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Measurement of the screening potential in3H b decay
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A gas proportional chamber has been employed to make precise observations of the low-energy portion of
the 3H b spectrum in methane molecules. This spectrum has been well fit to the combination of an electron
screening potential of 7664 ~stat! 69 ~sys! eV, simultaneously with22263 ~stat! 69 ~sys! eV of molecular
neutralization energy recovered in ionization of the gas. Both of these values are consistent with expectations
based on self-consistent field predictions.@S0556-2813~99!02309-2#

PACS number~s!: 23.40.2s
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I. INTRODUCTION

The 3H b-decay spectrum has been a frequent subject
study, combining the advantages of a simple nucleus w
in a minimal electron cloud and low decay ener
~;18.6 keV! relative to that typical of otherb decays. It is an
allowed transition according to selection rules, thus havin
relatively short lifetime so that high activity is easi
achieved. It has been the primary choice for spectrum e
point studies in searches for evidence of neutrino mass@1,2#.
It has also recently been the subject of attempts to obs
discontinuities in the shape of the spectrum in pursuit
evidence for heavy neutrinos. A small (;1%) heavy neu-
trino component, with a mass near 17 keV, was suspecte
a consequence of the studies of the3H spectrum by Simpson
@3#, apparently supported in studies made by other resea
ers @4–8# employing isotopes of heavier elements. In the
studies, discontinuities in the slopes of the spectra
b-particle energies were observed to occur at points nea
keV below the end-point energies for the isotopes un
study. This support proved not to be robust in the other i
topes being studied, and the 17 keV neutrino was exclude
levels below1

2 %. However, the careful3H observations of
Simpson have not yet been understood.

One of the uncertain factors in the analysis of the he
neutrino experimental results is an approximation in
b-decay theory. This approximation, by Rose@9#, makes a
correction to the predicted shape for the reduction in stren
of the Coulomb field of the nucleus as seen by the esca
b particle due to the shielding of the nuclear charge by
cloud of bound electrons. This is thescreeningeffect. To
make this correction, a further approximation is made
assuming that the daughter atom suddenly has the ato
orbital structure of the parent. These approximations are g
erally believed to result in an inaccuracy in the theoreti
spectrum at energies of less than;1 keV, depending upon
the isotope being studied. Unfortunately, studies gener
have not attempted to test the validity of these approxim
tions even at such energies, due to the difficulties inheren
gathering reliable high statistics observations in this ene
region, where detector systematic difficulties and envir
mental effects will dominate@10–12#. Even at higher ener
0556-2813/99/60~3!/034608~12!/$15.00 60 0346
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gies, these factors can alter the theoretical prediction of
spectrum by a few percent. The screening potential is ca
lable, but requires a theoretical determination of the fin
state probabilities for the atomic or molecular electron str
ture. Possible final states for theb decay of the tritium atom
include the initial orbital electron being found in the3He
ground state, or one of the possible excited states~shake-up!,
or the atom may be doubly ionized~shake-off!. In the case
where the tritium is bound in a molecule, these final-st
probabilities are altered. In predicting the energy spectru
all such final states are considered through corrections to
predicted energy of the escapingb particle in recognition of
the depth of the well from which theb particle must escape
prior to observation by a spectrometer. Adjustments are a
made to the energy liberated in the decay to account
chemical energy changes in the decay. The above-mentio
searches for evidence of massive neutrinos concentrate
the electron spectra above the;1 keV region, which loosely
defines a boundary for the region of validity of these a
proximations, though the absolute magnitude of these cor
tions was a matter of some theoretical discussion follow
Simpson’s observations@13–15#.

This work makes high precision studies of the3H
b-decay energy spectrum, employing a gas proportio
chamber@16#. The advantages of this method are its calo
metric nature, its simplicity, and its good resolution at the3H
b energies. Our data collection runs have typically 108 de-
cays each. This provides us with 1s statistical uncertainties
of ;0.3% in each analog-to-digital converter channel b
tween;1 and;5 keV. Background rates have been ca
fully measured to be 2% of the data rate, distributed simila
to the 3H spectrum. The uncertainty in the background su
traction is less than 0.11% of the observations.

For this work, Monte Carlo simulations have predict
that about 0.45% of theb particles will encounter the detec
tor walls, and that the observed energy distribution of su
events will not greatly distort the overall spectrum. One co
cern of this method is that the wall effects are not read
monitored. Since the predicted level of wall effects is n
verifiable, the actual wall effect rate is a free parameter in
fitting of the experimental data to the theory. The shape
the distortion due to wall effects is also not observable, a
©1999 The American Physical Society08-1
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is fixed for fitting purposes to that predicted by the Mon
Carlo simulations.

In this work we measure the screening potential for
3H decay. This paper will discuss the theory ofb decay and
the associated final-state and environmental effects in Se
and the observations and analysis in Sec. III. Conclusi
will be drawn from our results in Sec. IV.

II. BETA DECAY

For allowedb decays, the nuclear matrix element do
not depend on the lepton wave function. This permits us
employ a simplification in which summation of the squar
matrix elements over all final states and spin states will yi
a constant. The recoil energy of the nucleus may be
glected, since the maximum recoil energy is given simply

Er ,max5S me

Mnucl
D3Ee,max

For atomic tritium,Ee,max is ;18.6 keV, yielding;3 eV for
Er ,max, which will not produce ionization. The distribution o
b-particle energies~considering Coulomb interactions! is de-
scribed via

P~Ee!dEe5C8peEe~E02Ee!
2F~Zf ,Ee!dEe . ~1!

The spectrum is normalized via the constantC8, E0 is the
energy released in the decay,Ee is the b-particle energy,
E02Ee5En whereEn is the neutrino energy, andF(Zf ,Ee)
introduces a Coulomb correction factor, known as the Fe
function. This function of theb-particle energy and the
chargeZf of the daughter nucleus is given by@17,18#

F~Zf ,Ee!52~11s!~2pr!2s22eph
uG~s1 ih!u2

uG~2s11!u2
,

where r5 R/(\/mc) , R is the nuclear radius,p is the b
particle momentum in units ofmc, h52 aZf /b , a is the
fine-structure constant,b is the relativistic particle velocity
in units of c, ands5@12(aZf)

2#1/2.

