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Atomic charge states in a weakly coupled plasma environment
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The relative stability of various charge states of a number of selected elements has been studied as a function
of increasing screening due to a weakly bound plasma represented by the statically screened Coulomb potential
of the Yukawa-type. Elements with positive electron affinity in a vacuum are predicted to undergo a sequential
electron detachment process from anionic state to the cationic one as the inverse screening length of plasma
increases. Conversely, elements with negative electron affinity in a vacuum present only two charge states,
neutral and positive. At small screening the neutral is the most stable charge state, and as the screening
increases the cation develops as the most stable charge state. Values of the inverse screening length for each of
the transitions have been calculated and discussed.
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[. INTRODUCTION ing affects differently not only to the various electronic states
of the same charge state of one elenjéf17, but also to
Almost all elements do have stable ground-state anionthe electronic ground states of the various charge states of
[1-5]. Remarkable exceptions are beryllium, nitrogen, magthe same elemen?,9,14.
nesium, cadmium, and zinc. He and Ne rare gas atoms that Therefore, in a plasma environment, the possibility arises
cannot form stable negative ions in their ground states, buor a different stability order, as compared to a vacuum, of
the possibility of the existence of stable, or at least longthe various charge states of the elements. Thus, it is to pro-
lived, anions of Ar, Kr, and Xe is still under debate. Haber-vide data concerning the behavior of the charge states with
land et al. have found tentative experimental evidence forrespect to the increasing screening parameter, under physi-
Xe™ bound state$6]. cally relevant weakly coupled plasma conditions we present
Most of the research done until now has considered ionghe following study on the stability of the ground states of
placed in a vacuum, but recently significant advances havthe anions, neutrals, and cations of a number of selected
been made in the study of atorfis-12), moleculed 13,14, elements.
and dipole-bound electrof&5,16 in model plasma environ-
ments represented by the statically screened Coulomb poten-
tial. Such screened potential has been customarily used to Il. METHODS
describe the effects of weakly coupled plasrzg,18 on Accurate calculation of the electron affinitA), as the
the electronic structure of test systems embedded in its '”tee'nergy difference between the neutral element and its anion,
rior. _ , _ is a very challenging task4]. In particular, elements with
The appropriateness of such a potential to describe thﬁj"y occupied pseudoshelléMg, Ca, Sr, etd. require the

effective interaction potential and, therefore, the energies of,ost sophisticated quantum mechanical procedures to obtain
bound states in a weakly coupled plasma has been revisgg es for EA comparable with experimdi2s).

recently by Brydges and Martif19], who have demon- Hence, we adopt a configuration interacti@i) approach
strated that the equation of state of a classical hydrogeg, calculate the minimum energy of the ground-state electron

plasma approaches that of the statically screened theory, igpnfiguration of the cation, the neutral, and the anion of the
dependent of Planck’s constant, as the plasma becomeg|ected elements in this investigation.

weakly bound. . We have built our basis sets starting from the compilation
Additionally, Hahn[20] has used the statically screened ot Roos and co-worker26,27 For Li and B, the triple-zeta

potential to account for the anomalous enhancement of th(314s,12p,5d,4f) basis set contracted to ¢3p,3d,2f) was
radiative free-electron-ion recombination rate observed ifsed. However for Be-N. the 654p,3d,2f) basis set of

several recent experiments with merged ion beams from stoR ;05 was augmented to €6p,4d,3f). The added functions
age ringg 21,22, and Shukld23] has reconsidered the stati- \yere optimized to yield a good estimate of the electron af-

cally screened potential to describe the screening effects ‘?fnity. For Na, the (,5p,3d,2f) contraction of the

plasmas on QUSt particles. ... (17s,12p,5d,4f) basis set of Roos and co-workers was used
Th_e lowering of the threshold energy for the ionization ¢ published27], and for Mg we have further augmented the
reactions, original basis set up to &6p,4d,2f), with extrap andd
nountl , B functions optimized for the EA. Finally, for K, the double-
X'=X""+e with n=-10 (D) zeta basis (85p,3d) [26] was used.

