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Search for the admixture of heavy neutrinos in the recoil spectra of*’Ar decay
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Neutrino-induced recoil spectra 6fCl ions produced in the electron captufeC) decay of *Ar were
measured and searched for the presence of massive neutrinos admixed to the dominant electron neutrino.
Fractions of a monolayer ofAr were physisorbed on Au and on several underlayer®aif adsorbed on both
Au and graphite substrates cooled@0 K under ultrahigh vacuum conditions. Time-of-flight spectra of the
recoiling ions were recorded in coincidence with x rays and Auger electrons emitted following the EC decay.
By searching these spectra for peaks with energies between 7.6 eV and 3.6 eV upper limits were placed on the
mixing probability of the electron neutrino with heavy neutrinos in the 370-640 keV mass range. These limits
vary from 1 to 4 %, at the 90% confidence le&0556-28188)03810-3

PACS numbeps): 14.60.Pq, 23.40:s

I. INTRODUCTION feature an extra pealin the case of two-body decayer a
kink (in the case of three-body decayke location of which
Despite the passage of 68 years since its introduction bwill depend on the mass of the admixed neutrino and the
Pauli in 1930[1] and over 40 years since its detection by strength of which will depend on the mixing angle. In the
Reines and Cowan in 1942], one of the most fundamental experiments reported herein, the spectrum of recoil velocities
properties of the neutrino, namely its mass, remains unof the *Cl atom produced in the two-body electron capture
known. A nonzero neutrino mass could have profound im+EC) decay of3Ar, 3’Ar—3'Cl+ v, was measured. For an
plications for particle physics, astrophysics, and cosmologyso|ated37Ar atom energy and momentum conservation dic-
[3]. In particle physics the existence of neutrino mass coulqte that the recoil energy be 9.54 eV, if a neutrino with a
require the extension of the standard model and the intrOd“(ﬁegligible mass ) is emitted? If a neutrino with massn,

tion of new couplings and possibly new particl@. In as- g emitted in a certain fraction of the decays then the recoil
trophysics nonzero neutrino mass could help solve the solzae(nergy of that fraction will be shifted down byE=9.54
neutrino problem and explain how supernovae expldle % (m./Q)? eV, where Q is the decay energ;[z(é14

d v '

In cosmology a neutrino mass in the few eV range coul . . o
solve the(hot) dark matter problem and provide the mass_EB)_ keV, with Eg be'g? the excitation energy of the hole
left in the daughter *‘Cl atom; for a K hole Eg

necessary for closing the univels. Reflecting this profun- _

dity, a substantial amount of experimental effort has been=2-833 keV, for ar.; holeEg=0.270 keV[7]]. The recoil

and continues to be, directed at attempts to determine nely€locity was measured by recording the time-of-flight of the

trino massegthe Review of Particle Physid€] cites over recoiling ions in coincidence with x rays and Auger electrons

300 references under the heading “Massive neutrinos angroduced when the atomic hole in tA&Cl is filled. The 3Ar

lepton mixing”). Yet, despite this substantial effort, only up- source was physisorbed on a cold substrdte:20 K) un-

per limits exist on the masses of the three neutrino flavorstler ultrahigh vacuuniUHV) conditions.

5-10 eV forv, [at 90% confidence levdlC.L.)], 170 keV The recoil velocity spectrum from gaseo@r was first

for v, (at 90% C.L), and 24 MeV forv . (at 95% c.L.tin measured in 1952 by Rodeback and AlE8l, using the

this article we report a search for neutrinos with mass in théime-of-flight technique. Their spectrum is too bro@de to

few hundred keV range. A tau neutrino in this mass range ishe large spatial extension of the source region and to recoil

viable and could have important cosmological consequencesom Auger electronsand the statistics too poor, however, to

[5]. be useful for a massive neutrino search. Singles spectra were
If neutrinos have mass then it is possible for the differentmeasured by Kofoed-Hansen using crossed electric and mag-

neutrino flavors to mix. Such an admixture would exhibit netic fields[9] and by Snell and PleasontddQ] using a

itself in the kinematics of weak two-body and three-body

decays in which the neutrino is one of the final products. The

spectra of the accompanying particles in these decays WOUIdZThere are two second order electron capture decay processes

which result in a continuum of recoil energies. These are electron
shakeoff accompanying electron capture and internal bremsstrah-
*Present address: Physics Department, University of Californiajung (1B) accompanying electron capture. The measured probability
Berkeley, CA 94720. of double K-shell ionization perk capture in®Ar is (3.7+0.9)
TPresent address: Tosoh SMD Inc., Grove City, OH 43123. X 10" % [38]. and the measured IB intensity pKrcapture is (5.2
A measurement reporting a positive mass by Athanassopoulos 1.3)x 10 *[6]. The contributions of these processes to the recoil
et al. [36], has yet to be confirmed. See also H8l7]. spectrum are therefore negligibly small.
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magnetic spectrometer. The dominant source of broadeningorks of Schreckenbacét al. [15] and Deutsclet al. [16],
in these singles spectra is the recoil from #éuger elec- in this mass regiori400—800 keY.
trons that accompany about 80% of the decays, leading to a Of course, a solid source has the disadvantage of a possi-
broadening of about 25% in the energy, and thermal broadPly large and complex interaction between the recoiling ion
ening, which leads to a spread of about 18% in the energy@nd the substrate, and with neighboring atoms. Molecular
Kofoed-Hansen does not present differential spectra whil@lynamics calculations by Glikmgd7] on the desorption of
Snell and Pleasonton show only the region of the main recofiadioactive palladium atoms from a palladium crystal indi-
peak; hence it is not possible to deduce limits on the mixingcated that the broadening due to such interactions is small if
of massive neutrinos from these earlier papers. the recoiling atom is detected in a narrow angular range
Recoil following the electron capture decay of solid about the normal to the crystal. Similar calculations by our
sources of Be was also observed a long time ddd—13,  group(see belowfor *’Ar in an “°Ar crystal and on top of a
but the reported spectra are too broad to be useful for magold substrate indicated that the broadening would be rela-
sive neutrino searches. The broadening in these spectra tigely small. Of course, it remained to be seen whether the
partly due to the difficulty of achieving sub monolayer idealizations used in the calculations could be reproduced in
sources and to the relatively poor vacuum conditions availthe laboratory and whether the calculations ignored some
able at the time(at the reported pressure of about 5 potentially important interactions. Given the importance of
%1077 Torr [13] it would take only abou2 s toform a  the question of neutrino mass and the relatively low cost of