A. Radiative corrections

Radiative corrections to theb-particle energy spectrum
are attributed to real or virtual photon emission or absorpt
by the b particle or the parent particle undergoing deca
Corrections involving one real or virtual photon vertex ha
a strength proportional toa. Corrections which involve two
vertices have a strength proportional toa2.

While it is anticipated that some of the decay energy w
take the form of real photons in the detector~e.g., brems-
strahlung photon emission!, for this detector such photon
will be largely converted into ionization. Our analysis
these corrections concludes that they will occur at a leve
only 1024 in theb spectrum, and that partial recovery of th
real photons in the gas will result in only a small effect,
the 1025 level, on the predicted shape of the spectrum.
other radiative corrections affect only the normalization
the distribution. Since we anticipate an experiment which
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systematic and statistical precisions of order;0.3% each,
we may therefore safely neglect radiative corrections.

B. Screening ofb particles by orbital electrons

Rose’s method to incorporate the effect on theb spectrum
@9# of screening of the nuclear charge by the orbital elect
cloud involved the use of the WKB approximation meth
for describing the electron wave function in the nuclear p
tential well. This method simplifies to a calculation of th
energy probability distribution for theb particles originating
in the potential wells which are due to the probable fin
states of the orbital electrons. In light atoms such as3H,
there is a large probability for shake-up of orbital electro
duringb decay, leading to a range of possible final states
a corresponding range of screening potentials. The W
method is valid in cases where the well depth is small re
tive to the particle energy. We will consider that a well dep
; 1

10 th or less of theb particle energy satisfies this criterion
This will prove to place a lower limit, for the purposes of th
work, on the reliable energy spectrum at;800 eV. Accord-
ing to Rose’s method, theb-particle energy distribution is
given as

P~Ee!dEe5C8pe8Ee8~E02Ee!
2F~Zf ,Ee8!dEe , ~2!

whereEe85Ee2Vs , andVs is the screening potential.
In this section, we will consider the screening potential

the decay of an isolated tritium atom. The additional effe
which can be predicted for the decay of tritium within
molecule will subsequently be considered in Sec. II C.

Shake-up and shake-off effects on screening

We begin by assuming that the velocity of theb particle
is large relative to that of the orbital electrons~the sudden
approximation! @19#. This implies that a decaying3H atom
instantaneously transforms to the daughter3He atom, with
the orbital electron cloud populating the3He orbitals in pro-
portions given by the overlap between the original3H orbital
and those of the3He atom. The overlap between the initi
orbital and the various possible final states governs the p
ability for any particular final state, and determines t
weight of the contributions of these instantaneous state
the screening potential. For atomic3H decay, the spherically
symmetric initial and final orbital electron wave function
are sufficiently described by their radial parts as found
numerous texts on quantum physics@20#, with Zi51, Zf
52.

Taking the 3H ground state as the initial state, overla
integrals are evaluated for final states including at least
ground state and the lowest three excited states of the da
ter 3He ~with d l ,l 8 always 0 forl 8Þ0!. Then

an5U E
0

`

dr R1,0~r !(3H)r
2Rn,0~r !(3He)U2

. ~3!

Thean shown in Table I thus determines the probabilities
shake-up to various final states, and completeness req
that the shake off probability is equal to one minus t
8-2
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MEASUREMENT OF THE SCREENING POTENTIAL IN . . . PHYSICAL REVIEW C60 034608
summed shake-up probabilities. For each of these poss
final states, according to the Rose approximation, the ef
of screening is best incorporated by introducing a chang
the distribution ofb particle energies which reflects the e
fect of the potential well for theb-particle birth location,
assumed to be at the center of the nucleus. This is simply
potential at the center of the nucleus for the orbital electr
calculated according to

Vn~0!5E
0

`

r 2 dr Rn,0~r !(3He)S e2

r DRn,0~r !(3He) . ~4!

This yields the energy shift results shown in the th
column of Table I. These are weighted by the shake-up
shake-off probabilites (an) shown in the second column o
Table I, for the final states (n) listed in the first column, in
arriving at the mean energy shift~screening potential! at the
bottom of the third column. The mean energy taken up i
excitation of the orbital electron is given in the fourth co
umn.

C. Consideration of molecular effects

It is not practical to maintain ionized or neutral atom
tritium in our detector, and so we chose a tritiated molec
to introduce the unstable element into our experiment. Th
will be small but significant effects on the spectrum due
changes in molecular binding and excitation which res
from the nuclear decays. We now include these molec
rearrangements into our theoretical considerations.

We employ tritiated methane (CH3T), called methyl tri-
tium, in the detector. There are particular advantages in
choice. One small advantage rests in the fact that the co
ing gas already contains methane (CH4) as a quencher, an
so no contamination of the counting gas will occur at t
trace levels of our additive. The main advantage is that
absorption of the3H into the walls and construction mater
als of the detector is retarded when it is introduced in a fo
which is tightly bound in such a large molecule rather th
for example, the T2 or HT molecules. This minimizes th
amount of 3H decaying in the walls of the detector and t
amount of bremsstrahlung photons entering the cham
One concern with this species is its relative complexity. T

TABLE I. 3H b-decay shake-up/shake-off probabilities, a
screening potentials. The overlap probabilities, chemical ene
shifts, and orbital excitation energy predictions are given for thb
decay of atomic3H, for various excited levels of the daughter ato

Final
state

(3Hen
(* ))

Transition
probability

(an)

Energy
shift
~eV!

