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Measurement of the screening potential in®H 8 decay
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A gas proportional chamber has been employed to make precise observations of the low-energy portion of
the ®H B spectrum in methane molecules. This spectrum has been well fit to the combination of an electron
screening potential of 764 (sta) =9 (sys eV, simultaneously with-22+ 3 (sta) +9 (sy9 eV of molecular
neutralization energy recovered in ionization of the gas. Both of these values are consistent with expectations
based on self-consistent field predictiof80556-281@9)02309-2

PACS numbd(s): 23.40—s

[. INTRODUCTION gies, these factors can alter the theoretical prediction of the
spectrum by a few percent. The screening potential is calcu-
The ®H B-decay spectrum has been a frequent subject folable, but requires a theoretical determination of the final-
study, combining the advantages of a simple nucleus withstate probabilities for the atomic or molecular electron struc-
in a minimal electron cloud and low decay energyture. Possible final states for tifedecay of the tritium atom
(~18.6 ke\j relative to that typical of otheB decays. Itis an include the initial orbital electron being found in thite
allowed transition according to selection rules, thus having ground state, or one of the possible excited stegbake-up,
relatively short lifetime so that high activity is easily or the atom may be doubly ionizédhake-off. In the case
achieved. It has been the primary choice for spectrum endahere the tritium is bound in a molecule, these final-state
point studies in searches for evidence of neutrino masy.  probabilities are altered. In predicting the energy spectrum,
It has also recently been the subject of attempts to obsenal such final states are considered through corrections to the
discontinuities in the shape of the spectrum in pursuit ofpredicted energy of the escapiggparticle in recognition of
evidence for heavy neutrinos. A smahl-(%) heavy neu- the depth of the well from which thg particle must escape
trino component, with a mass near 17 keV, was suspected gsior to observation by a spectrometer. Adjustments are also
a consequence of the studies of thé spectrum by Simpson made to the energy liberated in the decay to account for
[3], apparently supported in studies made by other researclehemical energy changes in the decay. The above-mentioned
ers[4—8] employing isotopes of heavier elements. In thesesearches for evidence of massive neutrinos concentrated on
studies, discontinuities in the slopes of the spectra ofhe electron spectra above thel keV region, which loosely
[B-particle energies were observed to occur at points near 1defines a boundary for the region of validity of these ap-
keV below the end-point energies for the isotopes undeproximations, though the absolute magnitude of these correc-
study. This support proved not to be robust in the other isotions was a matter of some theoretical discussion following
topes being studied, and the 17 keV neutrino was excluded &impson’s observatiorfd3-15.
levels below3%. However, the carefufH observations of This work makes high precision studies of thdd
Simpson have not yet been understood. B-decay energy spectrum, employing a gas proportional
One of the uncertain factors in the analysis of the heavichambe{16]. The advantages of this method are its calori-
neutrino experimental results is an approximation in themetric nature, its simplicity, and its good resolution at e
B-decay theory. This approximation, by Rd$d, makes a 3 energies. Our data collection runs have typicall§ #e-
correction to the predicted shape for the reduction in strengthays each. This provides us withrlstatistical uncertainties
of the Coulomb field of the nucleus as seen by the escapingf ~0.3% in each analog-to-digital converter channel be-
B particle due to the shielding of the nuclear charge by theween~1 and ~5 keV. Background rates have been care-
cloud of bound electrons. This is ttsereeningeffect. To  fully measured to be 2% of the data rate, distributed similarly
make this correction, a further approximation is made byto the *H spectrum. The uncertainty in the background sub-
assuming that the daughter atom suddenly has the atomiraction is less than 0.11% of the observations.
orbital structure of the parent. These approximations are gen- For this work, Monte Carlo simulations have predicted
erally believed to result in an inaccuracy in the theoreticathat about 0.45% of th@ particles will encounter the detec-
spectrum at energies of less tharl keV, depending upon tor walls, and that the observed energy distribution of such
the isotope being studied. Unfortunately, studies generallgvents will not greatly distort the overall spectrum. One con-
have not attempted to test the validity of these approximaeern of this method is that the wall effects are not readily
tions even at such energies, due to the difficulties inherent imonitored. Since the predicted level of wall effects is not
gathering reliable high statistics observations in this energyerifiable, the actual wall effect rate is a free parameter in the
region, where detector systematic difficulties and environ{itting of the experimental data to the theory. The shape of
mental effects will dominat¢10—-12. Even at higher ener- the distortion due to wall effects is also not observable, and
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is fixed for fitting purposes to that predicted by the Montesystematic and statistical precisions of orde0.3% each,

Carlo simulations. we may therefore safely neglect radiative corrections.
In this work we measure the screening potential for the

3H decay. This paper will discuss the theory@tiecay and B. Screening of 8 particles by orbital electrons

the associated final-state and environmental effects in Sec. Il,

Rose’s method to incorporate the effect on ghgpectrum

of screening of the nuclear charge by the orbital electron
cloud involved the use of the WKB approximation method
for describing the electron wave function in the nuclear po-

Il. BETA DECAY tential well. This method simplifies to a calculation of the

For allowed 8 decays, the nuclear matrix element does€nergy probability distribution for thg particles originating
not depend on the lepton wave function. This permits us tdn the potential wells which are due to the probable final
employ a simplification in which summation of the squaredstates of the orbital electrons. In light atoms such’at
matrix elements over all final states and spin states will yieldhere is a large probability for shake-up of orbital electrons
a constant. The recoil energy of the nucleus may be neduringg decay, leading to a range of possible final states and

glected, since the maximum recoil energy is given simply agt corresponding range of screening potentials. The WKB
method is valid in cases where the well depth is small rela-

Me tive to the particle energy. We will consider that a well depth
Ermac | - X Ee max ~ &th or less of thes particle energy satisfies this criterion.
This will prove to place a lower limit, for the purposes of this

For atomic tritium Ee, maxis ~18.6 keV, yielding~3 eV for ~ work, on the reliable energy spectrum-a800 eV. Accord-
E, max Which will not produce ionization. The distribution of ing to Rose’s method, thg-particle energy distribution is
B-particle energiesconsidering Coulomb interactionss de-  given as

scribed via
P(E¢)dE.=C'pLEL(Eq—E¢)?F(Z;,EL)dE., (2

and the observations and analysis in Sec. lll. Conclusionfg]
will be drawn from our results in Sec. IV.