monolayer of the residual gases on top of the source, if théhis experiment, compared to other experiments searching
sticking coefficient were 1)0 for neutrino mass, we decided it is best to find out the answer
The method of using the recoil spectrum produced bypy actually performing the experiment.
lepton capture to search for massive neutrinos has been em-
ployed once before, by Deutsdat al. [14]. These authors Il. EXPERIMENTAL PROCEDURE
analyzed an existing triton recoil spectrum produced follow-
ing the muon capture reactign™ +*He— vﬂ+3H to place
limits, at the percent level, on the admixture of the muon The 3’Ar source was produced via tH€Ca(n, ) 3"Ar re-
neutrino to neutrinos with mass between 60 and 72 MeV. action. Pure Ca met#99.99% elemental purijyin the form
There have been two other searches for the admixture aff crystalline dendritic pieces, ampouled under argon to pre-
the electron neutrino with a heavy neutrino in a mass ranggent oxidation, was purchased from Johnson Matthey, Alfa
that overlaps the mass range covered by the present worResar. About 0.5 g of the Ca metal was encapsulated in a
Schreckenbaclet al. [15] searched for a heavy neutrino in quartz tube. The Ca was outgased by heating it while pump-
the mass range 30 to 460 keV by looking for kinks in e ing down the quartz tube with a turbomolecular pump. The
spectrum of ®4Cu. The lowest limit they obtained was quartz tube was sealed with g KD, torch when the pressure
3.5x 1072 at a neutrino mass of 350 keV. Deutssthal.[16]  dropped below 10° Torr. The sample was irradiated for six
searched for a heavy neutrino in the mass range 0.4 to 2@ays at Brookhaven National Laboratory’s High Flux Beam
MeV by looking for kinks in theB~ spectrum of°®F. The  Reactor(HFBR) producing about 40 mCi ofAr.
lowest limit they obtained was 1102 at a neutrino mass The *’Ar was released from the Ca into a holding high
of ~1.4 MeV. vacuum chamber using the following procedure. The quartz
By adsorbing the*’Ar source onto a cold20 K) surface  tube containing the irradiated Ca was placed inside a larger
and detecting the& Auger electrongor x ray9 in coinci-  quartz tube which was coupled to the holding chamber via a
dence with the recoiling ions, we had hoped to reduce subvalve. The holding chamber and the quartz tube were baked
stantially the contributions to broadening present in previousit a temperature of 210°C for 15 h while pumping with a
recoil measurements$l) the localization of the source in an turbomolecular pump. After cooling downrf@ h and reach-
area of a few mrhwould reduce the variation of flight path ing a pressure of 26108 Torr the pumping was stopped;
present in a gaseous source experiment, while at the saméth the pumping halted the base pressure in the chamber
time increasing substantially the source strength. For exreached 7.410 ' Torr. The quartz tubes were then heated
ample, the number of’Ar atoms in a monolayer of 1 min radiatively in an annular electric oven to a temperature of
area is about 20 times that in a volume of 1°crat a pres- 1000 °C and let stand at this temperature for about 10 min.
sure of 10° Torr and a temperature of 300 (onditions At that point the Ca is melted completefthe melting point
similar to those of the experiment by Rodeback and Allenof Ca is 840 °C, that of quartz is 1700 °C) and the trapped
[8]). (2) At 20 K the thermal broadening is about 566  °’Ar (and “He) is released from the Ca metal into the still-
energy, compared to 18% at 300 K3) The detection of the sealed quartz tube. What releases thar from the sealed
K Auger electron reduces the broadening due to its recoifjuartz tube into the holding chamber is a fortuitous chemical
from 25% (for an undetecte® Augen to about 3%(for the  reaction between the Ca and the inner surface of the inner
geometry employed in this work; see below4) The quartz tube (Sig). Upon cooling down to a temperature of
vacuum employed in the current work-@x 10" Torr) is  about 350 °C the bonded compound, presumably having a
about three orders of magnitude lower than that employed idifferent thermal expansion coefficient from the outer quartz
the early recoil studies witdBe [11-13, leading to corre- surface, cracks the inner quartz tube and releases the trapped
spondingly longer times before the formation of an overlayemases into the outer quartz tube and the holding chamber.
of residual gases. With these improvements, we hoped t®ne indicator of the release is a jump in the pressure in the
achieve sensitivities to the admixture of massive neutrinofiolding chamber from 6010 ° to 5.4<10 * Torr (with
comparable to, or lower than those achieved by the previouthe quartz at 350 °C).

A. Source preparation



2514 M. M. HINDI et al. PRC 58

10° F——— — — . ——3
[ % ]
10° = i
= E
o .
I} 1
b ]
10 b <

FIG. 1. y-ray spectrum of thé”Ar source ad-
sorbed on zeolite. The spectrum was measured
with a Nal detector. The-ray energy is in keV.

Counts per keV
;w
T

10 - _E
100 ! ! ! ! | |
0 500 1000 1500 2000
E, (keV)
After allowing the quartz to cool down to room tempera- B. Gas cleaning and dosing

ture, the released’Ar was trapped in the holding chamber
by dipping a “U” tube filled with zeolite in a vessel con-
taining liquid nitrogen (LN). The adsorption of thé’’Ar
onto the zeolite was monitored by measuring the internaﬁ
bremsstrahlungdIB) yield accompanying the EC decay of
37Ar [6] with a Nal detector. The 5.7 cm diametg6.8 cm

Figure 2 shows a schematic representation of the experi-
mental system. One component of the system is the holding
hamber for the®’Ar gas. Another is the UHV chamber
ousing the cooled sample upon which tHar is adsorbed
and the detectors used in the recoil measurement. Not shown

height Nal detector was Pb shielded so it would mainly sedre a 130 /s ion pump gsed for pumping the UHV Ch"’.‘mbe“
radiation from the “U” tube. Initially, when the activity of 2?(1 a He cryopump which cools the samplfa upon which the
the 3Ar was about 40 mCi, the IB count rate was about AT iS adsorbed down to 15—20 K. TH&Ar is dosed onto
3.4x10% counts per second. After adsorption of tRgr  the sample using a dos@escribed belowthat is connected
onto the zeolite the valve separating the quartz tubing fronf0 the holding chamber via a leak valve. Prior to dosing onto
the chamber was closed and the Ca and quartz tubing wetB€ sample the”’Ar is “cleaned n two ways. First, four
removed from the vicinity of the experimental setup. wires made of a Ta-Ti alldy(75% Ta and 25% Jiin t?e
The radiopurity of the adsorbed gas is demonstrated iftolding chamber are heated to a temperature=@000°C
Fig. 1, which shows the spectrum giray energies recorded PY passing a current of 3.5 A in each wire. The heating
by the Nal detector. Sinc&Ar decays by a ground-state to evaporates and deposits a thin film of Ti on the walls of the
ground-state transition, ng-ray lines are expected in the holding chamber. Th|§ thin Ti fl|.m acts as a getter for most
spectrum. The dominant feature of the spectrum is the corff the residual gases in the holding chamirt not for Ap.
tinuous 1B radiation which has an end-point energy of 8141he film maintains its pumping speed for about 24 h, after
keV (the Qgc value of the3Ar decay. Otherwise, the most which a fresh film is deposited. Second, the “U” tube con-
prominent line is the 1460-keV¥K line due to room back- &ining the zeolite is dipped into a LN\cup, thus freezing
ground. Since the IB intensity pek capture in ’Ar is  Most of the residual gasémicluding the3’Ar) onto the zeo-
known to be (5.2-1.3)x 10~ [6], we can deduce from the lite. The complete adsorption of thEAr onto the zeolite is
spectrum shown Fig. 1 the fraction of radioactive contami-ndicated by an increase and then a leveling of the IB count
nants, if any, in the Ar source. Specifically, we have searcheffit€ monitored by the“Ni“ detector. The 118 then allowed
for 42Ar by looking for the 1525-keV line which would arise {© €vaporate and the “U” tube warm up7unt|I Its temperature
from its decay chain. We can place an upper limit on theS @bout—140°C, at which point the*’Ar begins to be
decay rate of?Ar of 10~ of the *7Ar decay rate. The other released from the zeolite. This release is evidenced by a de-

long lived Ar isotope which could conceivably be present iscrease_in the IB count ra_te recorded in the Nal detector. At
Ar (ty,=269 yr) produced via thé?Ca(n,a) reaction. that point the. leak valve is opened and tHér dosed onto
There are noy-ray lines associated with its decay and hencet€ Sample via the doser. _

its presence cannot be deduced from the spectrum shown in 1€ leéak valve is connected with a Teflon tube to an
Fig. 1; however, based on the natural abundancé?cs  Openingin a stainless steel blogtot shown in Fig. 2that is

