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ABSTRACT

COMPUTATIONAL ANALYSIS OF THE RELATIVE DECAY
CONSTANTS FORBE, '‘BE", AND 'BE**

Mark Hutchison
Department of Physics and Astronomy

Bachelor of Science

The actual decay constafior neutral beryllium 7 ‘Be) is unknown because it has
always bem measured with a substantial loss of itseksctrons due to bonding or
interstitial effects. By considering fréBe ions (such as may appear in a low density
nontneutral plasma) we can potentially calculate the electron charge dansibe
nucleus with more accura@nd this can be used to calculate relative changes in the
decay constant for ionized states’Bé. We use both HartreEock self-consistent field
(HF SCH and Density Functional Theory (DFTethods for calculating the relative
changes in the decay constants'®e, 'Be", and’Be™ and find that there is a ndimear
relationship between the decay constant and the fracteonalnt of 2s electrons still

present in the nucleus.
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COMPUTATI ONAL ANALYSIS OF THE RELATIVE
DECAY CONSTANTS FOR 'BE, 'BE*, AND 'BE**

|. INTRODUCTION

For many years, elements that only decay through electron capture have been
known to be susceptible to changes in their-hif@df[1,2]. These changes v been
achieved by subjecting the particular element to an external environment that essentially
changes the electron charge densigar the nucleus and thus the probability of an
electron being captured. Since the only atomidgtaldithat give finite electron densities
at the nucleus are s orbitalhe shape of the s orbitals has the greatest effect on the
electron capture rateg] . An el ementds s orbitals <can
physical {] or chemical state2]5,6], by exposing it to extreme pressurds 10] or
temperatures11,12]' or by ionizing its atoms13]. Although any element witlhis
property should exhibit these characteristics, it has been much harder to observe in
heavier elements because the valence electrons (those most susceptible to outside
influences) are so far away from the nucleus, or the shielding is so greatethaxltibit
a very small effectd,14,15]. Thus only for lighter elements will the wave functions of
the valence electrons noticeably overlap with that of the nucleus. The lightest element
that decays solely bglectron capture is beryllium 78e) and thus it is a prime candidate
for understanding more fully the physics of electron capture.

Despite the long history of research done’Ba, there is still no known halife
for neutral’Be. Almost all of the hallife measurements to date are’B8f embedded

interstitially in other elements; however, because this affects the electron density near the



nucleus, none of these measurements truly represent théfehalf '‘Be [16. The

i a ¢ c e plt-liledsanerblyaan average of all of these measurements and has no more
correlationwith the actual halfife of neutral’Be than any one measurement on its own,
i.e., taking an average was not done with the express purpose of raptainnore
accurate haffife.

One of the most important places where the-lif@lfof 'Be is used is in the
Standard Solar Model (SSM) to calculate the borofiB3 §olar neutrino, one of the
primary neutrinos that we can detet?][ 'Beis created in the proteproton cycle of the
sun and is a necessary precursofBo However, the decay rate f@Be used in the
calculation came from terrestrial measurements assuming that all ofelescB®ns were
still present 18]. Becaise every host material used in experiments thus far has had a
different electron affinity than that dBe, these experiments measured the-lifalfof
'Be with a substantial fraction of 2s electrons missing. While this is only one among
many sources oérrors in the SSM, after the measurement of*@eeutrino flux to
within 5% uncertainty by the Sudbery Neutrino Observatd§],[there has been a push
to increase the accuraoy the SSM (still at about 20 uncertainty) in order to compa
theory and experimen2()].

Another plac€Be is created is in the upper atmosphere of the Earth; it is a natural
byproduct of spallation of cosmic rays colliding with oxygen and nitrogen. When the
Long-Duration Exposure Facility (LDEF) was retrieveddaanalyzed after orbiting Earth
for six years in low orbit, there was an unusually high concentratit®eofound P1,22).
Because of the dynamic process in whiBk is formed in the atmosphere, it is likely that

it forms in an ionized state. A longerlhiife for ‘Be* caused by having fewer electrons



near the nucleus could possibly explain the unexpected amoUBeadn the LDEF.