P(Ee)dEeZC’peEe(EO_Ee)zF(Zf1Ee)dEe- (1) . i i
whereE,=E.—V,, andVj is the screening potential.

The spectrum is normalized via the const@it E, is the In this section, we will consider the screening potential in
energy released in the decdy, is the B-particle energy, the decay of an isolated trittum atom. The additional effects
E,— E.=E, whereE, is the neutrino energy, arfé(Z; ,E,)  which can be predicted for the decay of tritum within a
introduces a Coulomb correction factor, known as the Fermimolecule will subsequently be considered in Sec. Il C.
function. This function of theg-particle energy and the
chargeZ; of the daughter nucleus is given by7,1§ Shake-up and shake-off effects on screening

N We begin by assuming that the velocity of tBeparticle
[C(s+in) is large relative to that of the orbital electrofthe sudden
IT(2s+1)[*’ approximation [19]. This implies that a decayingH atom
) _ ) instantaneously transforms to the daughtete atom, with
where p=R/(7/mc), R is the nuclear radiusp is the 8 the orbital electron cloud populating tiéle orbitals in pro-
particle momentum in units ahc, 7=— aZ;/B, ais the  nyortions given by the overlap between the origifil orbital
fine-structure constang is the relativistic particle velocity 44 those of theHe atom. The overlap between the initial

F(Z;,Ee)=2(1+5)(2pp)** 2e™”

H H — 21172 . . . .
in units ofc, ands=[1—(aZ;)"]™ orbital and the various possible final states governs the prob-
ability for any particular final state, and determines the
A. Radiative corrections weight of the contributions of these instantaneous states to

the screening potential. For atomiel decay, the spherically
psymmetric initial and final orbital electron wave functions

are attributed to real or virtual photon emission or absorptio -~ . . . ;
by the 8 particle or the parent particle undergoing decay.are sufficiently described by their radial parts as found in
numerous texts on quantum physic0], with Z,=1, Z;

Corrections involving one real or virtual photon vertex have

a strength proportional ta. Corrections which involve two - 3 L
vertices have a strength proportional 8. Taking the *H ground state as the initial state, overlap

While it is anticipated that some of the decay energy willintegrals are evaluated for final stateg including at least the
take the form of real photons in the detecterg., brems- gronémd sta_te and the lowest three excited states of the daugh-
strahlung photon emissignfor this detector such photons (€' “He (with &, always 0 forl” #0). Then
will be largely converted into ionization. Our analysis of . )
these corrgctlons concludes that they W|I[ occur at a level of an:‘ j drR, o(f)(SH)ran o) hey| - (3)
only 10”4 in the 8 spectrum, and that partial recovery of the 0 ’ '
real photons in the gas will result in only a small effect, at
the 10°° level, on the predicted shape of the spectrum. AllThe @, shown in Table | thus determines the probabilities for
other radiative corrections affect only the normalization ofshake-up to various final states, and completeness requires
the distribution. Since we anticipate an experiment which haghat the shake off probability is equal to one minus the

Radiative corrections to thg-particle energy spectrum
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TABLE I. °H p-decay shake-up/shake-off probabilities, and effects on thes-particle energy spectrum due to changes in
screening potentials. The overlap probabilities, chemical energyhe tritiated hydrogen molecule are calculaf?d—25, due
shifts, and orbital excitation energy predictions are given forghe to the simple homonuclear diatomic structure of the mol-
decay of atomicH, for various excited levels of the daughter atom. gcyle and its simple two-electron orbitals. Overlap calcula-
tions for the HT decay to HHe are more readily completed

Final Transition Energy Excitation than are overlap calculations for the gJHo CHsHe decay.
e probability shift energy Nonetheless, there has been substantial progress in the theo-
(He™) (an) V) V) retical and experimental study of the methyl tritum mol-
n=1 0.7023 —54.46 0.0 ecule, enabling us to predict the shape of our spectrum. To
n=2 0.2504 —13.52 —40.94 acquire a working understanding of the possible molecular
n=3 0.0131 —6.02 —48.44 changes which may affect our spectrum, we will consider the
n=4 0.0040 ~3.39 ~51.07 quantum chemistry.
_3He2+ 0.0302 0.0 —54.46 1. Influence of molecular structure on thgd-decay spectrum
Weighted sum 1.0000 —41.73 -12.73

The methane molecule contains a carbon atom, and four
hydrogen atoms. In the tritiated molecule, one or more of the
summed shake-up probabilities. For each of these possiblegydrogen atoms is replaced with its unstable heavier isotope,
final states, according to the Rose approximation, the effedtitium. Chemical considerations are essentially unaffected
of screening is best incorporated by introducing a change ity the increased mass due to the triton. The molecule may
the distribution ofB particle energies which reflects the ef- however be affected by the recoil of the daughtele atom
fect of the potential well for the3-particle birth location, subsequent to the decay, and by the shaking up of the mol-
assumed to be at the center of the nucleus. This is simply thecule.
potential at the center of the nucleus for the orbital electron, In a formal way, Kaplan and Smutng®1] have described
calculated according to the molecular effects on the decay spectrum through the in-
troduction of an additional factor with the Fermi theory to

* e account for the transitions to the various possible final mo-
Va(0)= fo r2dr R”’O(r)@He)(T) RooDere- 4 jecular states. We will defin®,_,, as the fractional prob-
ability for excitation of the molecule to final state where

This y|e|ds the energy shift results shown in the thirdthere areN— 1 discrete final states of excitation and tkh
column of Table I. These are weighted by the shake-up angtate is excitation to the continuufshake-off. We also de-
shake-off probabilitesd,,) shown in the second column of fine AE,_,, as the chemical energy given up in a transition
Table |1, for the final statesn( listed in the first column, in  from the ground state of the parent molecule tortte level
arriving at the mean energy shificreening potentiplat the ~ Of excitation of the electron cloud for the daughter molecule.
bottom of the third column. The mean energy taken up intdAEo_.,, is referred to as the chemical shift. A negative value

excitation of the orbital electron is given in the fourth col- of AEy_,, indicates energy transferred to the decay products,
umn. and Kaplan and Smutng®1] have shown that this chemical

shift always transfers energy to the products in the decay of
tritiated hydrocarbons. We employ this sign convention for
the fragmentation energy taken up in the daughter products

