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We discuss in the framework of linear muffin-tin orbital method and Bahcall's calculations how the ratio of
L- to K-shell electron capture ratek/K ratio) in “Be would be affected by the host medium in whitBe is
implanted. Our calculations show that the recently observed discrepancy between the measured and observed
L/K ratio in 'Be could be understood quantitatively as a result of in-medium effects distortinig-shell
electron orbital of'Be.
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The study of electron capture BYBe nucleus is a topic of pecause only & electrons [-shell electronsof "Be are se-
current interest and has contributed to many fields such a$0u3|y affected by such effects whereas Electrons
the development of solar model, test of weak interactionK-shell electrons of ‘Be are hardly influenced by in-
theory, etc.’Be is the lightest radioactive nucleus that de-medium effects. As a result, the ratiolofto K-shell electron
cays by electron capture. It would be of special interest tcapture rates ifBe nucleus is expected to be rather sensitive
understand_/K capture ratio in’Be, because at low atomic to the host medium wheréBe is implanted.
number the correction factéto L/K ratio) for exchange and  In this paper, we show that the/K ratio in "Be can
overlap effects becomes very large. So such studies will tedpdeed drop significantly from its ideal theoretical value, be-

the basic theories of exchange and overlap corrections at loffAUSe on the averagéBe atoms lose a very significant frac-
atomic number. tion of their 2s electrons as a result of implantation @e in

Recently Voytaset al. [1] implanted "Be in mercury tel- a medium. Let us first discuss this problem qualitatively in

luride (HgTe) and measured the ratio af to K-shell elec- terms of electron affinity and lattice dimensions.

tron capture rates ofBe using a cryogenic microcalorimeter The electron affinity of beryllium is-0.19 eV([8]. The
_ " negative value of electron affinity for beryllium means that
They found thelL./K capture ratio to be 0.0400.006. gative vall nry yru

h ) ¢ d ined solely f there is no bound state of an extra electron to the ground
The ratio[2] of L to K capture determined solely from giaie of the beryllium atom. The average number o&c-

Hartree’s[3] calculated $ and 2 radial wave functions (.15 that’Be loses, when implanted in a medium, depends
(having two full 1s and 2 electrony of "Be atom is o the electron affinity and lattice structure of the host me-
=0.0331. However, exchange and overlap corrections t@jjum. A beryllium atom implanted in a medium having high
L/K ratio are very important for low atomic number nuclei electron affinity will lose a larger fraction of itss2electrons
and cannot be neglected. At present, there are two basic theompared to a beryllium atom implanted in a medium of low
oretical approachefgt], one due to Bahcall and another due electron affinity. The dimensions and structure of the host
to Vatai, for calculating exchange and overlap corredttdd lattice also matter since it is important how close to a host
ratio for electron capturing nuclei. Bahcall’'s technique yieldsatom "Be sits. Usually a’Be atom is expected to lose more
L/K=0.09 for a free’Be atom having two full $ and 3  2s electrons if it sits closer to a host atom. Although mercury
electrons. Vatai's approadi] neglects some contributions telluride does not have much electron affinity, but even then
involving shakeup or shakeoff and uses perturbation theorimplanted 'Be atoms in mercury telluride might lose a con-
to calculate the exchange integrals. Vatai's technique givesiderable fraction of their £ electrons [-shell electrons
L/K=0.11 for a free’Be with two full 1s and 2 electrons.  because of the presence of nearby host atoms and slightly
So the experimentally measured vald¢of L/K ratio is less  negative electron affinity of beryllium. Sindé-shell elec-
than half of the predicted theoretical valles. trons (Is electrons of "Be remain essentially unaffected by
\oytas et al. [1] speculated that the distortion bfshell  such in-medium effects, hence significant reductiorL 4
electron orbitals of'Be due to in-medium effects might be electron cature ratio ifiBe is possible in the case of implan-
responsible for such discrepancy. However, it is very importation of ‘Be in mercury telluride.
tant to understand this discrepancy quantitatively and find We shall now use linear muffin-tin orbitalLMTO)
out if the discrepancy is indeed due to the effect of hosimethod[6,9] to determine the average number of élec-
medium. It is well known[5-7] from the earlier studies on trons in a’Be atom when it is implanted in a medium. In the
the half-life of "Be in different media that the half-life of tight binding linear muffin-tin orbita(TBLMTO) method
"Be changes due to the distortion of its @ -shel) electron  [9], the interatomic potential is assumed to be of muffin-tin
orbitals by the host media. However, such change of half-lifaype and written as
of 'Be has so far been found to be less than [847].
Such in-medium effect is expected to be more dramatic N\ (r. _
for L- to K-shell electron capture ratid_(K ratio) in "Be, VMT(r)_v'(r'HER: VR(rR)_VOJFER" vr(re), (1)
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where Vg(rg) and vg(rg)=Vg(rg)—Vo are spherically 7Be would go anywhere other than octahedral or tetrahedral
symmetric inside a sphere of radisg centered aR and sites, because of the Coulomb repulsion betweéBeatom
vanish outside.Vi(r;) takes the constant valu¥, (the and its nearest host atom due to their significant volume
muffin-tin zerg in the interstitial region and vanishes out- overlap. The ratio of overlap volume between the nearest
side. A beryllium atom is put in the interstitial region and a gtoms to the total volume enters into linear muffin-tin orbital
spherically symmetric potential is considered centereqnethod calculation as a perturbation term and hence it is not
around this atom. This spherical potential also vanishes oUtxas0nable to consider very large volume overlap.
suje a certain fad'“?- Schhqgc_ar’s equation was §0Ived for_ Our calculations show that whefBe is in an octahedral
this pro_blem assuming periodic boqndary condltl_on. Atomlcsite of mercury telluride crystal, then the square of the over-
muffin-tin orbitals have been considered spherical and ne . . 2
; o Tap of Wige With Waepg, 1.8 [(Wigal| Pees)|“=1.047. The