(0.65%, and theQ values of the reactiongQ=0.34 MeV mounted on a fixed frame within the UHV chamber. The
for 42Cz;1(n @) andQ=1.75 MeV for °Ca(n,«)] we esti- sample could be brought to within a fraction of a mm in front

mate an initial activity of3°Ar that is ~0.4—2.3<10°° of of the opening while dosing. The diameter of the opening in
the 37Ar activity. The procedure for introducing th&Ar into

the ultrahigh vacuum chambéUHV) that is used for the

recoil measurements is described below. 3Obtained from Getters Corporation of America, Cleveland, Ohio.
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FIG. 3. Overlaid residual gas analyz8RGA) mass spectra

FIG. 2. Schematic illustration of the experimental setup. taken before and after opening th&r leak valve. The shaded area
shows the excess yield with tH&Ar leak valve open.

the block is 2.10 mm. The arrangement allows fér gas Good thermal contact between the graphite substrate and
to be adsorbed just on the sample, within an area of diamet¢fe ol finger was maintained by a bridge machined from
comparable tp that .of the.doser. The stainless steel block ha(ﬂtrahigh purity(99.999% copper and a layer of indium be-
another opening, with a diameter of 5.08 mm, above’®e  tween the copper and the HPG. The temperature was mea-
doser. This larger opening was connected, again with a Tesyred with a goldwith 0.07% Fé vs Chromel thermocouple
flon tube, to another leak valve through whit#Ar could be attached to the copper bridge, near the sample.
dosed onto the sampl&ig. 2). When it was desired to use  The gold-coated Si sample was manufactured at the nano-
40Ar as a substrate, the sample would be brought in front ofabrication facility of Cornell University. A 250 nm gold
the larger opening, thé®Ar dosed, then lowered by an film was deposited on a large Si wafer. A sample with a size
amount equal to the distance between the centers and theamparable to that of the graphite sample was cut out of the
the *’Ar dosed. The sample was then raised so that the devafer and mounted on the Cu mounting bridge described
tectors had a clear geometrical path to ffar adsorbate. above. Analysis of the gold surface with an atomic force
The cleanness of th&’Ar gas introduced into the UHV microscope revealed islands, roughly circular in shape, with
chamber is illustrated in Fig. 3, which shows a residual gagliameters ranging from 30 to 60 nm, and with heights vary-

mass spectrum taken before tR&r leak valve is opened, Ing from 6 to 10 nm.

overlaid with a spectrum taken with the leak valve ofamnd

with the sample warm (The hatched areas in the figure D. Detectors

show the excess yield with the leak valve opefhe back- The UHV system housed three detectdRig. 2): an

ground spectrum was taken at a base pressure of 1gHy.compatible germanium detecfoto detectK x rays

1079 Torr; the spectrum with the leak valve open wasproduced in filling the hole vacated ti-electron capture, a

taken at a pressure of 30" ° Torr. The spectrum with microchannel plate detecté¥CP) to detect Auger electrons

the leak valve open shows an excess of mass3#), mass  deexciting the*’Cl atom, and another MCP detector to detect

4[*He froma’s produced in thé®Ca(n, @) *'Ar reactio, as the recoiling %’Cl ions. The x-ray detector is a high purity

well as a slight increases in masses 2)Hand 28(CO).  planar Ge crystal, 11.3 mm in diameter (100 franea and

Since H and He do not get adsorbed onto the sample surfacgo mm deep. The crystal is 5 mm away from api® thick

at our working temperature of about 20 K, their presencese window. It is a retractable detector equipped with a slide

does not pose a problem. The slight excess of CO, thougyple, bellows and an UHV gate valve. In our current setup,

undesirable, is a small fraction of the CO already in the UHVthe closest distance that the window can be brought to the

system. sample is about 1.6 cm, leading to a maximum geometrical

efficiency of about 1.7%of 47). The measured overall ef-

C. Graphite and Gold substrates ficiency for runs using the gold sample was 0.44%. This is

Two samples were used as cold substrates in the experﬁ;’ﬂi 3.)% 'of the expected efficiency for a ppint source. This
ments: a graphite sample and a gold-coated Si sample. THgdUction is probably partly due to absorption of the x rays
graphite was a high grade pyrolitic graphit¢PG) sample of within the sample. The x-ray detector was at an angle of 74
12x10 mn? area and 2 mm thickness. The freshly cleavedom the normal to the sample, and subtended a half-cone
HPG was examined by using a scanning tunneling micro-
scope in air; this revealed an atomically flat surface. The
HPG was cleaved again from both sides just before being put‘Canberra Model No. 7905-BWR, Canberra Industries, Meriden,
inside the UHV chamber. Connecticut.
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10" Energy (keV) s front of the MCP was at a bias of 2.8 KV relative to the
F 0 1L 2 3 4 5 6 ]

(grounded last screen. Thus the slow=(10 eV) positively
charged ions were accelerated over the last 0.5 cm to an
energy of 2.§ keV, whereq is the charge state of the ion,
before impinging on the MCP. Previous stud{d®] have
shown that the MCP detection efficiency for‘Asaturates at
an energy of 3 keV. A 100 @ resistive anode encoder
(RAE) plate behind the last MCP gave the two-dimensional
(2D) position of the impinging ion. This position could be
used to correct for the variation of flight path over the angu-
i 3 lar opening of the detector. Unfortunately, a loss of signal
ol ] from one of the corners of the RAE prevented us from mak-
i ] ing this correction for all of the collected data.
ool The ion detector was mounted on a linear motion feed
0 20 40 60 80 100 through located at 0° with respect to the sample. The detec-
Photon Energy (keV) tor could be moved from about 2.5 to about 17.5 cm from the
sample, with a precision of 0.01 mm. To determine the ab-
FIG. 4. A sampley-ray spectrum recorded with the Ge detector. Solute velocity of the recoiléand hence to deduce the effec-
The inset shows the profile of Cl x rays that follow the EC decay oftive flight path, the change of flight time was measured for a
the 37Ar source. known change of detector distan¢esually about 1.500—
2.000 cm. The effective flight paths employed in the neu-
angle of 12.7°. A substantial portion of the x rays emitted atrino mass search varied from a low of 3:18.05 cm(for
small angles from the surface could have been scattered ¢ihose runs in which the 2D position information was avail-
absorbed by the islands seen on the Au surface. For rurable, to 4.00-0.05 cm(runs for which the position infor-
using the graphite substrate, the effeciency was 0.84%pation was not known
which is (60 7)% of the expected efficiency. The detector
subtended a half cone angle of 14.4° in that case, and again E. Data acquisition

it may be that a portion of the x rays emitted nearly parallel Thq |inear and fast signals from the detectors were pro-
to the surface were absorbed by small structures on the SUgassed using standard NIM electronic modules and digitized
face. _ in a CAMAC crate interfaced to a PC running a locally writ-
Figure 4 shows a sample spectrum recorded with the X rajen DOS-based multiparameter data acquisition system. The
detector. The spectrum, which shows only CI x rays and ajigitized signals were collected event by event and written
continuum dominated by room background atwl a much  on magnetic tape for later analysis. The collected signals
lesser extentIB from the EC decay off’Ar, confirms the were the following:(1) the energy registered in the x-ray
radiopurity of the adsorbed sample. The inset shows theetector, digitized in an 8k analog-to-digital converter
measured profile of the Cl x-ray peak. The FWHM is 310(ADC); this signal was collected for every eveit2) The
eV, which is substantially worse than the specified resolutiofour corner signals from the RAE, each digitized in an 8k
of 150 eV (at 5.9 keV}; this degradation is primarily due to ADC; these were typically collected only when the ion de-
the use of a 3us shaping time on the amplifier, instead of tector was in coincidence with another detect8y.The time
the usual 12us required for optimum resolution with this Of flight of the ion, measured with a time-to-amplitude con-
detector. Since the present measurements do not require terter (TAC) and digitized in an 8k ADC. The TAC was
higher resolution and it was simpler to setup the electronic§tarted on either the x-ray or the Auger detedtbeir fast
for the 3 us pulses, we opted to work at that setting. signals were OR’ed and stopped on the ion detector. The
The Augers MCP detector consisted of two stacked mi-TAC signal was collected only for coincidence events. The
crochannel plate detectors each 2.5 cm in diameter. The a3AC was set to 20us full scale.(4) The time difference
sembly was at an angle of 60° from the normal to thepetween any pair of detectors, digitized in an eight channel
sample, at a distance of about 8 cm from it. Three screendime-to-digital converteTDC). The TDC was started on an
each with a transmission of 81%, were placed in front of theOR qf the fast signals of all the detectors and each detector
MCPs. The first and last screens were grounded; a negatiy#d its own stop channel. The full scale on the TDC was
bias V applied to the middle screen restricted the MCP tol #S. (5) Logic signals to indicate which of the detectors
detecting electrons with enerdsz e V/sirg, whered is the fired. (6) Total singles counts registered by the ion and Au-
angle of incidence of the electron on the scregn-90°  9er MCPs, read every 2 s.