] . The Hamiltonian operator of our systems will be
of the anionn=—1, and of the neutrah=0, is one of the

gross effects expected due the presence of the plasma envi- o
ronment. However, it has been previously found that screen- H=T+V (2
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with TABLE I. Properties of selected elements with positive electron
affinity. A\, and \, correspond to the points at whicB(X")
R 1 N =E(X) and E(X)=E(X"), respectively. A\, corresponds to
T=-3 > V? (B)  E(X7)=E(X*). All \'s are given in bohr! and AE,=E(X)
=1 —E(X")=E(X)—E(X") in eV. EA is electron affinity in eV.
and Element EA N o N AE,
a e M a e Mi Li 0.6157 0.3042 0.4330 0.3990 —0.1068
; i = B 0.2546  0.1269 0.4084 0.3560 —0.6286
C 1.2631 0.2970 0.5394  0.4880 —0.5537
where N=Z—1 for the cation N=2Z for the neutral, and Na 0.5293 0.2304 0.3748  0.3290 —0.1507
N=2Z+1 for the anion; withZ being the atomic number of K 0.4565 0.1639 0.2797 0.2560 —0.1438

the element of interesh is the screening parametéwhich
is proportional toyn,/T), n, being the plasma density, and =~ o )
T its temperature. The details of the CI can be found elsedistributions of the ionizations stages calculated by our im-
where[28]. As usual the wave function will be expanded asProved IPD values will yield a more accurate description of
a linear combination of configurational state function builtthe x-ray transmission experiments through weakly bound
with a finite set ofk spin orbitals{y.}*_,. The x, spin  Plasmag34]. _ _
orbitals are now expanded in terms of Gaussian basis set Hence, our approach relies on the test-particle method
functions, for which a closed-form analytical solution for all [35], which is extremely useful to calculate properties asso-
the required basis integrals is availaf29]. Finally, we have ciated with discrete nature of particles in plasmas. Neverthe-
made sure that all the calculated wave functions satisfy thi€SS, it should be mentioned at this point that many other
quantum mechanical virial theorem for the screened Coul_mp(_)rtant properties, in particular, those ascribed to the elec-
lomb potential of Eq(4), namely. tronic spectra of plasmas are dominated by plasma fluctua-
' ’ tions[36] and not accounted for in the test-particle method.
N N
Z< > e‘“i> - < > e‘“ii>
=1

i>]

2(Ty=—(V)+A

, (5 ll. RESULTS

R The relative energies of the anions and the cations with
where(O) stands for the quantum mechanical average of theespect to their corresponding neutral elements, have been
operatoré over the electron coordinates. calculated as a function of the inverse screening lergfior
All the calculations has been performed with a locally the elements of the first row from Li to N, and for Na, Mg,
modified version of thecaMESs [30] suite of programs, and K.
which includes the screened basic molecular integrals pack- In Tables I and II, our calculated EA's far=0 are shown
age[29]. to compare with the best values collected from the literature.
The screened potential expkr)/r used in Eq.(4) has lonization potentials of each of the elements have also been
been demonstrated to be appropriate for the modeling ofalculated ah=0. It is found, as expected from good wave
weakly coupled plasmas in local thermal equilibrium functions for the EA[25], that our predicted value@ot
[31,32. Indeed, since the screening parameter is proporshown lie within 1 meV or less from the experimental mark.
tional to \/n,/T each value of\ represents a set of plasma  Inspection of Table | reveals that the CI method, along
parameters and so, a range of plasma conditions. For invith the selected extended one-electron basis sets, used in
stanceh=0.1 bohr %, corresponds to a typical set of values the present investigation does a good job at predicting posi-
of ny~10%? cm 3 andT~10° K, appropriate for high tem- tive electron affinities. In particular, it is worth noting that
perature laboratory plasmas. our calculated electron affinitie§, for Li and C, agree well
Thus, the lowering of the ionization limit, the so-called With the results of Gdanit£37] for Li, £=0.6183 eV, as
ionization potential depressiorilPD), caused by laser- Well as with those of de Oliveirat al. [24] for carbon,&
produced Al plasmas has been recently estimf@&8flusing ~ =1.2629 eV. Naturally, these numbers lie close to their cor-
a crude statically screened first-order perturbation theory as
TABLE II. Properties of selected elements with negative elec-
tron affinity. \, corresponds to the point at whid(X)=E(X™").
| )~ (P|Z\|p)=2ZN, (6) X, corresponds t&(X )=E(X*). All \'s are given in bohr! and
AE.=E(X)—E(X)=E(X)—E(X") in eV. EAis electron affinity
where ¢ is the normalized highest occupied orbital of the " V-
ion, which is assumed to become hydrogenlike as the prin-