deformation due to the overlap of two nearby muffin-tin or . 5

quantity |[(WVioia| Peens) | represents the average number of

bitals has been considered. For a given position of the im2 | B When’Be is i hedral
planted beryllium atom and the assumption of spherical po2S €l€ctrons in aBe atom. When'Be Is in a tetrahedra

tential, LMTO method performs a first-principles calculation POSition of mereury telluride crystal, then we find
and there is no adjustable free parameter in the calculation{ ¥ total Wee2s)|“=1.209. Since the number of tetrahedral
Let ¥, be the complete electronic wave function andSites are twice that of octahedral sites, so in the case of
W 5eps b€ beryllium 2 state wave function. We calculate the fandom implantation,’Be is twice more likely to go to a
square of the overlap ofW,,, with Vg, i€ tetrahedral site. So taking weighted average, we find that the
|(qutal|queZS>|2, which represents the average number ofaverage number of 2electrons in’Be would be=1.155
2s electrons in a beryllium atom when it is implanted in the instead of 2.0 as in the case of a frée atom. Since fewer
medium. The average number of berylliuns 2lectrons is  2S electrons are available, so this will lead to a reduction of
expected to depend on the position of beryllium atom in the2s (L-shel) electron capture rate by a factor of (1.155/2.0)
interstitial region. =0.577 compared to that in a completely fré@e atom with

We apply this method to calculate average numbersf 2 two full 1s and X electrons.
electrons in a’Be atom when it is implanted in HgTe. The  K-shell electron capture rate should essentially remain un-
calculations have been done assuming that the atoms are @ghanged. In principle, the removal of electrons fros -
their ground states. Since Voytas al. [1] have done mea- bital should increase the electron capture ratesélectrons
surements at 60 mK temperature, so we can certainly negleby a very small amount, because the screening of the nuclear
any thermal excitation of the atoms. The structure, latticecharge by 2 electrons decreases. However, for the same
dimensions, and space group of mercury telluride are inputeeason)-shell decay rate should also increase slightly, since
to the code. In addition, the atomic structures of Hg, Te, andhere will be lesser amount of mutual screening between two
Be are also needed. It is well known that the structure ofs electrons. Sd./K ratio is not expected to change much
mercury telluride comprisels3] two face-centered cubic lat- because of such change in screening correction. Moreover,
tices of Hg and Te displaced from each other by one-quartethese effects are extremely tiny. Bahcgl] discussed the
of a body diagonal. The lattice parameter of mercury tellu-question of change df-shell decay rate of Be due to the
ride at room temperature is 6.4623 [8] and its space group removal of electrons from<orbital and found that the value
is F-43m. Although ideally, we should have used the valueof 1s electron wave function at the nucleus, i¥ges(r
of lattice parameter at 60 mK temperatirehere measure- =0) is essentially the sanfevithin a few tenths of a percent
ments have been doneut only the value of lattice param- for both neutral Be and Be" (both 2s electrons removed
eter at room temperatu@00 K) is available. So that num- This happens because when an electron is at the nucleus or
ber was used for our calculations. The coefficient of thermalery close to it, then it experiences essentially unscreened
linear expansion of HgTe is also not known. In order to sedotal nuclear charge. We have neglected such small effects in
the effect of temperature, we have made a rough estimate aiur L/K calculations.
the lattice parameter of HgTe at 60 mK temperature by doing We think that the effect on the exchange tefb@] (for
a linear extrapolation from room temperature using thelL/K ratio) due to the removal of onesZlectron is also very
known coefficient of thermal linear expansion of zinc tellu- small. Considering the change of normalization constant of
ride. The reduction of the lattice parameter has been found tthe wave function of & orbital due to the removal of one
be 0.15%. Although this is an underestimation, but we foundelectron, the exchange correction facfdf] decreases by
that even a 0.5% reduction in lattice dimension has insignifiabout 2% only. However, on the other hand, the change in
cant effect £0.1%) on our final results. So we do not con- screening effec{because of removal of electron frons 2
sider any reduction of lattice dimension at low temperatureorbital) should increase the exchange correction factor very
in our calculations. slightly. So the overall effect oh/K ratio would be very