Counts per 106 eV
8‘»

being normal to the scregrTo detect boti. and K Auger As mentioned above, runs were conducted using graphite
electrons a retarding voltage of 100 V was usually applied t&nd gold samples. Between the graphite and gold runs the
the middle screen H wu~175 eV, Ex., UHV system was opened up and several improvements were
=2400 eV, Ex y=2600 eV), while to detect onlK Au- made:(1) new ion pump elements were use@) the 40Ar

gers a retarding voltage of 300 V was typically uga8]. doser was installed, an@) a more efficient sample heater

The ion MCP detector also consisted of two stacked miWas installed.
crochannel plate detectors with a 2.5 cm diameter. The three
screens in front of the microchannel plgeach with 81%
transmissioh were separated by 1.6 mm, and the distance Apart from a variety of calibration runs, all of the runs
between the last screen and the first MCP was 5.1 mm. Thihat were used to accumulate statistics for the massive neu-

1. Runs with the graphite sample
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trino search using the graphite sample were conducted b§°Ar leak valve was open. The required length of time was
first adsorbing several layers 8tAr on the graphite and then calibrated roughly by first dosing’Ar onto the Au sample,
adsorbing the radiogctiv?Ar on top of the*’Ar. Inatypi-  and then finding the time required to cover tR&r with

cal run 10 Langmuifs (L) of “°Ar were adsorbed on the enough“0Ar layers to reduce the recoil ion count rate to
graphite substrate inﬂOOd'ng the UHV chamber WitAr 550t 1/6 of its initial value. The number of layers needed to
at a pressure of 810 * Torr for 200 s, with the ion pump  ychieve such a reduction had been determined from similar
off. After closing the*°Ar valve and waitingfor a couple of s conducted on top of the graphite, where th&r expo-
minutes for the pressure to drop t82x 10~ ° Torr, the ion sure was known from the pressure to%ao L.

pump was turned on again. THéAr was then dosed, again ~ Because of the new ion pump elements, and the reduction
within a few minutes, by opening the leak valve to tHér  ;, 40p, exposure, the vacuum was better for the Au runs than
chamber and monitoring the count rate in the x-ray detectoly, the graphite runs. As a result, the time required for the
Dosing was usually stopped when the x-ray count rat§on count rate to drop to half its value was extended to about
reached~50 counts per secon@ps, with the sample inthe 4 A new heating filament just behind the sample allowed
dosing position; this corresponded to a count rate ohe 37ar and 4°Ar to be desorbed much more quicklithin

~100 cps, with the sample7 in the counting position. Thejq g and without degrading the vacuum substantially, since
corresponding activity of thé’Ar source was 6.8uCi. The the heating was quite localized.

number of atoms (1.1010') corresponded to a coverage of  The statistics used in the massive neutrino search pre-
0.040 monolayergVL), assuming the atoms covered an areasented herein were collected in 118 rupe., 118 cycles of

of 3.5 mnf (the possibility that the*’Ar atoms get gosing and desorbingver a period of 156 d. The sanféAr
“clumped,” i.e., form one or more layers over a much ggrce was used for all of the runs.

smaller area, has been considered and found to be highly
unlikely; the relevant arguments are given in Sec. Mhe
corresponding count rate in the electron detector was
~1400 cps, with a retarding voltage of 100 V, and the ini-
tial count rate in the ion detector was1500 cps. Because Figure 5 shows sample time of flight specti@F) taken

of the adsorption of residual gases on top of ther, the ion  on top of “°Ar (with gold as the substrate for tH&Ar), in
count rate decreased monotonically with time, reaching hal€oincidence with x ray§Fig. 5@)] and with Auger electrons

its initial value in about 2 h. Because of this decrease, @Fig. 5b)], and on top of goldFigs. 5c) and %d)]. The TOF
typical dose was usually run for a few hours, after which thespectra shown were all taken at a distance of 4.00
40Ar/3"Ar layers were desorbed by warming the graphite+0.05 cm. Figure 6 shows the same spectra, converted to
sample to a temperature &f50 K, and the above described energy scale, after subtracting the contribution of accidental
procedure repeated for the next run. The desorption of theoincidences. The broadening and the extra energy observed
S7Ar layer was indicated by a drop in the x-ray count rate toin the spectrum of recoils in coincidence with Augers, with
a few cps. The desorption of tH8Ar multilayers was indi-  “%Ar as the substrat@pen circles in Fig. @], are primarily
cated by a rise in the pressure as fflar desorbed, followed due to inelastic charge exchange reactions with*the bed-

by a drop in the pressure as th%\r was pumped away. We ding. The Auger cascade resulting fromKahole leads to
have conducted time scans on mass 40 using the residual gelsarge states of 2 or higher, with charge state3 being the
mass analyzefRGA), and these also indicated that tf\r ~ predominant ong10,18. Table | shows the ionization po-
multilayers had been essentially pumped away by the timéentials for Cl and Ar, for various charge states. From the
the temperature reached about 50 K. It should be noted, howable it is clear that a CF ion, with =2, can capture an
ever, that desorbing the fir$PAr layer (i.e., the one on top electron from a neutral Ar, with a release of energy. When
of the graphitgrequires a temperature of about 120 K, due tothe K hole decays by x-ray emission, on the other hand, the
the tighter binding of Ar with graphitécompared to the final charge state is predominantlyl and charge exchange,

IIl. DATA ANALYSIS AND RESULTS

binding of Ar with Ar). if it does occur, is endoergic. Even if charge exchange does
occur for CI'1, the forward moving Cl will become neutral
2. Runs with the gold sample and will not be detected by the ion detector. A small fraction

of the Cl ions that accompany the radiative decay of Khe
%hole become doubly charged as a result of the double Auger
(DA) decay of thel, ; hole created followingK a; , x-ray

a7 ; emission. The probability of DA decay of tHe, ; hole is

the *’Ar dosed on top of several layers 8Ar which were (9.3:0.3)%[20]. Therefore that fraction of Cl ions accom-

first dosed on top of the Au. Since for the Au runs tHfar panying x-ray emission may undergo an exoergic charge ex-

d%s?r hﬁd b;:en 'nfﬁt&l\led’ It was nothngcessary toﬁfl(cj)od thE’nange reaction with the Ar substrate and still be detected.
whole chamber with™Ar, nor to turn the ion pump off dur- Because of their very large widths, the spectra in coinci-

ing the “°Ar dose. Because th&Ar was dosed straight onto oo’ with Augers, witH%Ar as the substrate, were not used

the sample, there was no pressure change to indicate e o massive neutrino search. Therefore, from the spectra
amount of **Ar coverage. Instead we relied on the time thecollected with °Ar as the substrate, only those in coinci-

dence with x rays were searched for massive neutrinos, while
for those spectra collected with Au as the substrate, both
50One Langmuir is the exposure of a surface t6 80Torrs and  types of spectréin coincidence with x rays and with Augers
represents one monolayer for a sticking coefficient of 1. were searched.