Thus it is not only important to find the decay rate for nedal, but also forBe".
Furthermore, &ull investigation into the relationship between decay rate amde2rons

near the nucleus would be quite revealing. Recently Das and Ray predicted that this

relationship was lineafFig. 1) 23]. However, the data used hadadrly tight spread
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(~3/10 of the proposed range) and may or may not represent the true relationship over the
entire range of 2s electrons near the nucleus. In addition to the two previously mentioned
decay rates, it would ébnecessary to compute a third decay rate’B&" as well.
Therefore, a correct calculation and/or measurement of théivesffor ‘Be, ‘Be", and
"Be™ would be advantageous for many different reasons.

The plasma research group at Brigham Young Usibetis the first to try to
measure the halffe of ‘Be when it is free from other materia®4]. They will do this
by creating a very low density, nareutral plasma of singly ionizé@e. A low density
plasma minimizes the interaatidbetween atoms while a noeutral plasma ensures that
there are no free electrons to affect the -hdf measurement. One advantage to this
experiment is the corresponding theoretical calculation is less complicated since it only
needs to take into agunt a single atom. Additionally, the amount ofe2sctrons still
present in the atom is known exactly without recourse to other calculations. Therefore
this single atom calculation could potentially produce results more reliable than others,
and will hopefully provide experimental data to substantiate the theory. Using this as a
model, we will be looking at the electron densities'B€&, ‘Be*, and ‘Be™ and their

corresponding decay rates.

Il. THEORY

Although Bambyneket al. did a fairly comprelnsive study of different
calculation methods fd', p*, and electron capture decay rat2§],[both the derivations
and the calculations are rather lengthy and are not as easily adapted to compare changes

in the decay rateA(.) due to ionization as the ithe@d presented by Bukowinsk][ The



latter is much more transparent and results in a simple relatiai.ggtthat only depends
on the electron charge dens#ythe nucleus of both ntal and ionized atom$ @ndp’
respectively) and the neutral decay constagt The following is a reproduction of the
derivation ofAigc given by Bukowinski.
"Be decays 10% of the time by electron capture infhi (89.56% directly into
the ground state ofLi and 10.44 into an excited state ofLi followed almost
immediately byy decay into its ground state). The electron capture process, regardless of
the two branches, follows the reaction
‘Be+e' — 'Li+v,, @
where €' is an electron (usugllfrom the 1sorbital, but not necessarily) and is a
neutrino. The probability of this reaction is proportional to the square of the matrix
element of the interaction Hamiltonian;,{ibetween the initial and final states of the
atom. Unde the BorrOppenheimer approximation, we may decouple the nuclear and
electronic wave functions and, to a good approximation, we may treat the process as a
two-body interaction
p+e' - n+v, @)
where p is a proton and n is a neutron. It then follows that the decagmidoselectron

capture\gg, is given by

hee = [y v Hi vy o de] €
where yn, v, yp, andy, are the wave functions of the neutron, neutrino, proton, and
electron, respectively, and c is a constant of proportionality. Because of the small size of
thenucleus, we may approximate equation (3) by

5



2 PR 2
Zee = C-ly O | fwn vl Hi v, ] (@)
If more than one electron state has +#vanishing amplitude at the origin, the

decay constans the sum of all the individual contributions:

2
Ao = | [y v Hi w, ] (5)

where
p=> i) 6)

Making the reasonable assumption that the various nuclear wave functions are not

affected by a few megabars of pressidesc may be written as
* * 2
Adgc =c-(p —p)-\ fwn v, Hiy w, dr )
or
(p’ )
AMee =| —-1|- Ag=a- A, . 8
EC o J 0= A A ( )

where p’ is the total electron density at the nucletispeessure Pp at atmospheric
pressure, andy is the atmospheric pressure decay const@mheutral’Be. Although
eqguation (8) was derived under the assumption that pressure was the only thing that was
changing, the equation isare general. Both Tossdd][and Leeet al.[3] use the same
eguation assuming that chemical combinations also do not affect the nuclear wave
functions. Becausdis has the same affect ionization has on an atom, we will be able to
use this equation as well.