It is not practical to maintain ionized or neutral atomic jn this work. Then we simply rewrite Eq1) above as fol-
tritium in our detector, and so we chose a tritiated moleculggys:

to introduce the unstable element into our experiment. There
will be small but significant effects on the spectrum due to N
changes in molecular binding and excitation which result P(E.)dE,= >, W,_,[C'F(Z,Ee)peEe(EM?IdE,,
from the nuclear decays. We now include these molecular n=0
rearrangements into our theoretical considerations.
We employ tritiated methane (GH), called methyl tri-  Where
tium, in the detector. There are particular advantages in this
choice. One small advantage rests in the fact that the count- El=E¢+AEo_,—E..
ing gas already contains methane (flds a quencher, and
so no contamination of the counting gas will occur at theThen upon expanding and squarig§, and completing the
trace levels of our additive. The main advantage is that thgummation, we may simplify through the use of the mean
absorption of the’H into the walls and construction materi- value of the chemical shift:
als of the detector is retarded when it is introduced in a form
which is tightly bound in such a large molecule rather than, P(Eo)dEs=C' poE[ (Eq— Eo)2+ Z(EO_Ee).EJFE]
for example, the T or HT molecules. This minimizes the
amount of 3H decaying in the walls of the detector and the XF(Zs,Ee)dE,. (5
amount of bremsstrahlung photons entering the chamber.
One concern with this species is its relative complexity. Then this last step, we have taken

2

C. Consideration of molecular effects
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N

o the origin of our energy spectrum when analyzing the obser-
AE=2, Wo_nAEon,
n=0

vations) Thus, we move beyond the sudden approximation
and account for the energy balance of the orbital electrons
and the decay products.

The additional energy uncertainties which we have not
resolved in our calculations above include the3eV
nuclear recoil energy, the 2 eV uncertainty in the Lippmaa

Strictly, this does not correctly describe the shape of thét @l- €nd-point measurement, and thes eV (before squar-
spectrum near the endpoint, where individual final stated"g) uncertainty acquired in the use oAE)? for the final
contribute astaircaseapproach to the axis. For our purposes,term in the sum in Eq(5) above.
with our broad resolution function, and our focus on the
lower energy portion of the spectrum, this form of the equa-

tion is preferable. _ _ We note that\E is significantly greater than the methane
In the near Hartree-Fock formalism, electron orbitals arg,qnq energy of-18.2 eV, placing our decision to treat the
described with respect to the nuclear coordinates and forcegycitation of the orbital electron structure as a perturbation to
b_ut without consideration of the_r_nutual repulsidiesrrela- the 8 decay in question. Nonetheless Kaplan and Smutney
tlon_s) betwe_en electrons. In addition, since the H_artree-FoclEzﬂ have argued that the “instantaneity” of the decay frag-
orbitals typically conserve electron spin and orbital angulaisentation angs-particle escape relative to the nuclear recoil
momentum separately, better predictions are achieved bysiifies this use of perturbation methods f@particle ener-
taking into account spin-orbit coupling through the configu-gies above~870eV. In the event that the decay results in
ration interaction method. In this way, Ikuta, Iwata, and Ima-gissociation of the daughtéiHe atom, with the rest of the

mura[2+5] have calculated a 61% overlap, upon decay, 10 thenglecule remaining intact, there are three possible final
CHzHe" ground state, with~—50eV of the decay energy giates:

being required to excite the electron cloud and break the

N

AE2=n§O Wo_n(AEq )2

2. Methyl tritium decays, screening effects revisited

CHz-He bond. Kaplan and Smutngy1] have confirmed CHyT—CHY )+ 3He" ) 4 B~ +73, (6)
these calculations, predicting that 62% of transitions will be e’

to the ground state. Claxton, Schafroth, and Mg2e{ have +(k) 1 Bya*) 4 @ 4

also used similar methods to achieve very precise calcula- CHgT—CH, ™ Het) + 57+, @)
tions for the methyl tritium molecule, employing a basis set )4 3P 4 g 4+

of 376 spin-adapted configuratiofSAC’s), yielding AE= CHsT—CH; ™+ “He™ + 5~ + e, ®

—52.10eV, after summing over 99.83% of the final states. . - . .
They predict 59% overlap to the ground state of 48", V\{here thg superscripts) indicate the inclusion of all pos-
and they provide a detailed prediction of the excitation spec-s'ble excited states. Snell and Pleasari@s] have reported

trum of the decay products in their Fig. Their more am-
bitious calculation used 2926 SAC's, and yieldAd=
—49.5eV, with 57.8% transition probability to the ground

state, but they provide no detail for the excitation spectrum
from this calculation. For our purposes, these small differ-
ences are not significant within our resolution, whereas thé

excitation spectrum from their simpler analysis is of use.
While they have not quoted a value farE?, it may be
estimated from their figure to be within 20% oAE)? for
the 376 SAC case, thus introducing a small error to th
above calculation on making such a substitution. This en
ables us to use the ternE§—E.+AE)? in place of the
square-bracketed term in Ep) above. Lippmaat al. [26]
have measured théH—3He mass defect as 18 592 eV.
We initially take this for ourgy, redefiningE, as only the
kinetic energy of the escaping patrticle. (Audi et al. [27]
have revised this to 18 5802 eV in NUBASE, published sub-

that a neutral®He decay product is observed for 83% of
decays and Ed6) is almost never observed, despite the self-
consistent field(SCH calculations which predict-60%
overlap to the ChHe™ ground statelAll other observed end
states were more fragmented, and, E8). was never ob-
erved] This seeming inconsistency between predictions and
Observations is acknowledged by lkuta, Iwata, and Imamura,
where they note that this discrepancy must indicate some
probability that the CH ion is left excited. They have also
calculated that there is no minimum in the relationship be-

Gween the CH-He bond energy and the bond length, and that

the binding continues to decrease at large distance. This in-
dicates that the molecule will inevitably not accept thée
daughter. The energy lost to the decay from the breaking of
the CH;-He bond is accounted for in the calculations of Ka-
plan and Smutney, as well as those of Ikuta, Iwata, and Ima-
mura, and those of Claxton, Schafroth, and Meier, though
there are small disagreements Z eV) in the magnitude of

sequent to our initial analysis. This difference was found tohe total chemical energy change.

have no significant effect on our resultSubsequently ig-
noring the small uncertainty acquired in substitutingE)
in place ofAE?, we modify Eq.(5) to describe our spectrum,
substituting in place of, the valueEy+AE=18547¢eV.