With the gold sample, statistics for the massive neutrin
search were collected using two types of ru¢iy: with the
3Ar dosed on top of the Au substrate directly af@®l with
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Because there were variatioisutside of statistical er- in the amount of residual gases adsorbed along wittFtAe
rors) in the position and width of the main peak in the TOF on the substrate; the variation in the amount of residual gases
spectra obtained in different runs, the data from each rufx itself due to variations, from run to run, in the base pres-
were examined individually and only data from runs insyres in the UHV chamber and in tR&r holding chamber.
which the widths and centroids were close were added. Th?we|ve spectra of the type shown in qubﬁ Comprising
variation in width and centroid is pOSSib'y due to VariationSdata from 62 rungi.e., 62 different dosing plus desorption

cycles, were each individually searched for a massive neu-
AR trino peak, as described below. The total counting time for
(2) Substrate: “Ar - these twelve spectra was 362 h and the total number of
counts in the main peak is x710° counts. The recoil en-
o xrays ergy, averaged over the 12 spectra, is 8.02 eV, with a stan-
o electrons dard deviation ) of 0.66 eV. The average full width at half
% 7 maximum (FWHM) is 3.53 eV with ac of 0.19 eV. Simi-
% . larly, twelve spectra of the type shown in Figch(the same
_ 62 runs noted before, but for coincidences with x japsav-
ing a total of 8.%x10* counts in the main peak, were
®eooo | searched for massive neutrinos. The average recoil energy
- was 8.42 eV with ar of 0.23 eV, and the FWHM was 1.76
_ eV with ao of 0.19 eV. Four spectra of the type shown in
Fig. 5@ (coincidences with x rays, withfAr as the sub-
Start on: stratg, comprising data from 56 runs, were similarly fitted.
: :lzgsons i The total counting time for these was 222 hours and the total
. number of counts in the main peak is ¥.10° counts. About
_ half of those counts came from spectra collected with the
40Ar adsorbed on top of the graphite samtather than
gold). The average recoil energy in these spectra is 8.89 eV,
with a o of 0.45 eV, and the average FWHM is 2.31 eV,
PRI | =, 0 09,790,° 00, "% 2] with a o of 0.26 eV. For comparison, the statistical uncer-
15 20 25 30 35 40 tainty in determining the peak positidim all of the analyzed
Recoil energy (eV) spectra was only about 0.02 eV. The uncertainty in deter-
mining the flight distance results in an uncertainty of about
FIG. 6. Same spectra as in Fig. 5, converted to energy scale,

after subtracting accidental coincidenc@s.Spectra taken with the TABLE I. lonization potentials for Ar and CleV) [39]
37 ; T ; : :
Ar adsorbed on top of several layerstar, in coincidence with

Start on: -

(b) Substrate: Au

Yield (arbitrary units)

x rays(solid circles and Auger electrongpen circles (b) Spectra Charge +1 ) +3 +4
taken with the®’Ar adsorbed on top of gold, in coincidence with x

rays (solid circles and Auger electrongopen circles The dashed ClI 13.0 23.8 39.6 535
line at 9.54 eV indicates the expected recoil energy from a¥fae Ar 15.8 27.6 40.7 59.8

atom.
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TABLE Il. Statistics of coincidence
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spectra searched for massive neutrino.

Electron-ion on Au X-ray—ion on Au x-ray—ion offAr
Number of spectra 12 12 4
Number of runs 62 62 56
Counting time(h) 362 362 222
Total counts 1.%10° 8.1x 1¢0* 1.1x10°
E= Recaoil energyeV) 8.02 8.42 8.89
og (eV) 0.66 0.12 0.45
I'= FWHM (eV) 3.53 1.76 231
or (eV) 0.19 0.19 0.26

0.2 eV in the recoil energy. The statistics of these spectra afer from the Au substratd.One does not expect th&Ar

reproduced in Table II.

A. Monte Carlo simulation of the charge and energy
distribution of recoils

1. Au substrate

substrate to neutralize singly charged ClI; therefore, the de-
tection of only (38-4)% of the Cl ions on top of*°Ar for

the x-ray channel is somewhat puzzling. We postulate that it
is due to charge exchange with the small amount of residual
gases, such as Gth=4), CO, CQ, and HO, that get ad-
sorbed along with thé’Ar.]

In Fig. 6 the spectra are normalized to the same height, in Some limits on the charge state distribution of the recoil-
order to illustrate the dependence of the width and energy ofig ions can be obtained from the measurement of a retard-
the recoils on the substrate and on the atomic decay channdéhg field spectrum: the count rate of ions as a function of a
Another difference between the spectra, not apparent in Figetarding potential/ on the middle screen in front of the ion
6, is that the fraction of ions detected in each spectrum i¢MCP detector. Figure 7 shows the retarding field spectrum
also different. With “°Ar as the substrate we detect (80 measured for Cl ions recoiling from the decay YAr ad-
+10)% of the ions expected to be in coincidence with Augersorbed on Ausolid circles. For comparison, a Monte Carlo
electrons and (384)% of the ions expected to be in coin- simulation showing the retarding spectrum expected from a
cidence with x rays. With Au as the substrate we detectaseous®’Ar source(i.e., an idealized source without any
(26+3)% of the ions expected to be in coincidence withbacking is also showr(open triangles Details of the simu-
Auger electrons and (172)% of the ions expected to be in lation are given below. As Table Il shows, the charge state
coincidence with x rays. The decrease in the detected fraglistribution obtained from the simulation agrees reasonably
tion as the substrate changes fréfAr to Au is due, prima-  well with that measured by Snell and Pleasonftf]. As
rily, to neutralization of the recoiling ions by electron trans-can be seen in Fig. 7, the spectrum we measured differs

substantially from the simulated spectrum, because the

100 Fiasat e e T L e N = charge state distribution of ions recoiling from the surface is
00 | P Energy from ToF | different from that of ions recoiling in the free gaseous state.
/N —— [°dN/IE dE In the gaseous statez90% of the ions would have a charge
s 80 |- P E y state of+2 or higher; since the maximum energy of the ions
<~ g0t * Dafor is 12 eV, a retarding potentiaf & V would drop the count
$ ol adsorbed “Ar 1 rate to <10% of that observed at 0 \Fig. 7, open tri-
5 # Siaulation for | angles. In contrast, the measured retarding spectrum shows
© S0 gaseous " Ar a relative count rate of about 50% at 6 V, indicating that at
S a0l . least 50% of the ions recoiling from the Au surface have a
£ 30 : o .
8 TABLE lIl. Relative intensities of the charge states of tHel
20 7] ions (%).
10 | .
o Gaseous’’Ar SAr adsorbed on Au
0 T ;;i e T s o 1011 121314 15 Charge state Expt. Monte Carlo Expt® Monte Carlo
Retarding Voltage (V) +1 6.2 8.5 53-63 69-89
+2 15.7 18.1 3-47 11-31
FIG. 7. A comparison between the measured retarding field  +3 39.2 43.1 <35 0-6
spectrum of Cl ions recoiling from the decay #fAr adsorbed on +4 26.7 21.6
Au (solid circle$ and that expected from gaseotfér (open tri- +5 10.0 7.3
angles. The solid line gives the retarding spectrum that would be +6 1.8 0.8
deduced from the TOF spectrum, if all the ions had chatde +7 0.4 0.0
(solid line). The latter is obtained by integrating the energy spec-.
trum that is obtained from the TORlashed ling from E=V to aReferencd 10].
Emax- ®This work.



