LEGIBILITY NOTICE "

A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination posSSI-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and iocal governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



LA-UR -79-1173

o A ATDS NAtJNA LAD0Yalory 3 Jper1tEd Dy 'he Lt verwly ol Cavlorma 'or the Jr ted Siales Depaitment ol Fuer g,

Reex > v Q311
MAY 0 9 1989

ERLITN A

N OTATh ENe, 1B

| OS AKMOS

voug e,

",

SLBMITTED TO

1Wh Vv
v

TTLE

- LA

LA-UR--89-1173

"STATUS OF THE LOS ALAMOS TR{TIUM BETA DECAY EXPERIMENT"

DEB89 011193

AUTHORIST R (:@ Rober.cson
T. .J. Bowles

AR LR SN ILRA LT UL LU T L WELE T T IR TR LT UTY) ROPLN LT IR TR

D. L. Wark
J. F. Wilkerson
D. A. Rnipp

VIII Moriond Workshop, "Tests of Fundamental laws in

Physics,” Les Ares, Savoie, France, January 21-248, 1989

DISCLAIMER

Fhis repont was prepared as an aveount af work sponsared by anagency of the T'mteil States
Guvernnient  Nerther the ated States Governnient i any agem y thereal, ma ans ol then
ciployees, nakes any warranty, expiess i nnphed, s assuenes any fegal babihity an iesponsg
Bilty I the ey, cunpleteness, sa mselnbiess ol any imbsimatmn, apparatns, prwdact, o
prmess shischwerl, o iepresents that s ase wonlib i mbomge povately ownel nghts Reler
emie herem booany spet il vonnmen vl pealin g, pomess, o seivice by tnale ame, Uailentark,
mmnba tnier, o scherwise thes mt aeressanly vonstitute s miply gy tmbousement, recom
wrmbainn, o1 tavarmg by the 'mled Stiles Caverpment saoany gencs thei-ol The views
aml ooy of amtlsus rxpressel hierem the ma nevessarily state v aetlenl thene ot the
'mtd States Goverimment -u any agen y therenl

U DOl Lo PR AT IO %0 B T e v@t imanT iyt ey
[1ECR N ACIE R T IRTL S L LA [ LY I TN LU LT TR U ILLIL P L

AL TTURETA Y IR [ Ry R IITY N ITITLNY (U LTI TTEELES (AN ]

Los Alamos National Laboratory
Los Alamos New Mexico 87545

ngE ol N L TS DOGNMENTD IS BNt


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


STATUS OF THE LOS ALAMOS TRITIUM BETA DECAY EXPERIMENT
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ABSTRACT

The Los Alamcs tritium experiment cmploys a gaseous tritium source
and a magnetic spectrometer tu determine the mass of the clectron

antineutrino from the shape of the tritium beta spectrum. Slner
publication of the first result from this .pparatus (m, < 2/ eV at "
confidence), work has concentrated on improving the data rates. A Un

eiement S1 microscrip array detector has been {installed to replace the
single proportional counter st the spectrometer focus, resultlng in
greatly increased efficlency. Measurements of the Is photofanlzation
spectrum of Kr now obvlate the need for rellance on the theovetlcal
shakeup and shakeoff spectrum of Kr 1o determlnlog the  spectromelen
resolutlon,



I. INTRODUCTION

It is now generally recognized that measurement of the electron
antineutrino mass in tritium beta decay, while the most sensitive
direc: technique known, may be subject to a varlety of systematic
errors. Detailed understanding and careful control of these effecrts
is essential 1if correct results are to be obtalned. Generally
speaking, neutrino mass causes a distortion of the beta spectrun that
is strongly correlated with resolution-like contritutions. An
overestimate of any of the sources of instrumental width will lead to
an overestimate of the neutrino mass (and conversely), without there
being necessarily any loss of quality of fit to the data.