Excitation
energy
~eV!

n51 0.7023 254.46 0.0
n52 0.2504 213.52 240.94
n53 0.0131 26.02 248.44
n54 0.0040 23.39 251.07
3He21 0.0302 0.0 254.46

Weighted sum 1.0000 241.73 212.73
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effects on theb-particle energy spectrum due to changes
the tritiated hydrogen molecule are calculable@21–25#, due
to the simple homonuclear diatomic structure of the m
ecule and its simple two-electron orbitals. Overlap calcu
tions for the HT decay to HHe are more readily complet
than are overlap calculations for the CH3T to CH3He decay.
Nonetheless, there has been substantial progress in the
retical and experimental study of the methyl tritium mo
ecule, enabling us to predict the shape of our spectrum.
acquire a working understanding of the possible molecu
changes which may affect our spectrum, we will consider
quantum chemistry.

1. Influence of molecular structure on theb-decay spectrum

The methane molecule contains a carbon atom, and
hydrogen atoms. In the tritiated molecule, one or more of
hydrogen atoms is replaced with its unstable heavier isoto
tritium. Chemical considerations are essentially unaffec
by the increased mass due to the triton. The molecule m
however be affected by the recoil of the daughter3He atom
subsequent to the decay, and by the shaking up of the m
ecule.

In a formal way, Kaplan and Smutney@21# have described
the molecular effects on the decay spectrum through the
troduction of an additional factor with the Fermi theory
account for the transitions to the various possible final m
lecular states. We will defineW0˜n as the fractional prob-
ability for excitation of the molecule to final staten, where
there areN21 discrete final states of excitation and theNth
state is excitation to the continuum~shake-off!. We also de-
fine DE0˜n as the chemical energy given up in a transiti
from the ground state of the parent molecule to thenth level
of excitation of the electron cloud for the daughter molecu
DE0˜n is referred to as the chemical shift. A negative val
of DE0˜n indicates energy transferred to the decay produ
and Kaplan and Smutney@21# have shown that this chemica
shift always transfers energy to the products in the deca
tritiated hydrocarbons. We employ this sign convention
the fragmentation energy taken up in the daughter prod
in this work. Then we simply rewrite Eq.~1! above as fol-
lows:

P~Ee!dEe5 (
n50

N

W0˜n@C8F~Zf ,Ee!peEe~En
n!2#dEe ,

where

En
n5E01DE0˜n2Ee .

Then upon expanding and squaringEn
n , and completing the

summation, we may simplify through the use of the me
value of the chemical shift:

P~Ee!dEe5C8peEe@~E02Ee!
212~E02Ee!•DE1DE2#

3F~Zf ,Ee!dEe . ~5!

In this last step, we have taken

y

8-3
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DE5 (
n50

N

W0˜nDE0˜n ,

DE25 (
n50

N

W0˜n~DE0˜n!2.

Strictly, this does not correctly describe the shape of
spectrum near the endpoint, where individual final sta
contribute astaircaseapproach to the axis. For our purpose
with our broad resolution function, and our focus on t
lower energy portion of the spectrum, this form of the equ
tion is preferable.

In the near Hartree-Fock formalism, electron orbitals
described with respect to the nuclear coordinates and for
but without consideration of the mutual repulsions~correla-
tions! between electrons. In addition, since the Hartree-F
orbitals typically conserve electron spin and orbital angu
momentum separately, better predictions are achieved
taking into account spin-orbit coupling through the config
ration interaction method. In this way, Ikuta, Iwata, and Im
mura@25# have calculated a 61% overlap, upon decay, to
CH3He1 ground state, with;250 eV of the decay energ
being required to excite the electron cloud and break
CH3-He bond. Kaplan and Smutney@21# have confirmed
these calculations, predicting that 62% of transitions will
to the ground state. Claxton, Schafroth, and Meier@24# have
also used similar methods to achieve very precise calc
tions for the methyl tritium molecule, employing a basis s
of 376 spin-adapted configurations~SAC’s!, yielding DE5
252.10 eV, after summing over 99.83% of the final stat
They predict 59% overlap to the ground state of CH3He1,
and they provide a detailed prediction of the excitation sp
trum of the decay products in their Fig. 1.~Their more am-
bitious calculation used 2926 SAC’s, and yieldedDE5
249.5 eV, with 57.8% transition probability to the groun
state, but they provide no detail for the excitation spectr
from this calculation. For our purposes, these small diff
ences are not significant within our resolution, whereas
excitation spectrum from their simpler analysis is of us!
While they have not quoted a value forDE2, it may be
estimated from their figure to be within 20% of (DE)2 for
the 376 SAC case, thus introducing a small error to
above calculation on making such a substitution. This
ables us to use the term (E02Ee1DE)2 in place of the
square-bracketed term in Eq.~5! above. Lippmaaet al. @26#
have measured the3H˜

3He mass defect as 18 59962 eV.
We initially take this for ourE0 , redefiningEe as only the
kinetic energy of the escapingb particle. ~Audi et al. @27#
have revised this to 18 59062 eV in NUBASE, published sub-
sequent to our initial analysis. This difference was found
have no significant effect on our results.! Subsequently ig-
noring the small uncertainty acquired in substituting (DE)2

in place ofDE2, we modify Eq.~5! to describe our spectrum
substituting in place ofE0 the valueE01DE518 547 eV.
~In this, we have thus far neglected eventual recovery of
of the excitation energy in ionization of the gas. We call th
the neutralization energy, and we will treat this as a shift
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the origin of our energy spectrum when analyzing the obs
vations.! Thus, we move beyond the sudden approximat
and account for the energy balance of the orbital electr
and the decay products.

The additional energy uncertainties which we have
resolved in our calculations above include the<3 eV
nuclear recoil energy, the62 eV uncertainty in the Lippmaa
et al. end-point measurement, and the;5 eV ~before squar-
ing! uncertainty acquired in the use of (DE)2 for the final
term in the sum in Eq.~5! above.

2. Methyl tritium decays, screening effects revisited

We note thatDE is significantly greater than the methan
bond energy of218.2 eV, placing our decision to treat th
excitation of the orbital electron structure as a perturbation
the b decay in question. Nonetheless Kaplan and Smut
@21# have argued that the ‘‘instantaneity’’ of the decay fra
mentation andb-particle escape relative to the nuclear rec
justifies this use of perturbation methods forb-particle ener-
gies above;870 eV. In the event that the decay results
dissociation of the daughter3He atom, with the rest of the
molecule remaining intact, there are three possible fi
states:

CH3T˜CH3
(* )1 3He1(* )1b21 n̄e , ~6!