The disadvantage of using this calculation is that it does not provide any decay

rates for the ionized atoms. In fagg must be known first in order to evéind Algc.



However, provided,, were to be obtained, either from the aforementioned methods set
forth by Bambyneket al, or otherwise, both of these obstacles would then be irrelevant.
In any case, even witho@wy, valuable insight can be gained fr@n analysis of just the
proportionality factoro, especially since Das and Ray also only consider relative decay
rates (the slope ok vs. average number of Zsectrons, g and admit that their
calculations would likely have a vertical offseten though the slope would remain
unchanged 43]. Thus, in order to verify the lineamelationship between. and n
obtained by Das and Ray, we need only seepfoduces the same slope ovee entire
range of por if the relationship is more complex and only appears linear over smaller

intervals.

.  METHODS

In order to use equation (8), we need to have some method of calculating electron
charge densities at the nucleus. For melegtron ators, this requires a quantum
chemistry program that can numerically solve for the charge ddnsitging a basis set
or trial wave function, that is optimized to give the lowest upper bound on the energy.
Most quanim chemistry packages only recognize basis sets that use Gaypsian
orbitals (GTOs a fourindexed function containing an exponential Into approximate
the atomic orbitals of the electrons, although there are a fewaonsghat are now able
to implement Slatetype orbitals (STQOs a fourindexed function containing an
exponential only in)

STOsprovide a better representation of the actual atomic orletause the

exponentl allows the existence of a cusp at the nucleus. Unfortunately, there is no



analytic solution to its fouindexed integrals and therefore it must be solved numerically.
These numerical calculations are computationally very taxing and few programs have
tried implementing them. On the other hand, the-fodexed integrals for GTOdo
have an analytic solution making calculation times more practical. However, GTOs have
drawbacks in other areas; they are rounded instead of cusped at thesrard they fall
off too quickly at larger radii because of tHfedependence. The former is a serious
disadvantage to our calculation because we need an accurate electron charge density
exactly at the nucleus.

One very basic wayot increase the accuradg to increase the number of
functionalsused in the basis setn general, according to Hartideock (HF) theory and
the quantum mechanical Variationalrfeiple, increasing the number of functionals will
converge on the HF limgiving a more accurate charge deng§]. While this provides
a good starting point, HF theohas some inherent drawbacks as well. HF thesss
the fundamental assumption that each electron sees all of the others as a static electric
field and ignores the problem of correlatiitogether. Fothis reason, HF theotig used
to optimizethe functions describing occupied orbitalhile functions for correlation
between electrons are optimized using theories such as Myésset(MPn, where n
refers to the order of the perturbation), configuration interag¢t@)) or coupleecluster
(COC).

Each of these more robustethods has their place and it is important to
understand their strengths and limitations when deciding which method is best for a given
calculation. MPrtheory is a many body perturbation theory and works very well for

small pertirbations, but its performance decreases as the perturbation increases and,



furthermore, the theory does not necessarily converge at higher @dersThus MPn

theory only allows for a partial description of the correlatiogtween edctrons.
Meanwhile a full Clcalculation (using an infinite basis pebes converge and yields an
Aexact o s ol ut rreativistict dBorn ©Ogpenheimern ntiméndependent
Schrddinger equation; @ver, some formulations are not s@ensistent 28]. Size
consistencys important because it ensures that the quality of the results does not depend
on the size of the system, i.e., how many nuclei, how many electrons areysteéma, or

how far apart or close together they are.

CC theory is a mathematically elegant @kthod developed to fix the size
consistency problems that plague many of thec@lcuktions. Therefore the CC
approach would likely be the best approach to calculating an accurate electron charge
density CC theory is a perturbation theory that uses an excited configuration that is
Acoupl edo t o tulfateonanetheeorder of the calcutatioh is determined by
the number of excitations allowed in the definition of the excitation operator. Currently
in the literature and in computational programs CC theory has only been implemented up
to fourth order. Th orders are usually denoted by appending CC with the letters S, D, T,
and Q that respectively stand for single, double, triple, and quadruple excitations.- A four
electron atom would have full description using CCSDDBQ i is likely that the triples
and quadruples would only make very fine corrections to that of the singles and doubles
(although doubles by far gives the most significant contribution, singles are needed to
account for orbital relaxation and are easily ipavated when already doing doubles)

[29]. Therefore, calculations at the CC$fvel of theory would most likely be accurate



enough for our purposes and it will allow for a full description for at least one of our
calculations/Be"".