The sources of resolution brcadening can be grouped into three
classes: 1) spectrometer optical width, 2) enargy loss and
backscattering in the source material, and 3) the findl-state spectrum
of the daughter molecular ion remaining after a tritium atom has
decayed. While a variety of experimental tests can be brought to bear
on tha first two, theory is the sole source of information about the
third. For this reason, experiments that make use of simple sources
(nuclzar, atomic or molecular tritium) are now receilving close
attention, since the theory is more tractable and reliable.

1

The Los Alamos tritium experiment” makes use of & gasvous source

of molecular T, to take advantage of the comprehensive theoretical
2.5

understanding of the quantum mechanics of 2-electron systems. fr:

addition, the source is thin (minimizirg scattering corrections) and
there 1s no backscattering. Initial data taken as & pro-f-of-
principle yielded1 an upper limi- to the mass of the electron
antineutrino of 27 eV at 95% confidence level. The precision of the
result was limited primarily by statistics, and was not sufficfent ta
discriminate between two earlier rerults obtalned wlith solld sources
(ITEPS, m, = 26(5) eV: Zurich’, m < 18 eV).

Se..mitivity to neutrino mass increases extremely slowly with
data acquisition time, roughly as the flfth root, so it was cleatly
necessary to improve the data rate Iu the lLos Alamos experimont
dramatically in order to reach the goal of 10 eV mass seonsltivity
The upgrade hasy been completed successfully, as ls deserlbed below,
andd a pomber of ancillary lTepravements and measurements: bave alwn baeen

carried aut,



I1. NEW DETECTOR FOR SPECTROMETER

The gaseous source and spectrometer have been described
8,9

previously. For present purposes we only draw the reader's
attention to the detector at the focus of the spectrometer. For the
1987 data this detector was a cylindrical single-wire proportion.l
counter having a window of 400 ug/cm2 of Mylar and an annvlar slitc 2
nm wide and 2 cm in diameter to define the momentum acceptance. The
energy resolution for 26-keV electrons was 20% and the position
resolution 6 mm FWHM (position resolution was used to reject
backgrounds from events not close to the slit). This detector was
simple and serviceable, but data could be taken only one momentwn
point at a time.

The new detector {is an octagonal array of 300-um planar

passivated S{ wafers (n-type) each with a sensitive area of 7 x 10

~

mm“. The sensitive area {s subdivided into 12 strips on 0.83-mm

centers by readout pads. There are thus 96 microstrips tiling the
surface of (approximately) a 2-cm diameter cylinder. A figure showing
the arrangement may be found in Ref. 9. The wafers, manufactured by
Hamamatsu Photonics KK, are mounted on l-mm thick sapphire substrates
(Saphikon Inc.) clacped at one end to water-cooled copper braids.
Sapphire is not only an excellent conductor of heat (there are thermal
radiation loads from the nearby spectromcter conductors) but {is also
quite radiopure. The wafers are water-cooled to 13 C; further cooling
was considered unwise in view of the possible pumping of tritlated
condensate onto the surfaces of the detectors. For electron
spectroscopy, the customary Au layer on the entry surface of the
wafers has been omitted and only the thin (less than 0.5 um) fion-
implanted contact intervenses. While this leads to a higher-resistance
contact than would be desirable in timing applications. there (s no
penalty in resolution. For 23-keV electrons, resolutions of 2.5 to
4.0 keV FWHM are observed.

The wvafers are blased on the outer, common, surface to +/0

volts, and the pads are DC-coupled to preamps via {lexible Kapton

printed ribbons that are scaled throuph the vacuum wall. Leakapoe
currents, typically 2 nA per strip, are monitored via the preamp
output offrets. The preamps are Rel-labs RlL.-/89 trfple hyvhrtd ymibrs

with 100-Ml  feedbark resistors, The preamp slguals  are  vach



amplified, shaped, and passed through a biased amplifier to remove the
noisy baseline before being summed in groups of 12. A multichannel
ADC (LeCroy 2259B) records the 8 multiplsxed analog signals, and 3
LeCroy 4532 Majority Logic Units register 96-bit patteras describing
the locations and multiplicities of the events. Valid events have a
muitiplicity of one. Events are processed and written on two disks by
a 12-MHz computer in 400 us.