CH3T˜CH3
1(* )1 3He(* )1b21 n̄e , ~7!

CH3T˜CH3
2(* )1 3He211b21 n̄e , ~8!

where the superscripts~* ! indicate the inclusion of all pos
sible excited states. Snell and Pleasanton@28# have reported
that a neutral3He decay product is observed for 83%
decays and Eq.~6! is almost never observed, despite the se
consistent field~SCF! calculations which predict;60%
overlap to the CH3He1 ground state.@All other observed end
states were more fragmented, and, Eq.~8! was never ob-
served.# This seeming inconsistency between predictions a
observations is acknowledged by Ikuta, Iwata, and Imamu
where they note that this discrepancy must indicate so
probability that the CH3

1 ion is left excited. They have also
calculated that there is no minimum in the relationship b
tween the CH3-He bond energy and the bond length, and th
the binding continues to decrease at large distance. This
dicates that the molecule will inevitably not accept the3He
daughter. The energy lost to the decay from the breaking
the CH3-He bond is accounted for in the calculations of K
plan and Smutney, as well as those of Ikuta, Iwata, and Im
mura, and those of Claxton, Schafroth, and Meier, thou
there are small disagreements (;2 eV) in the magnitude of
the total chemical energy change.

In the sudden approximation, which we employ to d
scribe the atomic and molecular environment encountered
the decay products, the molecule has not had time to di
ciate. Palke and Lipscomb@29# give the occupation numbe
for electrons at the hydrogen atom in methane as 0.8
based on a calculation employing linear combinations
atomic orbitals to produce molecular orbitals@linear combi-
8-4
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MEASUREMENT OF THE SCREENING POTENTIAL IN . . . PHYSICAL REVIEW C60 034608
nation of atomic orbitals–molecular orbitals~LCAO-MO!
method#. This suggests a minimum screening potential, c
sistent with the sudden approximation, of 0.867341.7
536.2 eV. Kaplan and Smutney@21# have predicted that the
molecular rearrangement is largely local to the decaying3H
atom, and that the electron density at the daughter3He will
increase by 0.915 in the decay. Taking Palke’s and Li
comb’s calculations for the CH4 molecule and increasing thi
by 0.915 yields a naive estimate of the occupation num
for electrons at the3He daughter of 1.782. In so doing, if w
further assume that the increased electron occupation
directly to the ground state, we predict a screening poten
of ;86 eV. On the other hand, if the weightings shown
Table I apply to the total electron cloud at the3He atom, the
screening potential will be 74 eV, and the excitation of t
electron cloud at the3He atom will agree with the Claxton
Schafroth, and Meier calculation of the mean excitation
ergy to within about two electron volts. The calculations
Claxton, Schafroth, and Meier predict 59% overlap to
ground state of the CH3He1 ion, compared with 70% from
Table I above for the isolated atom, which supports a gre
level of excitation of the molecule than is evident in o
naive extrapolation of the Table I calculations into the
creased electron density in the decay. However, while
uncertainties mentioned above in Sec. II C 1 pertain to
spectrum end point, the;5 eV uncertainty acquired in th
use of (DE)2 in place of DE2 will also affect Vs . This
uncertainty and the eventual neutralization of the de
products preclude distinguishing these small excitation va
tions from our results. We, therefore, predict a range
screening potentials,Vs , of between 36 and 86 eV, with 7
eV or more being consistent with the SCF calculations
Claxton, Schafroth, and Meier, and 36 eV being consist
with the sudden approximation for the atom alone. T
higher screening potentials will also be consistent with
predictions of Kaplan and Smutney of an increased elec
density at the decaying atom, and will support an hypothe
that this increased electron density contributes in the ca
lation of the screening potential. This will then lead to
expectation of a high probability for a neutral3He atom
among the decay products. In this last respect, this will a
be consistent with the observations of Snell and Pleasa
of ;83% probability of neutral helium in the final states.

We will, therefore, fit our experimental data to a theor
ical b spectrum, where

P~Ee!dEe5C8F~Zf ,Ees!~E0D2Ee!
2pesEesdEe . ~9!

We will use

Ees5Ee2Vs ,

and

E0D5E01DE5185476265 eV.

where the 2 eV is attributable to Lippmaaet al., and the 5 eV
is due to our simplification ofDE2.

For an isolated3H atom, the degree of excitation of th
daughter3He electron orbitals is determined as described
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Sec. II B 1 above, by the overlap between hydrogen and
lium orbitals. In the molecular case, similar overlap calcu
tions using LCAO-MO orbitals predict the degree of excit
tion of the molecule. The calculation of Claxton, Schafro
and Meier predicted the mean excitation of the CH3He1 mol-
ecule, D«* , as 220.4 eV. This may be compared wit
212.7 eV of excitation in the case of the decay of the b
atom alone, as shown in the fourth column of Table I,
absolute increase of;8 eV. The efficiency for conversion o
this excitation energy into ionization in the gas is not p
cisely determined. It is a function of the electron emissi
and fluorescence spectra of the daughter products, and
ionization potentials of the components of the gas. Kap
and Smutney@21# discuss the effects of theb decay on the
molecular electron shell. They conclude that the excitat
spectra for all organic molecules are similar, exhibiting
single electron transition for approximately half of excite
molecules, and multielectron transitions for the remain
cases. This suggests a minimum weighted mean of 0.6
pairs liberated on neutralization, which will be registered
16 eV in the gas. The excitation spectrum is carefully p
dicted by Claxton, Schafroth, and Meier for the 376 SA
case. Since the lowest excited state in their excitation sp
trum is 22 eV above the ground state, and this exceeds
ionization potential for methane molecules, one may ma
naive predictions of the resulting ionization which will b
observed in the spectrometer. Through analyzing this exc
tion spectrum, we are led to expect neutralization of
products to produce a weighted mean of up to 1.16 ion p
in the gas, based on the methane ionization potential. At
calibration established for the spectrometer, this would
observed as 30 eV of neutralization energy, offsetting
origin of our b spectrum.