All of these methods are dependent on basis sets and even the best theory will
produce erroneous results if given a basighs#tis too small or badly optimized. In fact,
the basis set is often more important that the actuapaten package used. This has
given rise to hundreds of basis sets and it is often hard to choose which is best for a given
calculation. In our case, because we are looking for the electron charge déenisay
nucleus, the calcui@n is most strongly dependent on large exponent ftiginictions in
the basis set, usually found in teeorbitals Although tight functions affect chemical
bonding very little, they provide a much better descriptiorhefdlectron density curve
near the nucleus than diffusenctions B0]. Because our calculations do not involve
bonding and depend on the charge density at the nucleus, tight functions are essential for
getting accurate results.

S orbitalsare also important because they are the only finite orbitals at the nucleus
and are the orbitals that contribute the most to the charge dats#. Furthermore, in
its ground state’Be only occupies the Jnd 2sorbitals adding more importance to the s
orbitals That is not to say that we are only interested in basis sets with strictly s orbitals;
Bunge and Equivel show that including angular functigh<, F, etc.) slightly improves
charge density calculation81]. Unfortunately, they also found that it was not intuitive
as to what combination of them would yield the best charge density. Rather it would
require a manual optimization of tisharge density for known quantities. Helium (He)
would be an ideal candidate for such optimization because of the immense amount of

research done on He to very high precisiddonsequently, the ideal basis $et our
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calculation woulchave a large number of radial functid@6+ s functions) supplemented
by a few angular functions as well.

Most basis sets fAdout of the boxo0o are con
the basis functions is represented by redr combination of Gaussians) and almost
without exception include a contraction of therbitals Not only does this reduce the
number of s orbitalsbut it also tends to make the basis more diffuBBus, as a general
rule, a basis sdébses some of its flexibility when it is contracted, especially at the nucleus
[32]. Consequently, for any calculation near the nucleus it is almost always wise to
uncontract the basis sktst. Additionally, most basis sets are designed only for valence
electron correlationbut because correlation between both the 1sZ2anelectronsis
important we will need a basis set that allows for a@ience correl@gon, e.g.,the
correlation consistent polarized ceralence ruple zeta ¢c-pCVnZ) basis set or the
weighted corevalence rtuple zeta (cgwCVn2) basis set. This also means that the
frozen core aproximation would yield poor results and should not be used for this type
of calculation, especially fofBe" or ‘Be** (the latter would then have no electrons to
even correlate). Because basis sets with figittions are important for pperties more
sensitive to intrashell correlation,-p€VnZ (or similar basis set) would likely be a better
candidate than epwCVnZ[33]. However, most basis sets do not have enough s orbital
functions and need to be augmented with another basis set, preferably composed
exclusively of a large number of s orbital functions. In fact, probably the best option
available would be to manually create a new basis set with all of these features and then

optimize the exponentials simultaneously until the HF enasgyinimized. Fortunately,
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the calculations are similar enough to one another that we should be able to use the same

basis set for all three charge dépsialculations forBe, ‘Be*, and’Be"*.

V. CALCULATION

We will be using NWChenj34, 35| for our initial calculations because of its
built-in charge densitylgorithm (dplot) and because the most recently published basis
sets are available in NWChem format from the Environmental Molecular Sciences
Laboratory Basis Set Exchange (EMSL BSE) website hosted by Pacific Northwest
Laboratory B6i 38]. We will be comparing our calculations with previously published

+++
e

charge densitiesna the calculated hydrogeniharge density fofB in order to see
which basis sefields the best results. Once a suitable basis set is found, we will then use
this to calculate all needed charge densities andhese in equation (8) to find relative
changes in the decay constantVe will then normalize our data to overlap the data
obtained by Das and Ray in order to verify whether there is a liakdionship between
the decay constant and the fractional amount oél2strons in the atom. Because we are
only looking at the 2s shell, we will only be plotting our first three calculatiéBs,
'Be", and’Be*™). Although the calculation folBe"™* will be usefulin determining our
method accuracy, it only has one 1s electron and the charge density at the nucleus
behaves much differently than when 2s electrons are present.

