energy spectra.
6.75f§8jf{3i(0.68) >1.22 >2.82 this work Uncertainties are statistical and represent 90% confidence levels;
systematic uncertainties contribute approximately 10% in addition
18.8ng'g§i(1.9) >0.21 >1.7 [28] to those shown(One should keep in mind that nearby points are
' strongly correlated.
>11 [12]

whereN _(K) is the true number of events in the sum energy

spectrum with single-electron energies greater than 0.25
H H ' MC
16. The hatched regions in the figure represent the result Jf!€V- Also for this calculatiorP(K,K") andNg;i(K) were

the EML half-life calculation. The EML result agrees well determined using the theoretiggB spectrum as input to the
with the the single-electron-energy threshold method neaMonte Carlo methodThis was later replaced by a randomly
the favored threshold of about 500 keV. This figure does nofenerated spectrum in order to determine the systematic un-

include systematic errors, which contribute approximatelycertainty) Finally, the Kurie plot values were calculated
the same uncertainty to each measurement. from the true residual spectrum using the formi84]

F. Kurie plots (Qpp— K)= (AN/AK)H{(K = 27)[fo(K) + f (K)TH™,

The Kurie plots were generated by first subtracting the
background 2~ sum energy spectra from the candidateWhere
spectrum using the amounts given by the EML fit results.

The next step involved obtaining the true 2 residual spec- 3;: 4F 4 oo

trum. Here Eq(1) was used, wher& andK' now refer to N 3 3 Wt Mo Dota

the true and measured sum energy and g :
~
< 2
AN

o(K) = Nghi(K) z 't
N(K) I R - R RN R - S B -

Energy (K) (Me\/).

TABLE X. Theoretical half-lives for*®™Mo and *Nd. Zero-

neutrino predictions assunien,)=1eV. **Nd Data

< 3F
[ F
Isotope Th (y) T (y) Ref. ~ L
0o  (2.87-7.66)x10' (2.6-4.7)x10% [29] § E
1.13x 10" 1.27x 107 [30] 3 ¢t
6.0x10' 1.9x10% [31] Y-S R I S S B S 1
150\g 1.05x 107 [32] Energy (K) (Mev)
6.73x10'8 [33] FIG. 17. Kurie plots for'®Mo and 1*Nd. Also shown are
7.37x10'8 3.37x10% [30] linear fits to the points and th¢ intercept indicating the end-point

energy.(F(K,7)=(K—=27)[fo(K)+f(K)]. See the tex}.
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fo(K) = K*/30+ K3m/3+ 4K2m%/3+ 2Km*+ m?, In both the1°Mo and **Nd cosine-cut spectra, the EML
fitting procedure indicates that the data sample is consistent
with there being ng3g,, , events in either spectrum. The
f(K)=7(K—7)[K?/15+2Km/3+ 2m?/3+ 7(K — 7)/5], algorithm used bwiNnuIT to determine confidence intervals,
MINOS, cannot be used when the most likely solution is
andm is the electron mass. This formula was obtained byagainst a physical boundafin this case, negative normal-
including the single-threshold and using the Primakoff- izations are nonphysical solutionso a direct integration of
Rosen approximation for the Coulomb effect; the approximashe likelihood function must be performed in order to calcu-
tion produces less than 1% distortion over the plotted rangdate the confidence intervals.
The Kurie plot(see Fig. 1Y projects to an end-point energy  The 90% confidence limit on the number@gB,, , events
for the ®Mo source of 3.03:0.02-0.06 MeV, in good in our data sets is 7.76 events in tHf8Mo data set and 9.73
agreement with the mass difference of 3.03 MeV. The corevents in the®®Nd data set. Half-life limits can be calculated
responding**™Nd value is 3.44:0.02£0.06 MeV, also in by using Eq.(3) with these decay limits in place of an ob-
agreement with the mass difference of 3.37 MeV. served number of decays and using the appropy#g, ,
efficiencies ofegz=10.13+0.06 for %Mo and ezz=11.25
+0.07 for Nd, giving
G. Exotic decay limits