—\T

Ap=(4]

+ —
r r

cipal quantum number increases. These IPD values are reE_Iement EA Az Mo AE

quired to solve the Saha equation that gives the populatioBe —0.2905 0.6782 0.5580 —0.4770
distributions of various ionizations stages of the ions of they —0.3470 0.6872 0.5570 —1.6046
plasma. We will show below that the ionization potential mg —0.3466 0.5003 0.3500 —1.0012

depression is not linear iR and hence, it is expected that
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FIG. 1. Energy differences of the carbon’s anion and cation with  FIG. 2. Energy differences of the nitrogen’s anion and cation
respect to the neutral of species as a function of the screeningith respect to the neutral species as a function of the screening
parameter. parameter.

. . . elements withfA>0, considered in this work, are similar
responding experimental estimatgs, £=0.6180 eV and and, will be not shown for the sake of brevity.

£=1.2621 eV for Li and C, respectively. For boron, the ex- Tpree regions are clearly identified by inspection of Fig.
perimental value[S] is £=0.2907 eV. Our prediction of 1 Thys atsmalk, i.e.,A < Ay, the anion is the most stable
0.2546 eV is slightly poorer than the best calculations oOfcharge state. As the screening parameter increases, the rela-
Gdanitz[37]: 0.2833 eV; de Oliveir@t al.[24]: 0.2786 €V:  tjve energy of the anion with respect to the neutral species
and Gutsewet al. [38]: 0.271 eV. Finally, for sodium, our decreases steadily, as shown in Fig. 1. At the same time, the
calculations yield an electron affinity of 0.5293 eV, only 18 relative energy of the cation with respect to the neutral spe-
meV lower with respect to the experimental mark of 0.5479cjes increases as increases, so that for large enough values
eV [5]. A recent measurement of the electron affinity of po-of A>\,, the most stable species is found to be the cation.
tassium[39] reports a value of 0.50146 eV. Our value of Naturally, at intermediate values of the screening parameter
0.4565 eV is only 45 meV lower. N1<A<N\,, the neutral species is predicted to be the most
There are no precise experimental data available for thetable species.
elements with negative electron affinity, other than the indi- The values of\ that determine each of the three regions
cation that the electron affinity is indeed negative. Neverthealluded to in the preceding paragraph are given in Table I.
less, Gutseet al.[38] have recently calculated the EAs for Also, in Table | are shown the values of the critical inverse
Be, N, and Mg using both density functional theqfyFT)  screening length ¢ at which the energy of the cation and the
and molecular orbitalMO) based on theoretical procedures. @nion are equal. Recall that at these critical points, where the
Their data suggest that these EA's are very sensitive to thMulliken’s electronegativity vanishes, the neutral species

method. Our values. shown in Table II. lie between theircOnstitutes the most stable charge state of the element.
DFT and MO estimates. _
The performance of our method, discussed in the previous B. Elements with £<0 at A=0

paragraphs, supports the point that it constitutes a reasonably For these elements the negative anion is found to be less
well-balanced procedure for studying trends of the relativestaple that the neutral species for all values of the screening
energies between charged elements and their correspondiRgrameter scanned in this research. Figure 2 shows the re-
neutrals in the statically screened Coulomb potential. sults obtained for nitrogen, which are qualitatively equal to
Since elements with positive EA in a vacuum, namely  those of beryllium and magnesium, the other two elements
=0, behave differently with respect to the inverse of theyjth negative EA, considered in this paper. Consequently,
screening length of the plasma, as compared to elemenifie behavior with respect to can be characterized by two
with nggative EA, we will split the subsequent discussionggjient values of, namely,\, the value of the screening
accordingly. parameter at which the energies of the neutral and the cation
become equal and, the value of the screening parameter at
A. Elements with £>0 at A=0 which the energies of the anion and the cation become equal.