NWChendbs fidpl ot d calcul ation has two avail
be using both methods and will compare the results obtained from each to see how well
they agree. The first approach is the Harffeek self-consistent field (SCFmethod.

This is an iterative process designed to cogeesn a set of orbital wave functions that

can be used to generate important chemical properties. Initially a guess is made for the
12



wave functions of the occupied atomic/molecular orb#éald from these the oredectron
Hamiltonians orFock operatorsare constructed. Then by solving the -@bectron
Schrodinger equation a new set of wave functions are generated and the process repeats.
When the convergence criterion is reached, usually when the estergges by less than

a specified amount, the | oop I s broken and
used to generate any physical observable. The major caveat is that SCF calculations are
done at the HF level and thus uses the assumption thatleatton sees all the others as

a static field. Therefore this is only reliable as a preliminary calculation and as a
steppingstone for more accurate theories.

The second method used bthgoryffDFEP.IDETaddd i s den
molecular orbital theory (MO theory) are two very different approaches to the same
problem. Whereas MO theory optimizes the wave function, DFT instead optimizes the
charge density Although using a physical observalienot as versatile as the wave
function, there are some advantages to taking this approach over MO calculations. First,
DFT calculations are guaranteed to never scale worse thamhire N is the number of
functions used to represent the KeBnam orlials and often do much better. Since HF
MO calculations usually scale ag,\DFT calculations are the most cesticient method
within a certain accuracy89]. Another important advantage is that DFT calculations do
not necessarily need to be fed contracted Gaussians and, under certain representations of
the density, even STGse available40]. One significant improvement on HF theasy
the fact that DFT replaces the HF eanfje terms for a more general term that can
include information about both exchange energy and electron correldioen though

DFT does not account for correlation completely, this will potentially give us more

13



accurate results thathe SCFmethod. Hence a DFT calculation with its alternate
approach will serve as an important verification of any results obtained by the above SCF
method.

We stress that these are initial calculations and that a subsequent calculation using
the CCSDtheory described above (preferably in a program supporting S&Qs

Molpro) will need to be conducted in order to verify the results in this paper.

V. RESULTS/DISCUSSION

+++
e

We first calculated the electratensity at the nucleus fdB by solving the
Schrédingerequation for a hydrogelike atom with a modified potential for a beryllium
nucleus Even without taking into account fistructure effects due to spin or relativity,
the hydrogenicsolution should be accurate to 1 part irf 6 Be; this is more than
enough accuracgince the errors in our NWChetomputations are much larger than this
in the density. Using ‘Be"™* alone as an indicator of tteecuracy of a given method is
not particularly revealing about how well the method will work for calculating the charge
densities of'Be, 'Be", and'Be** because of the intricate correlati@ffects that are
present when two or moreeetrons are present in an atom. However, it is the only
charge densityhat we can solve for exactly. Furthermore, when it is used in conjunction
with other reference values we have found that there does seem to be some cawelation
the accuracy of the calculations for the other atoms. It has, therefore, been useful in
determining basis sets and functiorfalsboth the SCRnd DFTcalculations.

For a better test of the accurasfthe many electron systems, we have found

some previously published charge densities at the nucleus of Be atoms with which we can

compare our results. Almbladbt al, calculate values for the charge densitythe
14



nudeus for neutral Be and Bewhich they considered to be exact when compared to HF
calculations or DFTlocal density approximations4f]. Although computational
chemistry has improved a great deal since 1983, these calculations are likgjgastill
enough for the preliminary calculations we are presenting here. In any case, these values
will at least provide some benchmark of accuracy by which we can ensure that our
preliminary calculations are reliable. However, it is plain that a more atecur
calculation using modern techniques is needed to verify the findings of these methods
and we are currently working on performing CCSD calculations using Molpro.