The beta spectrum is formed by setting the spectrometer to
analyze a fixed momentum and scanning the accelerating voltage on the
scurce. A typical data acquisition interval at a particular voltage
is 30 seconds, at the end of which a 1024-channel spectrum from the Si
monitor detector &nd the contents of scalers used in dead-time
correccion are wrizten to disk after the event-mode data. After every
5 data points, a calibration measurement at the voltage farthest from
the endpoint (i.e. the highest voltage) is taken to moritor stability.
Data voltages are repeated with a frequency that reflects the parts of
the spectrum most significant in determining the neutiino mass.
Including calibration points, a full data set consists of
approximately 5700 measurements at 800 voltages.

Analysis of the data begins with manual creation of a set of 96
windows on the energy spectra from the individual pads. The windows
include most (typically abouvt 90%) of the counts from 23-keV electrons
from the source, and exclude the bulk of the background counts from
tritium in the spectrometer. With these windows a data-summary "tape”
(disk file) 1ig prepared cthat contains the toval numbers of counts
within the windows at each data point.

Each pad receives counts corresponding to a slightly different
momentum, the total range being about 100 eV from one end of the
detector to the other. A central pad s arbitrarily selected and
shift voltages (in multiples of 3 V) added or subtracted to the
spectra of other pads to align the centroids of the Kr resolution
functions. Relacive efficiencies for the pads are also derived at
this time trom the {ndividual Kr spectra. These relative efficiencies
drop out (to an excellent approximation) ifu the summed spectra except
within 100 V of the ends of the spectra, where. hecanse af the shitus,
not ali pads contribuce to each combhined spectrum point. A cawbloeld
tritfim beta spectruwn 1y fovmed based on the shilts, cofllcbeneles,

d=ad-time corrections, and heta-monitor normalizatlinns, and  the



combined resolution function {s formed in the same way from 83krm
data.

Two trictium data sets were taken in late 1988. Kepresenting
about 4 days of data acquisition, each spectrum contains 4700 counts
in the last 100 eV, of which 910 are background. The 12 days of data
published5 in 1987 contained 649 counts in the last 100 eV, of which
141 were background. Thus, while the signai-to-background ratio is
about the same, the gross data rate near the endpoint is more than 20
tizes higher. (A factor 3 of this improvement represents the
increased time spent near the endpoint, and is thus simply a change in
strategy. On the other hand, the spectrometer acceptance was also
reduced a factor of 2 to improve the rescluticn in the most recent
data sets.) It will not be possible to give a new result for the
neutrino mass until the new software has been thoroughly checked ard

several small theoretical corrections have been calculated.

III. SHAPE OF THE BaKrn CONVERSION LINE

The instrumental resolution cof the apparatus is measured with
the monoenergecic 17820-eV K-convercion line of 83kr™  The 1line is
not in fact truly monoenergetic, but s accomparied by shakeup and
shakeoff satellites that result from excitations in cthe Kr atom's
outer shells when a K elec-ron has been ejected. The positions and
intensities of the satellites, as well as the mnatural width of rthe
"dlagram" line, must be known In order to extract the instr:vental
resolution from the data. There being litcrle detalled thaorstica. or
experimental information about the Kr satellite structure, a spectrum
was constructed for the 1987 analysis by drawing on a unumber of
different sources.