We assume that the implanté@e will go to either octa- small and this has not been considered. The effect of imper-
hedral(center of the latticeor tetrahedral positions and not fect atomic overlap largely cancels qaO] from the electron
more than on€ Be is implanted in a particular lattice. When capture ratio and so the effect of removal of electron fran 2
'Be is in an octahedral site, then the volume overlag®$  orbital on imperfect atomic overlap has not been considered.
atom with its nearest host atom has been found to be 14%. In So in the zeroth ordet,/K ratio should be corrected for
the case of implantation in a tetrahedral site also, the overlam-medium effect by multiplyingL/K ratio of neutral ‘Be
has been found to be about the same. It is very unlikely thaatom by the ratio of the available average numtiet55 of
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TABLE |. CalculatedL/K ratio of “Be in different media.

In-medium effect corrected_(K) ratio

Be Correction factor for
implanted in in-medium effect Bahcall’s calculation Vatai's calculation
HgTe 0.577 0.0519 0.0635
Al,O4 0.432 0.0389 0.0475
°Be 0.4155 0.0374 0.0457
LiF 0.3695 0.0333 0.0406
Al 0.344 0.0310 0.0378
Ta 0.2986 0.0269 0.0328
Au 0.208 0.0187 0.0229

dExperimental value o /K ratio in HgTe is 0.04€ 0.006.

2s electrons in an implanted Be atom to the num{&6) of  atom in the host lattice. As one moves a Be atom closer to a
2s electrons in a free and neutral Be atom, i.e., (1.155/2.0j10st atom, more electrons are removed from themital of
=0.577. So when’Be is implanted in mercury telluride, Be atom, which is because of the electron affinity of the host

then Bahcall’'s resulf4] for L/K =0.09 should be changed to atom. However, for HgTe Iattice,.there is essentially no space
0.0519 and Vatai's resulf4] for L/K=0.11 should be to move around Be atom from its octahedral or tetrahedral

- ; ; _sites. In addition, the electron affinities of Hg and Te are very
nggfe\?afﬁeo'g?f?kS%%ﬂ%lnogovggh \xgtﬁ?ﬁé.srgs?r?:ble small[8]. Hence our result for HgTe should be robust. In the

agreemeniwithin two standard deviatiopswith Bahcall's case of Au lattice calculations, there is a lot of space avail-
g . A ) ) able around the octahedral site and the electron affinity of Au
calculation[4] after multiplying Bahcall's result by the in-

; . . is large(2.3 eV) [8]. So in that casg6], we moved Be atom
medium correction factor of 0.577. Even after applying such, ‘14" gifferent positions around the octahedral site, deter-
in-medium correction factor, Vatai's calculation still seems t0inad the number of € orbital electrons in each case. and

be somewhat off from the experimental value. Howeverian ook average.
Vatai's calculation[4] neglects some contributions involving  qher assumptions of LMTO methd@] are the use of

shakeup or shakeoff effects, uses perturbation theory 10 calyherical potential, the treatment of combined correction fac-

culate exchange integrals, and does rough estimates of oV g 1o interstitial potential as a perturbation, and the treat-
lap corrections. In Bahcall's approach a[s, one uses clo-  ant of overlap volume in perturbation. All these uncertain-

sure approximation without correction for occupied states;ag zre generally considered to be very snf@] and
This might be a problem for lov- nuclei. neglected.
Earlier, we performed[6,11] linear muffin-tin orbital In conclusion, our calculation shows th@e loses a sig-

method .calcu'lation7s to determine the effect on thehell  ificant fraction of its 2 electrons even when it is implanted
electronic orbital of’Be when it is implanted in A3, LiF, i 5 medium such as mercury telluride having essentially no
Au, Al, Ta, and natural beryllium. From those calculations, gjectron affinity. We have been able to understand quantita-

we can de7term_in(_a in-medium effect correctetk ratio in tively the discrepancy between the measurél value[1]
Be when 'Be is implanted in ;hosg media. In Table |, we ot 7B and theoretical calculationgt]. After doing in-
tabulate theoreticdl/K ratios of ‘Be in different media after medium corrections, we find that Bahcall's calculation

doing in-medium correctiofusing TBLMTO codg to Bah-  4grees reasonably well with experimental result but Vatai's

call and Vatai's resultg4]. At present, experimentdl/K 710 jation seems to be off. The success of our linear muffin-
ratio [1] is available only for the case of implantation t8e  tin method calculations to understand these effects puts our

in HgTe. _ _ o earlier conclusior6] regarding the reduction of predicted
Let us finally discuss the inherent uncertainties in oursg gglar neutrino flux by~2% on a more solid basis.

LMTO method of calculatio{9]. The uncertainties in the
LMTO method[9] are very small. The most important un-  We acknowledge useful discussions with P. A. Voytas
certainty of our method comes from the positioning of Be(Physics Department, Wittenberg University, Ohio, USA
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