We therefore study the low-energy end of the spectru
near the limit of the region of validity for Rose’s approxim
tion, for evidence of a screening potentialVs , which is
closer to 74 eV than to 36 eV. This prediction for the scree
ing potential is guided by theoretical investigations of3H b
decay in the CH3T molecule, and specifically by the calcu
lations of Claxton, Schafroth, and Meier givingDE
5252.1 eV andD«* 5220.4 eV, and the predictions o
Kaplan and Smutney of a 0.915 increase in electron inten
at the decaying atom. We also expect our spectrum to
shifted from the analyzer pedestal by between;16 and
;30 eV due to the recovery of some of the molecular n
tralization energy in the gas, simultaneously with the ioniz
tion attributable to theb particle.

III. OBSERVATIONS AND ANALYSIS

Our observations were made with a large volume prop
tional chamber, containing tritiated methane in 90% arg
10% methane (P10) counting gas. We discuss our expe
mental method, and the precision of our apparatus elsew
@16#. Our characterization of the detector employed two
tivated K-capture sources (37Ar and 79Kr) mixed in trace
amounts into the counting gas, and an external55Fe x-ray
source. The activated sources initiate ionizing showers in
P10 counting gas, largely through Auger electron emiss
8-5
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either on decay or in subsequent fluorescence conversion
the argon of the counting gas. The small fraction of rema
ing fluorescence decays converts easily in the gas, and
mits precise determination of two critical characteristics
the detector. Our gas proportional chamber energy resolu
was observed to be 14.5% full width at half maximu
~FWHM! at the 55Mn Ka1 x-ray ~5899 eV!, and to vary as
E21/2 across the spectrum. We have also measured a s
charge nonlinearity affecting both the energy axis and
normalization at the fractional level of 2.231025

65% ch21. An additional fiducial volume dependence o
energy was measured, in ourb spectra, at the level o
3.73102567% ch21. Backgrounds were observed at belo
2% of the data rate, and carefully analyzed. A careful ba
ground subtraction method is employed, since the meas
ment of the background spectrum is contaminated by
sidual 3H outgassing from the chamber constructi
materials, which affects the observation of the detector
time and may lead to incorrect subtraction of the ba
grounds.

A. Background spectra

The dominant components of the backgrounds can be
cessfully described as originating in three ways. One com
nent of the background is a gently sloping~with energy!
distribution resulting from cosmic and other natural rad
tion. We have also identified some fluorescence featu
which we believe result from excitation of the gold catho
surfaces by these backgrounds. We also observe aE21 event
distribution attributable to bremsstrahlung photons origin
ing within the detector walls, largely from3H nuclei con-
taminating these walls.

In determining the actual shape and rate of these ba
ground components in order to subtract them from our
tium observations, account was taken of the raw backgro
event rate to be expected in the chamber, exclusive of
residual tritium which outgasses into the detector from
construction materials during a background acquisition
periment. As well, corrections are applied to the magnitu
of the background subtraction in order to compensate for
detector dead time which results from our attempts
achieve a high tritium to background event ratio during fin
spectrum acquisition. The analysis of the backgrounds
conducted as discussed in our prior paper@16#.

B. 3H b-decay spectrum

1. Gas gain matching

The necessity to ensure adequate matching of the gas
sity and gas gain conditions between background data
and 3H data sets has led us to also record the position o
peak due to our55Fe source immediatelybefore and after
acquiring background and3H spectra. For the particular pa
of background and3H spectra to be discussed below, t
peaks were observed to be nearly coincident, with the g
for the background spectrum being 0.5% smaller than tha
the 3H spectrum. This difference is of the same order as
drift in the peak position during acquisition of the bac
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ground. To rebin the background spectrum prior to subtr
tion from the 3H data would require careful management
the uncertainties for each channel of background data,
undoubtedly would slightly increase the uncertainty in th
data set. We have considered the value of doing such re
ning for this pair of spectra, and compared the results of s
rebinning with the raw background data. It is apparent fro
the differences between the original background data set,
a rebinned data set, that there is little benefit in rebinning
data. The difference between the two data sets is of o
;10–;40 counts per channel over the entire useful range
the data. After subtraction of the3H contamination of the
background spectrum and scaling the balance in orde
achieve anequal live timesubtraction, the difference will be
less than;20 counts per channel, which is trivial relative
the normal deviations in each channel of the 108 events of
3H data. In addition, the difference between these two d
sets is a smooth function, small compared with and yet si
lar in shape to the energy dependence in the detector’s
ceptance. We will disregard this small mismatch in gas ga

2. The 3H spectrum

The reduced background shown in our previous paper
subtracted from the3H spectrum of Fig. 1. The resulting
change in the spectrum is barely apparent in the lower ene
portion of Fig. 1. The background accounts for less than
of the 3H spectrum, and the uncertainties due to the ba
ground subtraction were added to those of the3H data, in-
creasing the3H statistical uncertainty by less than1

8 s.
We now compare the observed spectrum to our theore

predictions, fitting the data to theb-particle energy distribu-
tion described in Eq.~9! above. We convolve the theory wit
elements of our detector’s response, allowing for the m
sured energy calibration nonlinearity of 2.231025 ch21

times the energy dispersion~and associated channel widt
increases!, the detector’s additional acceptance nonlinear

FIG. 1. 3H b-decay spectrum before and after background s
traction.
8-6
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FIG. 2. 3H spectrum preliminary fit results.~a! Fit spectrum.~b! Fractional deviations of data from fit~error bars are;1s!. For clarity,
only one of each three data points is shown.
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of 3.731025 ch21 times the normalization constant, the wa
effects predicted with our Monte Carlo simulations at ab
5
8 s near the maximum in the spectrum, initially using t
predicted screening potential and neutralization energy.
fit the spectrum in the higher energy region first, where
wall effects are most pronounced, in order to determine
magnitude of these effects and to verify the systematics
our experiment. Then we fit the lower energy portion of t
spectrum, where the shape is most sensitive to screenin
order to better determine the magnitude of the screening
tential. Finally, we investigate the consistency of both de
mined parameters across the combined range in the s
trum, allowing for the neutralization energy, and we itera
the fitting where necessary.