In the sudden approximation, which we employ to de-
scribe the atomic and molecular environment encountered by
the decay products, the molecule has not had time to disso-
ciate. Palke and Lipscom}29] give the occupation number

(In this, we have thus far neglected eventual recovery of anjor electrons at the hydrogen atom in methane as 0.867,

of the excitation energy in ionization of the gas. We call this

based on a calculation employing linear combinations of

the neutralization energy, and we will treat this as a shift inatomic orbitals to produce molecular orbitéalsear combi-
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nation of atomic orbitals—molecular orbita(t CAO-MO) Sec. IIB 1 above, by the overlap between hydrogen and he-
method. This suggests a minimum screening potential, condium orbitals. In the molecular case, similar overlap calcula-
sistent with the sudden approximation, of 0.86%1.7 tions using LCAO-MO orbitals predict the degree of excita-
=36.2eV. Kaplan and Smutng¢g21] have predicted that the tion of the molecule. The calculation of Claxton, Schafroth,
molecular rearrangement is largely local to the decayiHg and Meier predicted the mean excitation of the;8" mol-
atom, and that the electron density at the daugfiée will ecule, Ae*, as —20.4 eV. This may be compared with
increase by 0.915 in the decay. Taking Palke’s and Lips—12.7 eV of excitation in the case of the decay of the bare
comb’s calculations for the CHmolecule and increasing this atom alone, as shown in the fourth column of Table I, an
by 0.915 yields a naive estimate of the occupation numbeabsolute increase of 8 eV. The efficiency for conversion of
for electrons at théHe daughter of 1.782. In so doing, if we this excitation energy into ionization in the gas is not pre-
further assume that the increased electron occupation goessely determined. It is a function of the electron emission
directly to the ground state, we predict a screening potentigand fluorescence spectra of the daughter products, and the
of ~86 eV. On the other hand, if the weightings shown inionization potentials of the components of the gas. Kaplan
Table | apply to the total electron cloud at tRde atom, the and Smutney21] discuss the effects of thg decay on the
screening potential will be 74 eV, and the excitation of themolecular electron shell. They conclude that the excitation
electron cloud at théHe atom will agree with the Claxton, spectra for all organic molecules are similar, exhibiting a
Schafroth, and Meier calculation of the mean excitation ensingle electron transition for approximately half of excited
ergy to within about two electron volts. The calculations of molecules, and multielectron transitions for the remaining
Claxton, Schafroth, and Meier predict 59% overlap to thecases. This suggests a minimum weighted mean of 0.6 ion
ground state of the ClHe' ion, compared with 70% from pairs liberated on neutralization, which will be registered as
Table | above for the isolated atom, which supports a greatet6 eV in the gas. The excitation spectrum is carefully pre-
level of excitation of the molecule than is evident in our dicted by Claxton, Schafroth, and Meier for the 376 SAC
naive extrapolation of the Table | calculations into the in-case. Since the lowest excited state in their excitation spec-
creased electron density in the decay. However, while thérum is 22 eV above the ground state, and this exceeds the
uncertainties mentioned above in Sec. IIC1 pertain to théonization potential for methane molecules, one may make
spectrum end point, the-5 eV uncertainty acquired in the naive predictions of the resulting ionization which will be
use of AE)? in place of AEZ will also affect V. This  observed in the spectrometer. Through analyzing this excita-
uncertainty and the eventual neutralization of the decagion spectrum, we are led to expect neutralization of the
products preclude distinguishing these small excitation variaproducts to produce a weighted mean of up to 1.16 ion pairs
tions from our results. We, therefore, predict a range ofin the gas, based on the methane ionization potential. At the
screening potentiald/,, of between 36 and 86 eV, with 74 calibration established for the spectrometer, this would be
eV or more being consistent with the SCF calculations ofobserved as 30 eV of neutralization energy, offsetting the
Claxton, Schafroth, and Meier, and 36 eV being consisten@rigin of our 8 spectrum.
with the sudden approximation for the atom alone. The We therefore study the low-energy end of the spectrum,
higher screening potentials will also be consistent with thenear the limit of the region of validity for Rose’s approxima-
predictions of Kaplan and Smutney of an increased electrotion, for evidence of a screening potentdl, which is
density at the decaying atom, and will support an hypothesisloser to 74 eV than to 36 eV. This prediction for the screen-
that this increased electron density contributes in the calcung potential is guided by theoretical investigations®f 5
lation of the screening potential. This will then lead to andecay in the CHT molecule, and specifically by the calcu-
expectation of a high probability for a neutrdHe atom lations of Claxton, Schafroth, and Meier givindE
among the decay products. In this last respect, this will alse= —52.1 eV andAe*=—20.4eV, and the predictions of
be consistent with the observations of Snell and Pleasantakaplan and Smutney of a 0.915 increase in electron intensity
of ~83% probability of neutral helium in the final states. at the decaying atom. We also expect our spectrum to be
We will, therefore, fit our experimental data to a theoret-shifted from the analyzer pedestal by betweerl6 and
ical 8 spectrum, where ~30eV due to the recovery of some of the molecular neu-
. tralization energy in the gas, simultaneously with the ioniza-
P(Ee)dEe=C'F(Z;,Ees) (Eor—Ee)*PefesdBe.  (9) tion attributable to the3 particle.