The relaxed state of the rasulting Ket

fon is
15(25)2(2p) 8 (38)2(3p) 0 (3d)10¢ua)2(4p)” before the K vacancy is filled.
In general, the final configuration will. some of the time, have
electrons in excited states, e.g. (as)(hp)b(SL). However, the

presence of more than 1 excitatfon at a time (In the primary shakeott

spectrum) is relatively rare. !V
+
The levels whose binding we needed are fn the Koo fon having a
core vacancy. The potential felt by the outer clectrons s vevry

closely that of a Rb! fon., We therefore vsed the levrl s:pnclngsH {or



neutral Rb, shifted by 11.8 eV to correspond to the calculation by
Carlson and Nestor!? for the binding of the 4p shell in Kr' with a 1s
vacancy, 26.1 eV (see Table I).

TABLE 1. Biunding energles in Kr'.

Shell (nl2j) Binding energy (eV)
ipl 259.2
ipl 250.3
3d3 123.6
3d5 122.1
4s 41.1
apl 26.6
apl 25.8

Within the framework of the sudden approximation, the satellite
spectrum i{s independent of the energy of the primary ejected electron
above a few hundred eV. Carlson and Nestor!? have calculated the
probability chat a vacancy will exist {in any given shell after
ejection of an innaer-shell electron. It is evident from their Table
III that vacancies are more likely to occur in the outer orbitals, and
that the probability of creating such a vacancy increases the dceper

the initial hole.

There was very little relevant experimental data. Spears et
a1.13 measured photoelectron spectra from the 3p and 3d shells in Kr.
The special value of their data is that they identified the location
of the state(s) receiving the majority of the shake-up strength. Most
of the shake-up goaes into a single state (or very close multiplet) at
20.4 ¢V above the relaxed configuration. This state carries an
intensity of 5.5(10) (3p ejection) to B(l) percent (3d ejection) of
the diagram line. For shaking fror any given shell, one may safely

assume that the relative amounts going to bound and continuum states

are largely independent of the locatifon of the primary hole (provided

it i{s deep enough), but that the total shaking probabillty fromn anv
shell varies smoothly. as In Carlson and Nestor's calculation, with
the depth of the hole. The prescription for calculating the shake -np

intensity was then to take the observed intensity from Speavs et al.



for the 3d and lp photoelectron spectra as having an average value of
7% of the diasgram line. The 4p vacancy probability increases by the
ratio 13.45/10.14¢ in going from 3d and 3p to 1ls holes.l? Therefore
the 4p shake-up percentage also Increases by the same ratio and goes
from 6.15% to 8.158. The difference between that and the 4p vacancy
probability, 5.30%, goes into shake-cff.

Another useful approximation is that shake-up diminishes rapidly

relative to shake-off for shaking of deeper shells. In the words of

Carlson et al.lo. "{f the electron has enough energy to promote itself

from an inner shell to an excited state, it will probably also have
the extra amount necessary for going to the continuum.”™ Since the 4p
shell contributes most of the shaking strength, about half of which is
shake-up, then more deeply bound shells will contribute mostly to the
continuun. We neglected shake-up from all shells except the 4p.

Using hydrogenic wavefunctions, Levingerla presented closed-form
expressions for the kinetic energy distribution for electrons shaken
off from che ls, 2s, and 2p shells. We used the 2p calculation for
4p, and the 2s for 4s shakeoff. While these spectra are probably not
very realistic, there 1s a tendency for their widths to decrease with
increasing principal quantum number. Since the distributions were
already very narrow in comparison with our instrumental resolution,
this uncertainty is not likely to affect the conclusions.

The wid=h of a K vacancy Iin Kr can be obtained from the

compilation of Bambynek et 31.15, who show that K widths have a smooth

Z dependence:
g = 1.73 Z3'93 peV,

For Z = 36 this ylelds 2.26 eV for the diagram line. It seems self-
evident that the width of the shakeup satellites cannot be less than
that of the primary ls conversion line, and we used this value for the
shakeup satellite as well.

We collect in TaLle 1I the results needed to calculate the full
shake spectrum within about 100 eV of the main conversion line. The
resulting shake spectrum, as used in the 1987 analysis.1 ifs shown f{n
Fig. 1.