We make our initial fits over theb-particle energy range
of 2.14–14.9 keV, assuming the predicted wall effects, a
eV screening potential, and220 eV of neutralization energy
The normalization and energy dispersion are free parame
in these fits. The spectrum has a maximum near 2.5 k
This fit yields ax2 of 1168, for the 1150 degrees of freedo
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V.

~Fig. 2!, or 1.016 per degree of freedom, giving a 34.9
goodness of fit. We have tested the dependence of this fi
the detector’s energy resolution, varying the nominal 14.
FWHM resolution at the55Mn Ka1 x ray between 13.0 and
16.0%, without affectingx2.

We now look at the influence of the wall effects on th
measurement. We have allowed the magnitude of wall
fects to be a third free parameter in refitting the data. T
refit of the spectrum indicates a higher level of wall effec
than we have estimated, by a factor of 2.21. This may be
to difficulties in simulating the interactions of low-energ
electrons@30#. The x2 from this fit is 1141 units, over the
now 1149 degrees of freedom, yielding 56.1% goodness
fit. ~For normally distributed deviations, there is a 1% pro
ability of achieving a measured result for whichx2

@5 d2/s2>2.582#'6.66 for one degree of freedom@31#. We
therefore take an improvement inx2 of 6.66, attributed to a
change in one parameter, as supporting 99% confidenc
the improved value assigned to that parameter over the p
value. In this case, our improvement attributable to the w
8-7
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C. K. HARGROVE, D. J. PATERSON, AND I. S. BATKIN PHYSICAL REVIEW C60 034608
effect parameter is more than four times this.! The region of
the fit was the same as for the prior fit, and includes 80%
the 98.4 million 3H events recorded in the spectrum. T
improvement inx2 of 27 units, due to the introduction of th
wall effect parameter, is a strong indicator that event deg
dation due to wall effects is more prevalent in the obser
tions than we had first predicted, and the effect exceedss
near the maximum in the spectrum.

3. Wall effects vs nonlinear effects

We have investigated the dependence of our fits
the nonlinear corrections which we have applied to o
spectrum. The space charge nonlinearity which affects b
the normalization and the linearity of the energy axis, h
been measured at 2.231025 ch2165%. The additional en-
ergy dependence in the fiducial volume was measure
3.731025 ch2167%, and affects the normalization alon
The combined normalization correction factor for the sp
trum is 5.931025 ch2166%. We are also interested in po
sible correlations between the magnitude of the wall eff
and that of the correction due to these nonlinear effects
ing the fitting, since there is some residual uncertainty in
nonlinear corrections and an apparently large deviation in
wall effect from our expectations. The concern arises
cause these corrections act in opposite ways upon the hi
energy portions of our spectra, and may blow up if impro
erly constrained in the analysis. We have, therefore, fit
3H spectrum for wall effect corrections of between zero a
four times the Monte Carlo prediction, while varying th
combined nonlinear effects between 3.031025 ch21 and
9.031025 ch21. For each value of the strength of the wa
effect correction, we have sought the nonlinear correct
which produces a minimum inx2, and then sought the
strength of the wall effect correction which achieves t
minimumx2 from all of these tests. The results are shown
Fig. 3. The curves in Fig. 3~a! demonstrate the dependen
of the quality of the fits on the nonlinear correction term f
these various strengths of wall effects. The solid curve is
a wall effect of two times the Monte Carlo predicted valu
while the dot-dashed curve to the left~right! is for a wall
correction of zero~four! times the prediction, and the dashe
curve is for a wall correction of one~three! times the pre-
dicted strength. Clearly from Fig. 3~a!, thex2 minima at all
strengths of wall effects indicate combined nonlinear ter
near the (5.960.4)31025 ch21 range which we determine
from the measurements discussed in our previous paper.
wall effect indicated in Fig. 3~b! which minimizesx2 is
2.2160.68 (95% C.L.), in agreement with the factor
2.21 indicated in our refit above. Figure 3~c! demonstrates
the minimized nonlinear correction of 5.8460.16
31025 ch21 ~95% C.L.!, which overlaps the measured valu
precisely and coincides with the wall effect strength near
times the Monte Carlo prediction. This statistical analysis
the dependence of the quality of the fit on these two syst
atic effects yields a more certain determination (62.7%) of
the nonlinearities than the66% systematic uncertainty es
tablished through the direct measurements, reflecting
strong dependence ofx2 on variations in the nonlinearities
We now also have a determination of the wall effect
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2.2160.68~95% C.L.! times our predicted strength, which
over three standard deviations above our prediction. We
lieve that this deviation between the prediction and the
result reflects the fact that angular distributions for lo
energy electron scattering are poorly modeled. While this
a significant deviation, it constitutes about a3

4 s excursion
from expectations near the peak of our3H spectra, and it is
a smooth function. The shape of this distortion tends
supplement those regions of the3H b-energy spectrum
which are most probable, and to deplete the less prob
regions of the spectrum.

4. The screening potential

We next test our spectrum for the predicted screen
effect. In our initial fits above, we have assumed the th
retically supported 74 eV screening potential, and found s
nificantly improved fits at larger simulated wall effects th
our Monte Carlo prediction. However, in this, we have fit t
spectrum only above 2.1 keV, in a region which is decide
less sensitive to the screening effect than is the region be
2 keV. We next test the lower energy region for goodness
fit to various values of the screening potential, while emplo
ing the normalization, energy calibration, and wall effect
parameters found in our refit above.