We will use
I1l. OBSERVATIONS AND ANALYSIS
Ees=Ee™ Vs, Our observations were made with a large volume propor-
and tional chamber, containing tritiated methane in 90% argon/
L 10% methane RP10) counting gas. We discuss our experi-
Eop=Eo+AE=18547+2+5¢eV. mental method, and the precision of our apparatus elsewhere

[16]. Our characterization of the detector employed two ac-
where the 2 eV is attributable to Lippmagal, and the 5 eV tivated K-capture sources>(Ar and "°Kr) mixed in trace
is due to our simplification oAE?. amounts into the counting gas, and an exteri™&e x-ray
For an isolated®H atom, the degree of excitation of the source. The activated sources initiate ionizing showers in the
daughter®He electron orbitals is determined as described inP10 counting gas, largely through Auger electron emission
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either on decay or in subsequent fluorescence conversions on
the argon of the counting gas. The small fraction of remain-
ing fluorescence decays converts easily in the gas, and per-
mits precise determination of two critical characteristics of
the detector. Our gas proportional chamber energy resolution
was observed to be 14.5% full width at half maximum
(FWHM) at the ®*Mn K, x-ray (5899 eV}, and to vary as

E 12 across the spectrum. We have also measured a space
charge nonlinearity affecting both the energy axis and the
normalization at the fractional level of 2@10°° 60 |
+5% ch . An additional fiducial volume dependence on
energy was measured, in o spectra, at the level of 40
3.7X10 5+ 7% ch 1. Backgrounds were observed at below [
2% of the data rate, and carefully analyzed. A careful back-
ground subtraction method is employed, since the measure-
ment of the background spectrum is contaminated by re- i
sidual H outgassing from the chamber construction [} T SN N EEEE FE N AN NS PR
materials, which affects the observation of the detector live 400 600 800 1000 1200140%22%‘229“1
time and may lead to incorrect subtraction of the back- Tritium Spectrum
grounds.

Background Fraction in Anode Data = 0.016
120

AN

100

Number of Events (1 0 )

o]
S
—T

FIG. 1. ®H B-decay spectrum before and after background sub-
traction.
A. Background spectra

The dominant components of the backgrounds can be $uélround. To rebin the background spectrum prior to subtrac-

3 .
cessfully described as originating in three ways. One compgi©n from the °H data would require careful management of

nent of the background is a gently slopirigith energy the uncertainties for each channel of background data, and

distribution resulting from cosmic and other natural radia-Undoubtedly would slightly increase the uncertainty in this

tion. We have also identified some fluorescence featured2t@ set. We have considered the value of doing such rebin-

which we believe result from excitation of the gold cathodeNiNg for this pair of spectra, and compared the results of such

surfaces by these backgrounds. We also obseB/etaevent rebinping with the raw backgrqu.nd data. It is apparent from
distribution attributable to bremsstrahlung photons originatihe differences between the original background data set, and
ing within the detector walls, largely fromH nuclei con- & rebinned d_ata set, that there is little benefit in reb!nnmg this
taminating these walls. data. The difference between the two dat.a sets is of order

In determining the actual shape and rate of these back™ 10—~40 counts per channel over the entire useful range of

ground components in order to subtract them from our trifhe data. After subtraction of théH contamination of the

tium observations, account was taken of the raw backgrounf@ckground spectrum and scaling the balance in order to
event rate to be expected in the chamber, exclusive of th@chieve arequal live timesubtraction, the difference will be
residual tritium which outgasses into the detector from thd€SS tham-20 counts per channel, which is trivial relative to
construction materials during a background acquisition ex:[3he normal deviations in each channel of thé B9ents of
periment. As well, corrections are applied to the magnitude H data. In addition, the difference between these two data
of the background subtraction in order to compensate for th&€tS is @ smooth function, small compared with and yet simi-
detector dead time which results from our attempts td@r in shape to the energy dependence in the detector's ac-
achieve a high tritium to background event ratio during finalcePtance. We will disregard this small mismatch in gas gain.
spectrum acquisition. The analysis of the backgrounds was s
conducted as discussed in our prior paji]. 2. The °H spectrum
The reduced background shown in our previous paper was
B. 3H B-decay spectrum subtracted from the’H spectrum of Fig. 1. The resulting
change in the spectrum is barely apparent in the lower energy
portion of Fig. 1. The background accounts for less than 2%
The necessity to ensure adequate matching of the gas deot the *H spectrum, and the uncertainties due to the back-
sity and gas gain conditions between background data setgound subtraction were added to those of fivedata, in-
and ®H data sets has led us to also record the position of @reasing the’H statistical uncertainty by less thamr.
peak due to our®Fe source immediatelpefore and after We now compare the observed spectrum to our theoretical
acquiring background antH spectra. For the particular pair predictions, fitting the data to thé-particle energy distribu-
of background and®H spectra to be discussed below, thetion described in Eq(9) above. We convolve the theory with
peaks were observed to be nearly coincident, with the gaielements of our detector’s response, allowing for the mea-
for the background spectrum being 0.5% smaller than that cfured energy calibration nonlinearity of X20 Sch™!
the 3H spectrum. This difference is of the same order as theimes the energy dispersiof@and associated channel width
drift in the peak position during acquisition of the back- increasel the detector’s additional acceptance nonlinearity

1. Gas gain matching
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FIG. 2. 3H spectrum preliminary fit result$a) Fit spectrum(b) Fractional deviations of data from fierror bars are-10). For clarity,
only one of each three data points is shown.