2520 M. M. HINDI et al. PRC 58

charge state of- 1. An upperlimit on the fraction of charge the surface, is not valid in our case. Instead, we used the
state+1 can be deduced from the energy spectrum in coiniMage potential derived by Echenigeeal.[23] (in atomic
cidence with Auger electronghe dashed line in Fig.)7  unitd
which should be very close to the singles energy spectrum. If
all the ions had charger1 then the retarding spectrum B(S) Zzng“’ e ?P*dp
would simply befgﬁagv(d N/dE)dE, which is shown in Fig. (8)=-—3 0 w2+ ap+pp2+ptia’
7 as the thick solid line. The count rate\a+5.5 V would
then be about 90% of that ¥=0 V. The observed yleld at where ws is the surface-p|asmon frequenQy,: \/%FwS!
V=5.5 Vis only 53%, indicating that at least 37% of the with v the Fermi velocity in the valence band, agdis a
ions must have charge 2 or higher. From similar consider- parameter~0.35 for Au[24]. The above potential reduces to
ations we find the limits listed in column 4 of Table IlI for the Coulombic potentia] for |arge, but approaches a finite
charge states 1-3". value for s=0. For Au fiws=6.37 eV andvg=1.39

In order to convert the area of a possible pedike to the  x 108 cm/s[25].
emission of a heavy neutrinto a mixing fraction, one needs  The recoil induced by Auger-electron and x-ray emission
to know how the fraction of ions that escapes neutralizationyas taken into account in the MC calculation. The lifetime
varies with energy. Qualitatively, one would expect a higherand branching ratio for the Auger and radiative transitions
fraction of the low energy recoils produced by heavy neuyyere taken from Refd26-28. In addition to single Auger
trino emission to be neutralized, because of the longer timgransitions, we also allowed for the double Auger decay of
such recoils would spend in the vicinity of the neutralizing the L, , holes[20], but did not take into account the DA
species(the Au substrate and/or the residual gasés we  decay of thek hole[18]. Thermal broadening was taken into
point out below, it is possible, but extremely difficult, 10 account by giving the*’Ar an initial Maxwellian velocity
determine this fraction experimentally. Instead, we have regjstripution. However, at our substrate temperature
lied on a Monte Carl¢MC) simulation to calculate the frac- (<20 k), thermal effects are small compared to broadening
tion of Cl ions that escapes the Au substrate, as a function Gtom Auger recoil and variations in the image potential. The

recoil energy. _ _ latter results from the differing charge states and the different
The two dominant mechanisms by which charge getgjistances from the surface at which the CI develops its final

transferred from the Au substrate to the recoiling atom argpayge.

In AN a vacant orbital in the atom is filled by an electron coincidence with Auger electrofiBig. 8(@)] and x raygFig.

from the substrate, with the difference in energy going togp)] with the spectra obtained from a MC simulation. For
eject another electron from the metal. In RN a single electrofyis simulationA=320 fs a=20 nmi ! and the initial

is simply transferred from an orbital in the valence band ofygsitions, at the time of recoil was taken as 0.30 nm. While
the metal to the empty orbital in the atom, where both orbithe agreement is not quantitative, the MC calculation does
als have the same binding enerfyence the term resonant account for a fair share of the broadening in the spectra and
transfey. _ for the differences observed between the Auger channel and
The transition rates for AN and RN can be well approxi- the x-ray channel. It also accounts for the observed down-
mated by a simple exponential dependence on the dis&nceg,5rg energy shiftdue to the image potentiapparent in
of the ion from the surfacd21,22: R(s)=Aexp(-as),  Fig. 6. The MC calculation also gives a fractién=72%
whereA anda are constants. Hagstrui@2] has shown thad  for charge 1 that is in rough agreement with that measured
most likely lies between 20 and 50 nrh In the MC calcu-  from the retarding voltage spectrum discussed abdve (
lation we have considered values af of 20, 35, and  <g304). (Column 5 of Table Il lists the ranges of the
50 nm'". For each value o4, the strengthA was adjusted charge fractions given by the MC calculation, for the range
to reproduce the measured fraction of ions that was detectest \qjues of the parametea considered aboveThe low
[(26=3)% for ions in coincidence with Auger electrons and energy peakglong TOP in the MC calculations are due to
(17+2)% for ions in coincidence with x raysFor each  charge+2 ions. As mentioned above, in the x-ray channel
fitted value ofA, the MC simulation was repeated at ion charge+ 2 arises from the double Auger decay of thkole.
energies of 3.0-8.5 eV, in steps of 0.5 eV, and the fraction o jearly, the MC calculation does not quite account for the
ions detected in coincidence with Auger electrons and with ¥ntensity of the observed tail, nor its shape, indicating that
rays was computed. The differences in the calcqlated fracpart of the broadeningand the tail possibly comes, as
tions for the different values ok were <20%, with the  speculated above, from interactions with residual gases ad-
largest differences occurring for the lowest energy ions.  sorhed on the Au. In addition to relying on the MC calcula-
_Inthe MC calculation, the recoiling ion was assumed t0tion to get the fraction of ions escaping neutralization for the
interact with its image charge in the Au. Because the iongwer recoil energies which would accompany heavy neu-
starts close to the surface, the classical Coulombic imagging emission, we used the MC calculation to account for
potential for an ion of chargg the change in peak width and energy shift with the change in
recoil energy.

2

4
®y(s)=- 4s 2. “°Ar substrate

In addition to the above MC calculation, we also per-
(in atomic unity, which is valid for large distancesfrom  formed extensive molecular-dynamics—MC calculations of
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- — Monte Carlo - FIG. 9. Comparison between a measured energy spectrum for
600 | simulation recoils from 3’Ar adsorbed on a film of 10L*°Ar adsorbed on
- ‘ ] graphite(solid line with error barsand a molecular-dynamics—MC
500 F 1 simulation. The short-dash line shows the simulated spectrum for an
200 B | isolated 3’Ar atom on top of 4 monolayers dAr; the long-dash
| line shows the simulated spectrum f&Ar embedded in the top-
300 F d most layer of a four-layer film. The spectra are for coincidences
- | with x rays.
200 1 lfpky

broadening is the interaction of the recoiling Cl with residual
gases adsorbed along with tHéAr. The polarizability of
these gases is about double that of Ar. That the Cl interacts
FIG. 8. Comparison between the measured time of flight spectravith atoms other than Ar is further indicated by the observed
(data points with solid error bargnd a Monte Carlo simulation loss of ions. One would expect no loss of ions for ‘QAr
(solid line), for coincidences with Auger electrorfa) and x rays  substrate, while the measured ion fraction in coincidence
(b). The spectra are fot’Ar adsorbed on gold. with x rays is only 38%. Therefore, in accounting for loss
fractions and for broadening for spectra collected witAr
the spectra of ions in coincidence with x rays, when tfr as a substrate, we did not rely on this molecular dynamics
is adsorbed orf°Ar. The simulation takes into account the calculation. Instead, we assumed that the neutralization rate
thermal motion of the atoms, the Lennard-Jones type inters also given byR=Aexp(—as), where, as in the Au cas8,
actions between the atoms, and the induced dipole interaevas adjusted to give the observed fracti@8%) at a recaoil
tion between the desorbing ion and the crystal atoms. Thenergy of 9.54 eV, and th&twas used to predict the fraction
potential parameters were taken from Rgf9], the lattice at lower energies. We followed this procedure for the two
constants from Refl25], and the polarizabilities from Ref. limiting values ofa considered above, and again the differ-
[30]. Figure 9 shows a comparison between a measured speences were<20%. For the width, we assumed that broad-
trum and the results of a molecular dynamics simulation forening is caused primarily by collisions with neighboring at-
an initial single3’Ar atom situated on top of 4 monolayers of oms and hence thatE/E is a function of scattering angle
40Ar (short-dashed line and a simulation for afi’Ar atom  and mass of scattering species only, but not of the original
embedded in a completed topmost layleng-dashed ling  energy.
The secondary low energy peak in the simulated spectra We have considered the possibility that tR&\r atoms
arises from charge- 2 ions produced following the DA de- get “clumped,” i.e., form one or more layers over an area
cay of thel, 3 hole. Inelastic charge exchange between sucmuch smaller than that of the doser, and considered if such
doubly charged Cl and th&Ar substrate was not taken into clumping might account for the larger than expected widths
account in the simulation. The broadening of the peaks in thef the peaks and the reduction in the observed yield of the
simulation is due primarily to the variation in the distance atrecoils. We offer the following reasoning to indicate that
which the monopole-dipole interaction between the recoilingclumping probably does not happen on Au. Given the area of
Cl ion and the substrate is turned on. This variation in disthe doser it is of course very highly unlikely that tR&r is
tance comes about from the spread in decay times about tlieposited in a clump. In order for clumping to happen the
10 ns average lifetimél ns for theK hole +9 ns for theL,;  atoms have to diffuse on the surfaaéter being adsorbed,
hole) during which the ClI atom is neutral. As can be seenpresumably because of the very weak induced-dipole
from the figure, both simulations give peak widils75 eV} induced-dipole attraction between tA&r atoms. However,
which are less than half of the measured width. A simulatiorwe believe the mobility of the3’Ar along the surface
in which the number of*°Ar atoms surrounding thé’Ar  (whether it is the Au surface, or th&Ar surface is very
atom was varied randomly also failed to reproduce the measmall. The evidence we have for that is that the count rate in
sured width. Here again, the most likely reason for the extrdhe x-ray detector remains very stea@yithin 1 or 2% for