FIG. 3. Nonlinearity and wall effect correlations.~a! x2 minima
are found for wall effect strengths of between 0 and 4 times
predicted strength, for nonlinearities between 3.031025 ch21 and
9.031025 ch21. ~b! The minima from~a! above are fit to determine
the overall minimum at wall effect strength of 2.2160.68 times the
Monte Carlo prediction.~c! The nonlinearity which achieves th
minimum in x2 is 5.8431025 ch2162.7%, which overlaps the
measured value.
8-8
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MEASUREMENT OF THE SCREENING POTENTIAL IN . . . PHYSICAL REVIEW C60 034608
In Table II, we show the results for fits between 800 e
and 2.1 keV, for various values of the screening potent
The x2 values shown in the table are the totals over the 1
channels employed in our series of screening fits, and
confidence levels demonstrate the goodness of the fits w
all of the parameters in the theory have been held fixed.

We have plotted the screening potentials and thex2 val-
ues of Table II in Fig. 4. The dependence ofx2 on the
screening parameter exhibits a minimum, with the best va
for the screening potential being 76.563.2 eV ~68% C.L.!.
This result overlaps the 74 eV assumed in fitting the reg
above 2.1 keV.

Finally, the spectrum was fit over the energy range of 8
eV to 14.9 keV, seeking a simultaneous best fit for five f
parameters, those being the normalization, energy disper
wall effects, screening potential, and neutralization ener
The fitting ~Fig. 5! produces ax2 of 1286 units, over 1272
degrees of freedom, indicating by the 38.6% goodness o
that the deviations between the fit and the observations
randomly distributed. The wall effects concluded from th
fit are at a strength of 2.2460.18 times the Monte Carlo
level, in agreement with the above analyses. The corresp
ing value of the screening potential is 75.763.5 eV ~68%
C.L.!, in agreement with our expectations and overlapp
the previous results for the 800 eV to 2.1 keV region with

TABLE II. Low-energy screening potential tests. Results of
ting the observations for screening potentials of between 60 an
eV. The wall effect factor used was 2.21 times the Monte Ca
prediction.~The normalizing constant and energy dispersion w
held constant.!

Screening
potential

~eV!

x2

~125 ch!
Goodness

of fit
%

60 247.6 !0.1
65 195.0 !0.1
70 160.8 1.6
75 145.5 8.4
80 149.0 4.8
85 171.3 0.2
90 212.7 !0.1
95 273.2 !0.1

FIG. 4. x2 versus screening potential, for screening potentials
between 60 and 95 eV. The minimumx2 occurs for a screening
potential of 76.5 eV63.2 eV ~68% C.L.!.
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1s. The fit also indicates that222.062.6 eV~68% C.L.! of
ionization of the counting gas is recovered from neutrali
tion of the decay products. The prediction of Claxton, Sc
froth, and Meier was220.4 eV of excitation, which we ex
pect to produce between 16 and 30 eV of neutralizat
energy in our spectrometer. We have studied the deviat
between the data and the fit function in the region betw
800 eV and 2.1 keV, where the spectrum is most sensitiv
the screening. The result of this study is consistent with
overall result, with a minimizedx2 achieved with a screen
ing potential of 76.063.2 eV ~68% C.L.! in this region.

We have noted a strong anticorrelation between
screening and neutralization parameters over the 2367 eV
range of predicted neutralization values. The67 eV uncer-
tainty in these expectations is not resolved by the sm
changes inx2 produced across this range. We also hav
65 eV uncertainty in the neutralization result, due to o
6 1

2 channel pedestal uncertainty. We therefore comb
these to identify an uncertainty in our neutralization result
69 eV, and through the anticorrelation we also attach t
uncertainty to our screening potential result.

We have considered the systematic corrections applie
our analysis, and the possibility that errors in these corr
tions may bias the results. In the lower portion of Fig. 6, w
demonstrate our3H spectrum at an arbitrary scale. The upp
portion of the figure shows those systematic corrections
plied in fitting the observations to the Fermi theory. T
analysis extends across 1277 of the 1650 data chan
~93.4% of the events in the spectrum!, from about 800 eV to
near 14.9 keV. The cross hatched areas shown were excl
in the analysis. The higher energy excluded region is unc
tain for both statistical and systematic reasons, being a
gion which contains few3H events, and also a region whe
systematic effects begin to deviate from the correction al
rithms which describe these effects very well elsewhere. T
lower energy excluded region contains spectrometer trig
efficiency difficulties, as well as the potential for systema
and intrinsic noise to corrupt our event selection@16#. ~This
is also the region in which the WKB approximation tec
nique, which is the basis of the Rose approximation, m
cease to be applicable.! The solid curves above and belo
zero demonstrate61s as a fraction of the background sub
tracted spectrum. The background fraction, already s
tracted, is seen to vary from about 2.5% of the data, down
about half that. The uncertainty contributed by the ba
ground subtraction will be;0.1% or less. The prominent Au
L x-ray lines, discussed in our prior paper@16# are apparent
near channels 850 and 1050. There is no apparent res
from this subtraction evident in Fig. 5. Wall effects deple
the spectrum at higher energies, and supplement at ene
near the maximum in the spectrum. The level of wall effe
~shown with the dot-dashed curve!, at 2.260.7 ~95% C.L.!
times the predicted level is still small, exceedings for the
data by a small amount near the maximum in the spectr
and more substantially at higher energies. Space charg
fects, measured at 2.231025 ch2165%, affect the normal-
ization of the spectrometer as well as the linearity of t
energy axis. The nonlinear energy scale is shown below