of 3.7x10 % ch ! times the normalization constant, the wall (Fig. 2), or 1.016 per degree of freedom, giving a 34.9%
effects predicted with our Monte Carlo simulations at aboutgoodness of fit. We have tested the dependence of this fit on
2o near the maximum in the spectrum, initially using thethe detector’'s energy resolution, varying the nominal 14.5%
predicted screening potential and neutralization energy. WEWHM resolution at the®Mn K ,; x ray between 13.0 and
fit the spectrum in the higher energy region first, where thel6.0%, without affectingy?.
wall effects are most pronounced, in order to determine the We now look at the influence of the wall effects on the
magnitude of these effects and to verify the systematics ofmeasurement. We have allowed the magnitude of wall ef-
our experiment. Then we fit the lower energy portion of thefects to be a third free parameter in refitting the data. The
spectrum, where the shape is most sensitive to screening, iefit of the spectrum indicates a higher level of wall effects
order to better determine the magnitude of the screening pdhan we have estimated, by a factor of 2.21. This may be due
tential. Finally, we investigate the consistency of both deterto difficulties in simulating the interactions of low-energy
mined parameters across the combined range in the speelectrons[30]. The x? from this fit is 1141 units, over the
trum, allowing for the neutralization energy, and we iteratenow 1149 degrees of freedom, yielding 56.1% goodness of
the fitting where necessary. fit. (For normally distributed deviations, there is a 1% prob-
We make our initial fits over th@-particle energy range ability of achieving a measured result for whick?
of 2.14-14.9 keV, assuming the predicted wall effects, a 74= 6%/ 0°=2.58]~6.66 for one degree of freeddi@l]. We
eV screening potential, and 20 eV of neutralization energy. therefore take an improvement yt of 6.66, attributed to a
The normalization and energy dispersion are free parametechange in one parameter, as supporting 99% confidence in
in these fits. The spectrum has a maximum near 2.5 keMthe improved value assigned to that parameter over the prior
This fit yields ay? of 1168, for the 1150 degrees of freedom value. In this case, our improvement attributable to the walll
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effect parameter is more than four times thighe region of "% 2200 F=Woall Factor 0, 3.
the fit was the same as for the prior fit, and includes 80% of C Wall Factor 1, X'y, = 1160.8 at 5,59X 107 = - -=
he 98.4 milli 3H t ded in th t Th 2000 —Wall Factor 2, Xwo = 1141.2 at 583X 107" 4— " =
the 98.4 mi |<_)n2 events recorded in the spectrum. The CRWall Factor 3, x'w, = 1150.8 at 6.05X 107 »--3v*
improvement iny= of 27 units, due to the introduction of the 1800 F*Wall Factor 4, xm, = 1186.5 at 6.25X10™° = -~
wall effect parameter, is a strong indicator that event degra- NN
dation due to wall effects is more prevalent in the observa-

tions than we had first predicted, and the effect exceeds 1 1400

near the maximum in the spectrum.

1211 ot 5.32X107° & - - .

[
-

-

3. Wall effects vs nonlinear effects 1000
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We have investigated the dependence of our fits on

)
2

the nonlinear corrections which we have applied to our (@) Non-Linearity (10° ch”)
spectrum. The space charge nonlinearity which affects both«, 250 ¢ Nimimized 5 = 1140.7 | = 12350 £ Mimimized f = 1141.7
the normalization and the linearity of the energy axis, has 220 - 220 s
been measured at 2210 °ch 1+5%. The additional en- 1210 & Otivgllszogg;zo’? 1210 f“onl:ezgs_;a A:;;OCL
ergy dependence in the fiducial volume was measured at 7200 B 200 =\ T
3.7X10 °ch '+7%, and affects the normalization alone. 190 == 190 ==

The combined normalization correction factor for the spec- /80 & 1180 ==

trum is 5.9<107°ch = 6%. We are also interested in pos- 170 170 £

sible correlations between the magnitude of the wall effect 7760 = 160 ==

and that of the correction due to these nonlinear effects dur- 750 == 150 ==

ing the fitting, since there is some residual uncertainty in the /1% i— | | i I| | 1140 %— o
nonlinear corrections and an apparently large deviation in the 230 St LS i Ho e i
wall effect from our expectations. The concern arises be- (b)  Wall Effect Strength Factor c)  NomLinearity (10° ch”)

cause these corrections act in opposite ways upon the higher

energy portions of our spectra, and may blow up if improp- FIG. 3. Nonlinearity and wall effect correlations) x? minima
erly constrained in the analysis. We have, therefore, fit thé@re found for wall effect strengths of between 0 and 4 times the
3H spectrum for wall effect corrections of between zero andPredicted strength, for nonlinearities between>310 °ch ! and

four times the Monte Carlo prediction, while varying the 9-0X10"°ch™™ (b) The minima from(a) above are fit to determine
combined nonlinear effects between 8.00 5ch~! and the overall minimum at wall effect strength of 2:20.68 times the

9.0x 10 5ch L. For each value of the strength of the wall Monte Carlo prediction(c) The nonlinearity which achieves the

. . . mini in x2 is 5. 5 ch™1+2.79 [
effect correction, we have sought the nonlinear correctiory ' mum 1N AT 1S 5841077 ch "£2.7%, which overlaps the

which produces a minimum in2, and then sought the measured value.

strength of the wall effect correction which achieves the

minimum y? from all of these tests. The results are shown in2.21+0.68(95% C.L) times our predicted strength, which is
Fig. 3. The curves in Fig. (8 demonstrate the dependence over three standard deviations above our prediction. We be-
of the quality of the fits on the nonlinear correction term for lieve that this deviation between the prediction and the fit
these various strengths of wall effects. The solid curve is foresult reflects the fact that angular distributions for low-
a wall effect of two times the Monte Carlo predicted value,energy electron scattering are poorly modeled. While this is
while the dot-dashed curve to the léfight) is for a wall  a significant deviation, it constitutes abouta excursion
correction of zerdfour) times the prediction, and the dashed from expectations near the peak of ot spectra, and it is
curve is for a wall correction of onéhreg times the pre- a3 smooth function. The shape of this distortion tends to
dicted strength. Clearly from Fig(#&, the x? minima at all supplement those regions of thH B-energy spectrum

strengths of wall effects indicate combined nonlinear termsyhich are most probable, and to deplete the less probable
near the (5.9:0.4)x 10"°ch™* range which we determined regions of the spectrum.