1. BBy,-decay half-life limits T(l)/vz,x( 100,\/|0)>3_31>< 1020 Y,

The expectedBfBy, distributions were generated with a
Monte Carlo simulation. For®Mo, the full width at half
maximum lies between 2.89 and 3.18 MeV and fdMNd T5X(*Nd)>2.82x 107y,
this region is bounded by 3.21 and 3.54 MeV. There were no ) o o
counts from either isotope observed within the cut region€t the 90% confidence limit. Theg,,,, half-life limit pub-

and Poisson statistics allows us to reject 2.3 events at théshed by our group if11] was based on an analysis of
90% confidence level. binned data and the fitting routine has since improved. We

Half-life limits are derived from the above limits by ap- cons_ider the current analysis to be more reliable. We use the
plying Eq. (3). Two of the parameters listed in Table VIII matrix elem_ents of Re1[30] to put limits on t_he effective
must be altered for this calculation: The 90% C.L. decay€utrino-majoron coupling constant and obtain
limits are used in place of the number of observed decays
and a new efficiency for th@3,, case is given by Monte
Carlo asegz=11.12+0.07 for 1°Mo andegz=11.50+0.07
for 1°Nd. With these parameters, the half-life limits dee
90% C.L)

(9,,,)(**Mo0)<6.26x10*,

(9,,,)(**Nd) <9.96x 1075,

0 .
T(l)/vz( 100\10) > 1.23x 107 v, at the 90% confidence level.

T(l);)z(lSOI\ld)>l.22>< 1071 y. VIIl. CONCLUSION

) o Improvements in fitting techniques and in determination

(See Table X for theoretical predictiongheseBp, half-  of the detector efficiency have resulted in®Mo half-life
I|_ves do not give competitive limits on neutrino mass andi 4t is markedly shorter than our initial 13%?% 10y
right-handed current parameters. estimate [35]. Our use of binned data in the original
maximum-likelihood fitting procedure did not make full use
of spectral information. This problem is avoided with the
unbinned EML procedure employed in the present work. An-

We restrict our analysis to the “ordinary majoron,” index other factor is the improved calculation and testing of detec-
equal to 1 in Ref[6]. Maximum likelihood fits were per- tor efficiency, which is now smaller by 19%.
formed on both the!®Mo and ®Nd data sets, using the  Although the choice of a very thin source plane precluded
same fitting program previously used for t8@,, analysis.  sufficient source mass to give competitive limits 88, , it
In this case, the fit was restricted to energies well above thdid result in uncommonly pur@g,, energy spectra. These
majority of 883,, backgrounds, where the majoron decayspectra were produced without need of a dummy source or
signature is significanti.e., single-electron energies greater subtraction of untagged background. The derived Kurie plots
than 750 keV and sum energies greater than 1.5 M&We  are straight over a broad energy range and intercept the en-
fit was performed jointly over both the sum- and single-ergy axis close to the expect€l;; values.
electron-energy spectra and included only two models: the The present!®Mo half-life supports the quasiparticle
BB,, and BBy, , Monte Carlo energy spectra. Under the random-phase approximatiofQRPA) calculation of Ref.
assumption that poor energy resolution at high energies will31], with a particle-particle interaction parameter-6890.
adversely effect the reliability of oy8g,, , limit estimates, Likewise, the QRPA result of Ref29], with an effective
we cut the data dicos9<0.8. nucleon-nucleon interaction derived from the Bonn one-

2. BBy y-decay half-life limits
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boson exchange potential, also agrees with the measuremesriergy resolution that resulted from a doubled magnetic-field
if one chooses a ten single-particle state basis. Additionallystrength. No suggestion g843,, , remains in either sum
our result remains consistent with the “low-lying-state domi- spectrum. At our level of sensitivity, the doubJg decay
nance” conjecture of Ref[36], when the measured®Tc  energy spectrum is well described by standard theory.
electron capture branching of Rgf37] is employed, and

|Ilus_;trates the r_apld convergence of the second-order pertur- ACKNOWLEDGMENTS
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