95
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FIG. 5. Final3H spectrum fit results.~a! x2 minimized fit with five simultaneous free parameters~normalization, energy axis dispersion
wall effect strength, screening potential, and molecular neutralization energy!. The results are consistent with the wall effect streng
determined above, and with the predicted screening potential and neutralization energy.~b! Residual deviations of the data~one out of each
three channels shown! from the fit function show no significant systematic structure~normally distributed with a mean of 0.0160.03s, and
a width of 0.9960.02s!.
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3H spectrum. The effect is to increase the channel width
the spectrometer progressively across the range employe
fitting, reaching almost a 3% effect in the highest ene
channels. Similarly, a fiducial volume increase with ene
of 3.731025 ch2167% @16# requires correction. Both o
these corrections are shown with dotted lines. The effec
the screening potential on the shape of the spectrum is
nounced, as demonstrated by the dashed line indicating
relative shape of the fit function which would result fro
employing a 0 eVscreening potential in this analysis, wit
all other parameters held fixed at the values which resu
from our fitting. The impact of the 76 eV screening rang
from a 0.2% effect at highest energies, to about 2% at
lowest energies in our fit region. This effect on the shape
the spectrum is dramatically different from that which resu
from the two normalization corrections, and is comparable
that which results from our full and careful background su
traction. The unexpected increase in the level of wall effe
03460
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contributes in the lower energy regions at only a small fr
tion of the strength of the screening potential indicated he

We therefore find ourb spectrum to be well fitted with a
screening potential~Fig. 5! of 76 eV. Our 68% C.L. statisti-
cal uncertainty is64 eV, and our systematic uncertainty
69 eV. The simultaneous neutralization energy result
22263 ~stat! 69 ~sys! eV. This result for the neutralization
energy overlaps the22367 eV range derived from the work
of Kaplan and Smutney@21# and the excitation spectrum o
Claxton, Schafroth, and Meier@24#. All other uncertainties in
our predictions are at the spectrum end point, and there
have little impact on these observations of the low-ene
portion of the spectrum. These results for the screening
neutralization energies are consistent with the predictio
with our prior conclusion that the wall effect probability
2.260.7 times the Monte Carlo prediction~95% C.L.!, and
with our measured systematic nonlinearities of 5.931025

66% ch21.
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MEASUREMENT OF THE SCREENING POTENTIAL IN . . . PHYSICAL REVIEW C60 034608
FIG. 6. Magnitude of corrections to the spectrum. The3H b spectrum is shown at the bottom of the figure, at an arbitrary scale, with
nonlinear energy axis drawn beneath. Factors affecting the fitting are shown as fractions of the background subtracted spectrum
time scaled background fraction ranges between about 2.5% and 1% across the spectrum, with the peaks attributed to AuL excitation clearly
visible. The wall effect correction is shown~dot-dashed curve! with the shape predicted by our Monte Carlo, but at a level 2.2 times
predicted level, as optimized in the fitting. The measured space charge and fiducial volume dependences on energy affect the no
in the manner shown~dotted lines!. The 61s statistical uncertainty for the spectrum is also shown~solid lines!. The fit region contains
93.4% of the;108 3H b events collected~after the 1.6% background subtraction!. The fits favored a screening potential of 76 e
concurrently with222 eV recovered from neutralization of the daughter products. The relative effect of fitting with a 0 eV screening
potential is also shown~dashed line!.
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IV. CONCLUSIONS

We have used the gas proportional chamber techniqu
study theb-decay spectrum of tritium. This technique
uniquely suited to this measurement because of its good
ergy resolution~;210 eV at 2 keV!, its calorimetric nature,
and its small corrections for wall effects, and fiducial volum
and instrumental nonlinearities. We have observed with c
tainty, and measured the effect of atomic screening on
energy spectrum fromb decays in the tritiated methane mo
ecule.

The standard Fermi theory was used to describe
b-decay spectrum of3H nuclei. Radiative corrections to th
theory were found to be negligible at the level of<1023

times the probabilities resulting from the simpler theory. T
correction normally made for the screening by the orb
03460
to

n-

r-
e

e

e
l

electron cloud on the Coulomb field of the nucleus was
corporated by the Rose approximation. We have predic
the effect of this correction on the atomic3H b spectrum.
We have chosen to observe the decay of3H in the methyl
tritium molecule, and have considered the effects of this m
lecular environment on theb spectrum.

One concern in our detector is the loss of energy byb
particles hitting the walls. The apparatus was designed
operate with a small surface area to gas volume ratio, hav
a large radius and being run at a high pressure (;5 Atm) to
keep this effect below;0.5%. This contamination of theb
spectrum has been simulated, and it is predicted to be s
but not insignificant. The predicted wall effect fraction is le
than 0.5% overall, and is 0.25%, or about5

8 s, for data chan-
nels near the maximum in the3H b spectrum. We have
8-11
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C. K. HARGROVE, D. J. PATERSON, AND I. S. BATKIN PHYSICAL REVIEW C60 034608
developed a correction to the spectrum for this effect, wh
we apply during results analysis. Our observations stron
indicate that wall effects occur at about 2.260.7 times this
prediction, or about 1% of the data. This produces a dis
tion of order 1.4s near the peak of our spectrum, which
about 3

4 s ~0.3% of events! greater than anticipated.
We have studied background contamination of the3H

spectra, which was measured at the level of<2% of our
data. The components of the background are well und
stood, and have been useful in confirming the predictab
of the nonlinear space charge effects@16#. This background
is easily subtracted from our3H spectra prior to compariso
of our observations with the theory. We have produced3H
spectra, and performed a background subtraction on the
lected data. The data has been fit to the theory descri
convolved with the systematic effects previously measu
and the simulated wall effects.

In fitting the resulting spectra to the theory, the screen
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d
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nd
v

m
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correction was incorporated through Rose’s technique.
have determined that the observed spectrum is consis
with the theory, on the presumption that the wall effects ha
been underestimated by the factor determined above.

Our measuredb spectrum fits well to a screening pote
tial, due to the final-state orbital electron cloud of the daug
ter 3He atom, of 7664 ~stat! 69 ~sys! eV. This is consistent
with a high electron occupation probability at the daugh
3He atom in the decay. We simultaneously fit for22263
~stat! 69 ~sys! eV of neutralization energy. Calculations b
Kaplan and Smutney@21#, Ikuta, Iwata, and Imamura@25#,
and Claxton, Schafroth, and Meier@24# predict the probabil-
ity to produce neutral, ground-state products in this decay
;62%, ;61%, and;59%, respectively. Our result is con
sistent with all of these predictions, and suggests that th
may be small admixtures of excited neutral or ionized3He
along with excited CH3

1 or other products in the remainin
final states.
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