from the measurements discussed in our previous paper. The

wall effect indicated in Fig. @) which minimizes y? is _ i

2.21+0.68 (95% C.L.), in agreement with the factor of 4. The screening potential

2.21 indicated in our refit above. FigurécB demonstrates We next test our spectrum for the predicted screening
the minimized nonlinear correction of 584.16 effect. In our initial fits above, we have assumed the theo-
X 10 °ch 1 (95% C.L), which overlaps the measured value retically supported 74 eV screening potential, and found sig-
precisely and coincides with the wall effect strength near 2.2ificantly improved fits at larger simulated wall effects than
times the Monte Carlo prediction. This statistical analysis ofour Monte Carlo prediction. However, in this, we have fit the
the dependence of the quality of the fit on these two systemspectrum only above 2.1 keV, in a region which is decidedly
atic effects yields a more certain determinatian.7%) of  less sensitive to the screening effect than is the region below
the nonlinearities than the: 6% systematic uncertainty es- 2 keV. We next test the lower energy region for goodness of
tablished through the direct measurements, reflecting thét to various values of the screening potential, while employ-
strong dependence af on variations in the nonlinearities. ing the normalization, energy calibration, and wall effect fit
We now also have a determination of the wall effect ofparameters found in our refit above.
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TABLE II. Low-energy screening potential tests. Results of fit- 1~ The fit also indicates that 22.0+2.6 eV (68% C.L) of

ting the observations for screening potentials of between 60 and g%nization of the counting gas is recovered from neutraliza-

eV. The wall effect factor used was 2.21 times the Monte Carlo,. -
prediction.(The normalizing constant and energy dispersion WeretIon of the decay products. The prediction of Claxton, Scha-

held constan. froth, and Meier was-20.4 eV of excitation, which we ex-
pect to produce between 16 and 30 eV of neutralization

Screening X Goodness energy in our spectrometer. We have studied the deviations
potential (125 ch of fit between the data and the fit function in the region between
(ev) % 800 eV and 2.1 keV, where the spectrum is most sensitive to
the screening. The result of this study is consistent with the
60 247.6 <0.1 , AP .
65 195.0 <01 pverall regult, with a minimizecgy achle_ved _Wlth Q screen-
70 160.8 16 ing potential of 76.6:3.2 eV (68% Q.L) in thls region.
75 1455 8.4 We _have noted a str_ong anticorrelation between the
80 149.0 48 screening ano_l neutrahzatpn parameters over the 28V
85 1713 02 range pf predicted neutrgllzatl_on values. Th& eV uncer-
90 2127 <01 tainty in Fhese expectations is n.ot resolved by the small
95 2732 <01 changes iny? produced across this range. We also have a

+5 eV uncertainty in the neutralization result, due to our
+3% channel pedestal uncertainty. We therefore combine
In Table I, we show the results for fits between 800 eVthese to identify an uncertainty in our neutralization result of
and 2.1 keV, for various values of the screening potential=9 eV, and through the anticorrelation we also attach this
The x? values shown in the table are the totals over the 12&incertainty to our screening potential result.
channels employed in our series of screening fits, and the We have considered the systematic corrections applied in
confidence levels demonstrate the goodness of the fits whemur analysis, and the possibility that errors in these correc-
all of the parameters in the theory have been held fixed. tions may bias the results. In the lower portion of Fig. 6, we
We have plotted the screening potentials andtheval-  demonstrate oufH spectrum at an arbitrary scale. The upper
ues of Table Il in Fig. 4. The dependence pf on the portion of the figure shows those systematic corrections ap-
screening parameter exhibits a minimum, with the best valuglied in fitting the observations to the Fermi theory. The
for the screening potential being 76:3.2eV (68% C.L). analysis extends across 1277 of the 1650 data channels
This result overlaps the 74 eV assumed in fitting the regior{93.4% of the events in the spectryrfrom about 800 eV to
above 2.1 keV. near 14.9 keV. The cross hatched areas shown were excluded
Finally, the spectrum was fit over the energy range of 800n the analysis. The higher energy excluded region is uncer-
eV to 14.9 keV, seeking a simultaneous best fit for five freetain for both statistical and systematic reasons, being a re-
parameters, those being the normalization, energy dispersiogion which contains few’H events, and also a region where
wall effects, screening potential, and neutralization energysystematic effects begin to deviate from the correction algo-
The fitting (Fig. 5) produces ay? of 1286 units, over 1272 rithms which describe these effects very well elsewhere. The
degrees of freedom, indicating by the 38.6% goodness of filower energy excluded region contains spectrometer trigger
that the deviations between the fit and the observations arfficiency difficulties, as well as the potential for systematic
randomly distributed. The wall effects concluded from thisand intrinsic noise to corrupt our event selectjds]. (This
fit are at a strength of 2.240.18 times the Monte Carlo is also the region in which the WKB approximation tech-
level, in agreement with the above analyses. The correspondque, which is the basis of the Rose approximation, may
ing value of the screening potential is 7%.3.5eV (68%  cease to be applicableThe solid curves above and below
C.L.), in agreement with our expectations and overlappingzero demonstrate- 1o as a fraction of the background sub-
the previous results for the 800 eV to 2.1 keV region withintracted spectrum. The background fraction, already sub-
tracted, is seen to vary from about 2.5% of the data, down to

~, 300 £ about half that. The uncertainty contributed by the back-
280 = o ground subtraction will be-0.1% or less. The prominent Au
260 - Best Fit Sereening Potentiol = 76.5 &¥ L x-ray lines, discussed in our prior pagds] are apparent
240 = near channels 850 and 1050. There is no apparent residue
220 = from this subtraction evident in Fig. 5. Wall effects deplete
200 & the spectrum at higher energies, and supplement at energies
180 E- near the maximum in the spectrum. The level of wall effects
jjg 3 sk (shown with the dot-dashed cuiveat 2.2+0.7 (95% C.L)
Eolodbodeb lend o oo b, times the predicted level is still small, exceediagor the
55 60 65 70 75 80 85 90 95 I00 data by a small amount near the maximum in the spectrum,

S ing Potential (eV, . . .
crecning Potential (¢V) and more substantially at higher energies. Space charge ef-

FIG. 4. x2 versus screening potential, for screening potentials offects, measured at 2210 > ch™*+5%, affect the normal-
between 60 and 95 eV. The minimug? occurs for a screening ization of the spectrometer as well as the linearity of the
potential of 76.5e¥3.2eV (68% C.L). energy axis. The nonlinear energy scale is shown below the
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FIG. 5. Final®H spectrum fit resultsa) x> minimized fit with five simultaneous free parametérsrmalization, energy axis dispersion,
wall effect strength, screening potential, and molecular neutralization enéFgg results are consistent with the wall effect strength
determined above, and with the predicted screening potential and neutralization €beRpsidual deviations of the datane out of each
three channels showifrom the fit function show no significant systematic structgmermally distributed with a mean of 0.810.03», and
a width of 0.99-0.027).