The experimentally obsrrved lineshape in the tritium apparatus

s the convolution of the above Kr spectrum with an energy-loss



spectrum due to scattering in the residual gas, and with the

instrumental response, taken to be a skewed Gaussian:

2
P(x) = A exp [ 2 (x-p) ]
2(0 + A(x-p) 12

where A, o, u, and A are parameters. Note that such an expression fis

incapable of describing a long tail on the resolution function.

TABLE II. Shakeup and shakeoff satellites for Kr K conversion.

Energy (eV) Intensity (%) Spectral shape
0.0 79.5 2.26-eV Lorentzian
20.4 8.2 2.26-eV Lorentzian
26.1 5.3 2p Levinger spectrum
41.0 1.8 2s Levinger spectrum
122.8 3.6 2p Levingeyr spectrum
TOTAL 98.4
0.12 ™ - T ~
>
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Fig. 1. Calculated shake spectrum for Kr™ K-conversion,



In 1987 and 1988 a lengthy program of improvements to the

tritium beta decay apparatus wvas undertaken.9

The {mprovements
included the addition of a getter pump to the Kr recirculation loop to
remove atmospheric gases, baffling the spectromcter to improve the
line shape, superposition of an axial gradient on the solenoid field
to eliminate trapping of electrons, and installation of the Si
deteztor described above. Following this work, it was found that it
was no longer possible to explain the shape of the Kr spectrum far
from the peak -- there was a long tail extending some 400 eV below the
diagram 1iine. It hLappened that the shape of this tall was very
similar to the scattering contribution from N, and had been ficted
out. Now, with no N2 present, there was a residual tail that could no
longer be fitted.

The immediate concern was that this tail might be a part of the
instrumental resolution function, which would have {important
consequences for the neutrino mass derivation. This seemed unlikely,
because electron gun data and the spectrum of thermal electrons from
the source accelerated to 19 kV had shown no sign of a tail. A more
likely explanation was that the feature was in fact part of the Kr
spectrum, a part not glven (nor even suggested) by ctheory. To
investigate this possibility, a photolonization experiment on Kr was

carried out.

Iv. PHOTOIONIZATION SPECTRUM OF Kr

1..e shakeup and shakeoff structures asgociated with an ejected
inner-shell electron should be the same to first order whether the
electron has bsen ejected by internal conversion or photoilonization --
one has merely replaced a virtual photon with a real one. Hence the
desired satellite spectrum can be measured by photoionization.

Intense beams of synchrotron light in the energy range 10-20 keV
are available at the Stanford Synchrotron Radiation Laboratory (SSRL)

16

from the PEP storage ring. A monochromatic beam, prepared by Bragg

reflection through a pair of Si(l1ll) crystals, illuminated a Kr gas-

jet target. Photoelectrons were analyzed in a double cylindrical
mirror analyzer (CMA) equipped with a stage of pre-recardation.17
Experiments18 were carried out at two {ncident photon energies, 15225

and 17025 eV, chosen to place the 1ls 1line and {ts correlation



satellices at energles clear of Auger lines. The CMA was set to
analyze 207-eV electrons, and at that energy had a resolution of about
6 eV FWHM. The total resolution was limited by beam divergence to
about 15 and 18 eV at the two energles. Some low-statistics data were
also taken at 15225 eV in the 3rd harmonic, S1(333), and had an
overall resolution »>f about 7 eV FWHM.

Scanning the spectrum was accomplished by varying the retarding
voltage. As Palmber517 has shown, this leads to a variation in the
phase-space acceptance of the CMA. The efficiency n is then expected
to have a power-law dependence:

n(Ey. Ep) = mg (Eg/EQT

where Ep is the pass energy of the CMA, Ej 1s the incident electron
kinetic energy, and n is an exponent whose magnitude depends on the
geometrical details of the beam spot and ctarget density distribution.
If the beam and target dimensions are much larger than the acceptance

volume of the CMA, one expects17

a contribution to n of 1/2 for each
coordinate, and 1/2 for the energy ratio, bringing n to 2. Both
larger and smaller exponents are possible. We measured n by recording
the diagram line at fixed incident photon energy for various values of
Ep. Wich 15225-eV incident photons, we found n = 2,0(2), and at 17025
eV, n = 2.5(3). It was apoarent that the efficliency did not adhere
strictly to a power law, and our method did not take into account the
variation in efficiency of the channel electron multiplier with
electron energy (which spanned the range 452 to 520 eV at the
multiplier). The quoted uncertainties include our estimates for these
contributions.