We next looked for a basis dbiat would give us the charge densitieattivere
closest to our three reference values. We found that the single most accurate basis set
available, short of creating our own basis set, was the uncontraetettmpered basis
set (WTBS) In its uncontretedform, the WTBSbasis set contains 20 radial functions
and has the tightest functions out of any of the basis sets on the EMSL BSE website.
These features make WTBS ideal basis for our calculations. When doing our SCF
calculations we also found that our charge densities could be improved slightly if we
augmented this basis ssith the angular functionsn the augpcS4 basis set. Charge
densities calculated using the most accurate basis sets with the tightest functions and

most numerous s orbital functions are given in Table 1.

Tablel
Electron densitie (in electrons a.) at r=0 calculated fofBe, 'Be’, 'Be™, and'Be"** using the
SCFmet hod. The fABearal’Bd” dome fiom Wlenkladtiepat, [41] and the value
for ‘Be"* is the hydrogenicharge densitfignoring finestructure and relativity).
~ Partridge WTBS augmented
Atom nExa' ccpCVvVQZ Uncontr. 3 augpcS4 WTBS with augpcS4

Be 35.37 34.724 35.262 35.162 35.293 35.297

Be’ - 34.417 34.951 34.851 34.981 34.985

Be** 34.4 33.713 34.236 34.139 34.266 34.269

Be™* 20.3718 19.989 20.300 20.242 20.317 20.319

Avg. % Error -- 1.901 0.378 0.661 0.292 0.282

1t



On the other hand, our DFRlculations were best when only the WTB&is set
was used. However, in addition to basis sets, DFT calculations require a sesitf de
functionalsas well. When looking for the best density functionals, we compared the
calculated ionization energies to their known values and again looked at how well the
charge densities matched our reference values. While thene quite a few density
functionals that produced accurate ionization energies, there were relatively few that
could also produce accurate charge densities. In fact, the best results were obtained when
we used a class of functionals developed by Hapr&dhen, Tozer, and Handy (HCTH)
that use the generalized gradient approximation (GGA). A list of the ionization energies
and charge densities calculated using the different HiTifietionals is given in Tables 2
and 3 respectively The HCTHQgroup is fitted to highly accurate experimental data
(known as the Gaussian 2 sdp]) for first and second row atoms/molecules on the
periodic table as well as accurate exchacmeelationpotentiab [43]. Although there
were some functionals in this group that were very accurate at obtaining our reference
charge densities for a particular ion ‘&e, but did not perform as well on the others.
Therefore we chose to use the plain HCftiHctionalbecause it has better consistency in
performing well on all of the atoms. Our three reference charge densities, along with a
list of the best charge densities obtained from NWChesimg the SCFand DFT

methods, are given in Table 4.

Table2
lonization energies (in kJ/mol) dBe’, ‘Be**, and’Be"** using NWCherd s In&diile for the XCTPSSH and
HCTH class offunctionals The Exact ionization energies come from Mo@i4.

Iogrllzez:g;n Exact hcth hcth120 hcth147 hcth407 hcthpl4 hcth407p  xctpssh
I 899.4 875.05 889.85 887.98 906.56 907.08 914.18 87358
P} 2656.5 2644.63 2670.68 2666.51 2681.87 2769.93 2685.04 2647.25
I3 17504.5 17522.89 17533.60 17531.18 17544.49 17615.65 17547.78 17512.86

Avg. % Error - 0.788 0.587 0.600 0.660 1.920 0.988 0.857

1€



Table3
Electron densitie¢in electrons a.tf) at r=0 calculated fofBe, '‘Be’, ‘Be™, and’Be™** using NWChed s DF T
module for XCTPSSH and HCTlidlass of functionals The fex aBe andBeadomefrom f or

Almbladh, et al, [41] and the value fofBe™*" is the hydrogenicharge densitgignoring finestructure and
relativity).