0 5
Time of flight (us)



2522 M. M. HINDI et al. PRC 58

many hours, while the ion count rate decreases continuously, Recoil energy (eV)

as the surface of the sample gets covered with residual gases. . , /8 72 66 59 52 43 34 24
If the 37Ar had great mobility on the surface, tiéAr would ERN § | ! ! ! ! ! 1
probably have spread out with time, since the attraction of Ar 5 - [ (a) Neutralization
to the residual gases is stronger than that of Ar to Ar. The E} 0.6 - ]
movement of the’’Ar on the surface would have resulted in E 04 7]
an observable change in the x-ray count rate. We had also 2 o0.2 | .
conducted some test runs on graphite with a collimator in g 1.0 |-
front of the sample. The collimator masked all of the sample 0.8 kb

except for a small circular area. Counts were observed only &

when the hole in the collimator was in front of the part of the N“\;; 0.6

sample that was dosed. Repeating the test at a later time & 0.4

convinced us that thé’Ar stays stuck to the same spotfora = 0.2

long time. 1.0

For *’Ar dosed onto*®Ar we also considered the possi- 2 o8k g
bility that the 3’Ar is mixing with the “°Ar (i.e., “sinking” £ T 1
into the “°Ar layers), instead of just staying in the top layer. g 06 ]
In that case one would have expected the broadening dueto £ 9.4 |- 7]
collisions with the“°Ar on the way to the detector to affect s o2} =
the Cl-x-ray and Cl-Auger peaks in a similar way and hence E 1.0 -
to make the widths of the two peaks more similar than they & 0s | ]
are. As is clearly evident in Fig.(8), the widths of the two 2 (d) Overall height 1
peaks are very different. Figurgd& also provides another ”E; 0.6 K ]
evidence that such a mixingpr clumping is not taking E 04 5
place: if a sizeable fraction of th&Ar was underneaththe s 02} .
“%Ar then one ought to have seen a reasonable number of = o Louuiiiiiiiiinneee 1 e 1
40Ar*-Auger coincidences, théAr™ arising from ¥'CI*3 350 400 450 500 550 600 650 700
+40Ar0— CIT2+%Ar*1 scattering. Such®®Ar™ scattered Neutrino mass (keV)

into the det(?c.tor by the Cl would, in genergéxcept for FIG. 10. Plots of various effects which reduce the sensitivity of
head-on collisionshave less energy than the Cl and hencey,,

. ; . L time of flight spectrum fof’Ar adsorbed on gold and recorded
would contribute a low energy tail to the peak in commdencem coincidence with x rays, to the presence of a heavy neutrino

with Augers. As Fig. €a) shows, that peak is only shifted to o4 as a function of the heavy neutrino mass. The top scale shows
higher energy and has only a high energy tail, not a lowe corresponding recoil energgg) Decrease in detected fraction

energy onenot beyond that observed for the peak in coin-qye to increase in neutralizatiot) decrease in phase space)
cidence with x rayg in accordance with what is expected if increase in peak width{d) overall effect on peak height.

all, or most, of the*’Cl had come from top of théCAr.

Lastly, the very large difference between the Cl-Augertrino to that of the heavy neutrino. The increase in width is
peak on top of*Ar [Fig. 6@] and the corresponding spec- partially due to the increased interaction of the lower energy
trum on top of Au[Fig. 6(b)] indicates that the environments jon with the surface(at a lower velocity the Cl becomes
of the recoiling CI are very different in the two cases. If jonized at a closer distance to the surface and hence experi-
clumping were occurring each recoiling Cl ion would be ences a larger image potentiahnd partly due to the tech-
closely surrounded by man{/Ar atoms(for both substratds  nique of time of flight itself, which, for the same fractional
and one would expect the Cl-Auger spectrum on Au to reenergy spread, gives broader peaks for longer times of flight
semble the Cl-Auger spectrum dflAr; clearly it does not.  (lower speeds The above three effects combine to give a

Figure 10 shows the factors which affect the sensitivity ofpeak height for a massive neutrino that is substantially re-
the recoil spectrum to the presence of a heavy neutrino peaguced, compared to the peak height accompanying normal
as a function of the heavy neutrino mabsttom scaleand  neutrino emission. Figure 1@ shows the resulting height
the corresponding recoil energfop scal¢. The factors for a massive neutrino peak, compared to that of a zero-mass
shown are those that apply to a spectrum measured in coifreutrino peak, assuming 100% mixing. For example, if a 600
cidences with x rays, foP’Ar adsorbed on Au. Figure 18  keV neutrino were mixed completely with the electron neu-
shows the reduction in the detected fraction of ions due t@rino, the height of the resulting low energy peék3 eV)

increased neutralization as the recoil energy decreases, gscorded in the time of flight spectrum would be only about
obtained from the MC calculation. Note that the fraction is794 of the height of the zero mass peak at 9.54 eV.

compared to that detected for recoils accompanying a zero-
mass neutringrecoil energy of 9.54 e\ Figure 1@b) shows

the reduction in the yield due to the decrease in phase space
which would accompany the emission of a heavy neutrino. Three types of spectra were searched for massive neutri-
Again, the plot compares the square of the momentum of aos: with Au as a substrate, spectra obtained in coincidence
heavy neutrinop?(m,) to that of a zero mass neutrino with Auger electrons and with x rays were searched, and
p2(0). Figure 10c) shows the ratio of the width of the nor- with “°Ar as a substrate, only spectra in coincidence with x

mal peak accompanying the emission of a zero-mass neuays were searched. A sample of each of these is shown in