3H spectrum. The effect is to increase the channel widths ogontributes in the lower energy regions at only a small frac-
the spectrometer progressively across the range employed fi@n of the strength of the screening potential indicated here.
fitting, reaching almost a 3% effect in the highest energy We therefore find oug spectrum to be well fitted with a
channels. Similarly, a fiducial volume increase with energyscreening potentialFig. 5 of 76 eV. Our 68% C.L. statisti-

of 3.7x10 °ch '+ 7% [16] requires correction. Both of cal uncertainty ist4 eV, and our systematic uncertainty is
these corrections are shown with dotted lines. The effect of-9 €V. The simultaneous neutralization energy result is
the screening potential on the shape of the spectrum is pro=22=3 (sta) =9 (sy9 eV. This result for the neutralization
nounced, as demonstrated by the dashed line indicating trenergy overlaps the 23+ 7 eV range derived from the work
relative shape of the fit function which would result from of Kaplan and Smutnef21] and the excitation spectrum of
employirg a 0 eVscreening potential in this analysis, with Claxton, Schafroth, and Mei¢24]. All other uncertainties in

all other parameters held fixed at the values which resulte@ur predictions are at the spectrum end point, and therefore
from our fitting. The impact of the 76 eV screening rangeshave little impact on these observations of the low-energy
from a 0.2% effect at highest energies, to about 2% at thgortion of the spectrum. These results for the screening and
lowest energies in our fit region. This effect on the shape oheutralization energies are consistent with the predictions,
the spectrum is dramatically different from that which resultswith our prior conclusion that the wall effect probability is
from the two normalization corrections, and is comparable t2.2=0.7 times the Monte Carlo predictid85% C.L), and

that which results from our full and careful background sub-with our measured systematic nonlinearities of 619~ °
traction. The unexpected increase in the level of wall effects= 6% ch ™.
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FIG. 6. Magnitude of corrections to the spectrum. Fhe8 spectrum is shown at the bottom of the figure, at an arbitrary scale, with the
nonlinear energy axis drawn beneath. Factors affecting the fitting are shown as fractions of the background subtracted spectrum. The live
time scaled background fraction ranges between about 2.5% and 1% across the spectrum, with the peaks attributexicitaion clearly
visible. The wall effect correction is showdot-dashed curyewith the shape predicted by our Monte Carlo, but at a level 2.2 times the
predicted level, as optimized in the fitting. The measured space charge and fiducial volume dependences on energy affect the normalization
in the manner showidotted line$. The + 1o statistical uncertainty for the spectrum is also shdawlid lineg. The fit region contains
93.4% of the~10® 3H B events collectedafter the 1.6% background subtractioThe fits favored a screening potential of 76 eV,
concurrently with—22 eV recovered from neutralization of the daughter products. The relative effect of fittihgawit eV screening
potential is also showfdashed ling

V. CONCLUSIONS electron cloud on the Coulomb field of the nucleus was in-

We have used the gas proportional chamber technique tcorporated by the Rose approximation. We have predicted

study the B-decay spectrum of tritium. This technique is t%e effect of this correction on the atomiti 4 spectrum.

uniquely suited to this measurement because of its good eYe have chosen to observe the decay’Hifin the methyl
ergy resolution(~210eV at 2 keV, its calorimetric nature, tritium mole_cule, and have considered the effects of this mo-
and its small corrections for wall effects, and fiducial volume!€cular environment on thg spectrum.
and instrumental nonlinearities. We have observed with cer- One concern in our detector is the loss of energygby
tainty, and measured the effect of atomic screening on thearticles hitting the walls. The apparatus was designed to
energy spectrum frong decays in the tritiated methane mol- operate with a small surface area to gas volume ratio, having
ecule. a large radius and being run at a high pressur® @Atm) to

The standard Fermi theory was used to describe th&eep this effect below-0.5%. This contamination of thg
B-decay spectrum ofH nuclei. Radiative corrections to the spectrum has been simulated, and it is predicted to be small
theory were found to be negligible at the level sf10™3 but not insignificant. The predicted wall effect fraction is less
times the probabilities resulting from the simpler theory. Thethan 0.5% overall, and is 0.25%, or ab@ut, for data chan-
correction normally made for the screening by the orbitalnels near the maximum in théH B spectrum. We have
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developed a correction to the spectrum for this effect, whiclcorrection was incorporated through Rose’s technique. We
we apply during results analysis. Our observations strongljrave determined that the observed spectrum is consistent
indicate that wall effects occur at about 2.0.7 times this  with the theory, on the presumption that the wall effects have
prediction, or about 1% of the data. This produces a distorbeen underestimated by the factor determined above.
tion of order 1.4 near the peak of our spectrum, which is ~ Our measureg spectrum fits well to a screening poten-
about3 o (0.3% of eventsgreater than anticipated. tial, due to the final-state orbital electron cloud of the daugh-
We have studied background contamination of f¢  ter *He atom, of 764 (stay =9 (sy9 eV. This is consistent
spectra, which was measured at the levelsi2% of our ~ Wwith a high electron occupation probability at the daughter
data. The components of the background are well under?He atom in the decay. We simultaneously fit fer22+3
stood, and have been useful in confirming the predictabilitysta) =9 (sys eV of neutralization energy. Calculations by
of the nonlinear space charge effeft$]. This background Kaplan and Smutnej21], lkuta, Iwata, and Imamurg25],
is easily subtracted from ouiH spectra prior to comparison and Claxton, Schafroth, and Meif24] predict the probabil-
of our observations with the theory. We have produéed ity to produce neutral, ground-state products in this decay as
spectra, and performed a background subtraction on the cof=62%, ~61%, and~59%, respectively. Our result is con-
lected data. The data has been fit to the theory describedistent with all of these predictions, and suggests that there
convolved with the systematic effects previously measurednay be small admixtures of excited neutral or ioniZtte
and the simulated wall effects. along with excited CH or other products in the remaining
In fitting the resulting spectra to the theory, the screenindinal states.
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