Count rates at the photopeak were of order 100 to 300 sl tn the
(111) reflection, and 30 s'l in (333). Backgrounds were measured by
lowering the photon energy to place the diagram line just below the
region of interest. Auger lines block the ranges O to 330 eV and 1300
to 2000 eV. A weak continuous background with an intensity 3 x 102
/eV of the diagram line was found between 330 and 1300 eV. Above 2000
eV there was essentially no background (less than 5 x 10'6 /eV). The
intrinsic dark rate of the channel electron multiplier, t 1 /s, was
reduced a further two orders of magnitude by using the favorable time
structure of the PEP beam, a l-ns pulse every 2 us. An offline

experiment was carrted out to investigate whether there might be a



scatturing tall assoclated with an intense line in the CMA. With a
photoemissive source placed at cthe object position in front of the
CMA, no scattering tail was observed below the monoenergetic lire to a
level less than 0.5% integrated over tha entire spectrum.

The intrinsic lineshape of the monochromatized synchrotron light
beam i{s in principle calculable and can also be derived with some
minimal input information about a photoionization spectrur. Howaver,
the simplest comparison one can make Is to convolve the measured
photoionization spectrum (FWHM 18 eV) with a Gaussian having a widtn
idjusted to match the slightly worse resolution (FWHM 26 eV) of the
conversion-line data. Such a procedure 1is certainly adequate to
establish whether or not the coiitinuum features of both spectra are

the sama. The comparison, shown in Fig, 2, reveals that they are
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Fig. 2. Compar{son between electron spectra from ls
photoionization of Kr (line) and internal conversion (points).

indeaed the same to a high degree, confirming thacr rthe umexpected
continuum observed in internal conversion is associated with atomlc
effects in the Kr atom. Figure 3 shows a comparison betwnen the
predintion described above and the high-resolution data from S55RL.
Again, the prediction has been convolved with a Gausslan to mateh the
observed resolution. The positioni and intensities of the satellites

near the diagram llne agree remarkahly well with the data, obtained



post facto, but the continuum further from the peak is not given by
the calculation. The assumption made in the 1987 analysis of the beta
speccrum that the instrumental response function had no long tails is

qualitatively confirmed.
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Fig. 3. Compariscn bLetween calculated electron spectrum for ls
photoionization of Kr (line) ant Jata (points).

At present we do not know the nrigin of this continuum feature,
but we note that a very gimilar feature has been seen in ls
photoionization of Ne, and that {!. interferes coherently with discrete

19

shakeup structure. We rscreculate that it arises from the direct

collision of the ejected 1s electron with an orbital electron in the
same atom. That process is indistingulshable in the tina) state from

the usual shakeup and shakeoff one, and would theretore be coherent

with {tc.

V. CONCLUSIONS

The planned {improvements to the Los Alamos tritlum beta drreay
apparatus have now been completed. Satlsfactory performance ot the
new multi{element Si detector array for rhe spectrometer has led (o

fncreased dats rates and better momentum resolution, It 1s cexpected



that the goal of a neutrino mass sensitiviy of 10 eV will be reached.
Studies of the photolonization spectrum of Kr with synchrotron 1light
show a line shape identical to that observed in internal conversion.
The long tall observed on this line is found not to be a part of the
instrumental response function, but is instead assocliated with atomin

processes in Kr that are at present not theoretically understood.
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