B. Fits and results
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FIG. 11. Sample time of flight spectra showing the portion of g....|....|....|....|....|....I....g

the spectrdsolid circleg used in the fit while searching for a heavy 350 400 450 500 550 600 650 700
neutrino peak(a) Spectrum recorded in coincidence with electrons Neutrino mass (keV)

with the %7Ar adsorbed on gold(b) spectrum recorded in coinci-

dence with x rays with thé”Ar adsorbed on top of°Ar, and (c) FIG. 12. Mixing fractions, as a function of heavy neutrino mass,

spectrum recorded in coincidence with x rays with tHar ad-  extracted from fits to the spectra take in coincidence with elec-
sorbed on gold. The vertical dashed lines show the expected loc&rons for 3’Ar adsorbed on goldp) in coincidence with x rays with
tion of a peak due to the emission of a heavy neutrino with thethe *’Ar adsorbed on top of°Ar, and(c) in coincidence with x rays
indicated mass and recoil energy. The solid lines show the fit to thaith the *’Ar adsorbed on goldd) Weighted average mixing frac-
data (with no massive neutrino pepkising a linear term plus an tions.
exponential tail.
Figure 11 also shows the location expected for a massive
Fig. 11. From each spectrum only the region indicated by theaeutrino peak with the indicated mass and recoil energy.
solid circles was included in the fit. That is, the main peakFrom the spectra it is clear that the limitation on the sensi-
was not included, in order that it not drive the fit. The re-tivity to “low” masses is the tail and width of the main
maining part of the spectrum was fit with a linear tetm  peak. As shown in Fig. At), the TOF spectra taken in co-
account, to first order, for accidental coincidencplis an incidence with x rays with the Au substrate are the most
exponential which starts at some point on the low energysensitive, while the TOF spectra in coincidence with Auger
side of the main peak, to account for the tail of the peak: electrondFig. 11(a)] are the least sensitive. The twelve spec-
) tra of the type shown in Fig. 14) were each searched for a
aexp(—ast) if t=to, massive neutrino peak, in steps of 2 keV in the neutrino
0 if t<to. mass. Similarly, the twelve spectra of the type shown in Fig.
11(c) and the four spectra of the type shown in Fig(d1
While there is no theoretical justification for using an expo-were also searched for massive neutrinos in 2 keV steps.
nential to describe the tail, the reasons it was used \re The extracted peak areas, converted to a mixing fraction
the resulting fits had reduced chi squareds that were all clodgy correcting for the phase space factor and the neutraliza-
to unity and(2) the monotonic nature of the exponential tion factor, from fits to spectra of the type shown in Figs.
makes it difficult to simulate a peak, if it is not in the spec- 11(a)—11(c), are shown in Figs. 18)—12c), respectively.
trum, or to suppress a peak that is present in the spectrunthe results are the weighted average over all of the spectra
For the heavy neutrino peak a Gaussian was used. For eaolia given type. The error bars shown are érrors. Some of
massive neutrino peak, the width and position of the pealthe apparent discontinuities in the extracted fractimsst
were fixed, using the results of the MC calculation discussedotable in Fig. 12a)] are due to the fact that the starting time
above, and the height was allowed to vary freely to minimizefor the exponential term used in the fit is different for the
the chi squared. In addition to varying the height of thedifferent spectrabecause of the above indicated variations in
Gaussian, the four parameters describing the backgrourttie widths and centroidsand hence not all analyzed spectra
(ap—a3) were also allowed to vary freely. contribute to the average mixing fraction at all the neutrino

N(t)=ag+at+
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Neutrino mass (keV) apply, strictly speaking, to antineutrinos. Thus, in the mass
350 400 450 500 550 600 00 region of ~450—-650 keV, the upper limits obtained in this
'WW work are the only directly measured limits, to our knowl-

weighted average (10 errors) edge, on the admixture of the electron neutrino with the

!
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IV. CONCLUSIONS

the antineutrino, it, nevertheless, is the lowest limit in this
M mass range on the admixture of the neutrino. Further, the
result was obtained using an entirely different technique, so
it does serve as a confirmation, at some level, of the an-
tineutrino result, assuming CPT invariance. It is generally
the case that nuclear physics limits on the mass of the neu-
trino are much higher than the corresponding limits on the
antineutrino(225 eV for the mass of the electron neutrino
[32], versus 5-10 eV for the mass of the electron an-
tineutrino[4]).

We estimate the uncertainty in our quoted limits to be
about 20%, owing to our use of Monte Carlo simulations to
estimate the neutralizing fraction and the widths and energy
shifts of the low energy recoils. One way meeasurethese
S4cu (84 ] quantities is to make use of coincidences with IB radiation
] that is emitted in about 10 of the EC decays. In IB decay
e 3 three bodies share the momentum and energy: the neutrino,
e the recoiling atom, and the 1B photon. If one were to detect,
3507400450 500 550 600 650 700 say, a 600 keV IBy with a detector directly opposite to the
Neutrino mass (keV) recoil detector, one would observe two peaks in the TOF

FIG. 13. (a) The weighted average fraction mixing for a heavy SPECtrum, one at an energy of 9.54 eV, corresponding to the
neutrino of the indicated mass extracted from fits to the time ofcase where the neutrino, with energy 214 keV, went in the
flight spectra, andb) the corresponding upper limits on the mixing Same direction as the, and the other at an energy of 2.15
fraction at the 90% confidence level. Also shown are the uppe€V, corresponding to the case where the neutrino went in the
limits over the same mass region extracted from a search for kinkepposite direction as the. By selecting they ray energy
in the 8* spectrum of*“Cu (dash-dotted lingand from a search for one can then select the energy of the second, low energy
kinks in the beta spectrum &fF (dashed ling peak, and study the line shapes and fractions of these low

energy recoils. Clearly, because of the low probability of IB,
masses. Figure 1@ shows the weighted average mixing these would be very difficult and very time consuming mea-
fractions for all spectra types, at each neutrino mass. Theurements, but we are currently studying the feasibility of
peak(at the 2r level) at a mass of 490 keV appears in only such measurements. We are also considering ways of im-
one type of spectrurfcoincidences with x rays with the Au proving the limits we obtained, both through obtaining more
substrate, Fig. 12)], and not in the others. Therefore we statistics, and through a better understanding of the energy
discount the possibility that this is evidence for a heavy neudistribution of the recoils, although it does seem to be diffi-
trino. One possible explanation for the enhancement in thatult to lower the limit by more than a factor of 2. We are also
particular spectrum at that energy is that this feature is @onsidering the possibility of using other electron capturing
residual effect of recoils with charge 2 [Fig. 8b)]. isotopes, such a&e. Although the latter has a much higher

Figure 13a) shows, again, the weighted average mixingrecoil energy thar’’Ar (57 eV vs 10 eV, the chemical ac-
fraction for all the data with & error bars, and the resulting tivity of the 'Be will introduce new complications, not en-
upper limits on the mixing fraction, at the 90% confidencecountered in the’’Ar case.
level [Fig. 13b)]. In obtaining the confidence level we have  Finally, we note that the narrowest width we obtained
followed the recommendations of the Particle Data Groupwith our method(1.5 eV FWHM for one of the ion—x-ray
[31] for the treatment of Gaussian probability distributions in coincidence spectyas considerably smaller than the 2.7 eV
cases where the observable goes into an unphysical regi@btained with a gaseous source for charg8 [10] and
(in this case the mixing fraction becoming negative slightly smaller than the 1.7 eV which is obtained for charge

Also shown in Fig. 18) are the upper limits, again at the +1 3’C| with a gaseous’’Ar source at room temperature
90% confidence level, from two searches that overlap th¢10]. So while it might be difficult to obtain much lower
mass region investigated in the current wdtk:a search for  limits on the admixture of massive neutrinos from the recoil
kinks in theB™ spectrum of®*Cu[15] and(2) from a search spectra of an adsorbedAr source, because that entails look-
for kinks in the 8~ spectrum of?°F [16]. While our upper ing for very small peaks at low energy, the recoils from EC
limits are not lower than the existing limits, it should be decay may be very useful as a source of quasi monoener-
pointed out that the limits from thg~ spectrum of?%9F  getic, low energy ions. These could be used to probe surface-

Mixing fraction (%)

(b)

w

Mixing fraction (%)

-
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