Atom i Ex ac hcth hcth120 hcth147 hcth407 hcthpld hcthd@p  xctpssh
Be 35.37 35.385 35.374 35.353 35.333 35.191 35.370 35.436
Be’ - 35.064 35.051 35.031 35.010 34.865 35.045 35.107
Be™ 344 34.365 34.347 34329 34314 34.156 34.348  34.406
Be™* 20.3718 20.301 20.277 20.269 20.267 20.179 20.289  20.156
Avg. % Error -- 0.165 0.211 0.252 0.289 0.721 0.186 0.421
Tabled
Summary of the best electron densities (in electrons)aatir=0 calculated fofBe, ‘Be*, ‘Be™, and
Be"™* using SCFand DFTmet hod s . The 'BeeardBe tcomevrar Almbladhet o r
al., [41] and the value forBe™" is the hydrogeniccharge densityignoring finestrwcture and
relativity).
Atom AExact SCF DFT
Be 35.37 35.2965 35.3852
Be* -- 34.9845 35.1072
Be™ 34.40 34.2689 34.3648
‘Be™ 20.3718 20.3193 20.3007

Finally we used these charge densities in equation (8) to acqutweathanges
in the decay constafr ‘Be" and’Be™ and normalized our neutral decay constant to the
proposed decay constant in Das and Ray. This allowed us to plot our results over their
data and to analyze what trends can te® s®/er the entire 2dectron range. Because it
was not intuitive as to what model should be used to fit the data we tried a number of
different models on both SCind DFTresults: linearquadratic, culm, and exponential
(Figs. 25). For each model we used a weighted fit so that the more accurate data points
would carry more importance in determining the shape of the line. We also added a
variational parameter in the height of our NWChesaults since we do not know the
actual decay constant for any of the atoms. By minimizing this parameter in the
weighting function we were able find the optimal height for our NWChem results for
each model and analyze which model best fits the oveatdl. dThere is a caution to

consider when sliding two different data sets around in order produce the best fit. This
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has the potential tover fit the data, i.e., produce a fit that is better than reality.
However, because the decay constants'Ber andits ions are currently unknown and

both data sets are subject to possible offsets, there is no other option but to normalize our
data in this way.

This is not intended to be an exhaustive study on how to model this relationship
between decay constaahd 2selectrons (although this would be a valuable topic for
subsequent research). We are merely trying to demonstrate whether the relationship is
linear or nonlinearand to ascertain a ltet value for the decay constant of neufgs.

From the graphs in Figures 2 & 4 it seems clear that the relationship is indekadeaon
and appears to most resemble quadratic behavior. In Figure 6 we have plotted the
quadratic fit for both the SC&nd DFTcalculations again and added the linear fit done by
Das and Ray. The quadratic model in the region considered by Das and Ray appears to
be quite linear and seems to verify their observations for the behavior between about
n=2.2'2.8. However, there seems to be somelimaar effects that make a linear model
insufficient at predicting the behavior of the decay constant over the entire range of 2s
electrons.
The cause most suspect for the 4iaparity would be interelectrorepulsion. Because
both 1sand 2sorbitalsare spherically symmetric about the nucleus, as the fraction of 2s
electrons increased there would be a small amount of repulsion causing the 1s electrons
to become moreifiluse. Thus even though the overall electron density may increase at
the nucleus due to the increase in 2s electrons, there would be a small competing effect to
decrease the electron density as well. However, you would expect thised bp in

the correlatioreffects of the electrons. Since correlation is not included in the methods
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Das & Ray Data with NWChem SCF Calculation (Linear Fit)
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Das & Ray Data with NWChem SCF Calculation (Quadratic Fit)
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Fig. 2 We have plotted our SC&Fal cul ati on with Das and Raysiiga data and
linearand quadratic model. We have also allowed the absolute height of the NW@leitations to vary
while minimizing the error in the fit since we do not know the actuatielbf any of tle atoms.
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Fig. 3 We have plotted our SC&al cul ati on with Das and Rayb6s data and
cubic and exponential model. We have also allowed the absolute height of the NWélkteations to
vary while minimizing the error in the fit since we do not know the actuallif@léf any of the atoms.
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