. - ) The predicted values of, and\ . for Be, N, and Mg are
The relative stabilities of the anion, the neutral, and theshown in Table 11

cation of the elements with positive electron affinity in a

vacuum are illustrated in Fig. 1, that shows the energy of the
anionE(X") and the energy of the catid®(X™"), relative to

the energy of the neutral speciE¢X), as functions of the The relative stability of various charge states of a number
inverse screening length for carbon. Plots for the remainingf selected elements has been studied as a function of in-

IV. SUMMARY AND DISCUSSION
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creasing screening due to a weakly bound plasma repreurselves to occur from thest ground states of both H
sented by the statically screened Coulomb potential. 8 14 and He[9,10]. Notice, nevertheless, that the critical
It is observed that elements with positive electron affinity,,q)ues at which the simultaneous plasma-induced ionization

in a vacuum are most stable in their corresponding anionigs wvo electrons occurs are very large, namely,
form at small screening and as the screening increases theyq 5 pohi ! for H- and\,~2.3 bohr ! for He. Since, as

ionize sequentially one electron at a time. For large enougkyyicated above, the screening paramatés proportional to

screening parameter values! but still small enough for t.he\/nolT each value ol represents a set of plasma conditions.
Yukawa potential to be physically meaningful, the cation is

. However, small values ok represent weak screening and
found to be their most stable charge state.

. i ... . _large values ol represent stronger screening.
Conversely, elements with negative electron affinity N 3 Simultaneous ionization of the twesd electrons of either
vacuum present only two charge states, neutral and positive, -

At I ing th tral is th t stable ch tat and He takes place at critical values of the screening
small screening the neutral IS thé most stable charge stalf, ; jater large enough as to raise serious doubts about the
and as the screening increases the cation develops as t

iability of th icall reen ntial model -
most stable charge state. ability of the statically screened potential model to de

. . . cribe the ionizations of test particles embedded in such a
Values of the screening parameter, which determine ea(r:E asma

?f thde trelglonsth(_jestﬁrlbeg a_bone have_be}erp calculated and our calculations, however, indicate that such multielec-
ound to fie within the pnysically meaningful rangé assocl-y.,, simyltaneous ionizations cannot occur from higher ei-

atelctj .W'trl] weakI%/hcoupltt_ed plastr;ats. h el th h ther s or p subshells under weak screening conditions, as
IS also worth mentioning that each element has a ¢ aréuggested by the smaller values of thés, shown in Tables
acteristic critical screening parameter at which the electron

it Is the neaative of the ionization potential ndI and I, for which the statically screened potential model is
amminity equais the negative of the lonization potential a reliable[35], along with the fact the criticaAE.'s are nega-

hence, the Mulliken electronegativity becomes zero. Recal‘!ive for all the elements investigated. Observe, in particular,

it e srrg. of somesement s st 1 o o
P Li- (n=2), Na (n=3), and K (n=4), will ionize se-

simultaneously ai., for its charge will suddenly change . . .
' . uentially as opposed to simultaneously. Also, simultaneous
from —1 to +1 at\.. Namely, we would have a simulta- q y PP Y

neous pressure-induced ionization of two electrons at thesIonization of two electrons from thegsubshel is predicted
" " . ) >Sot to occur, at least for elements B to F of the first row.
critical plasma conditions. According to our calculations this
seems not to be the case. Thus, elements with positive EA
will change their charge state smoothly from the anionic
form to neutral af\;, and finally to the cationic form at.. This research was funded by Euskal Herriko Unibertsi-
Conversely, elements with negative EA are predicted to retatea(the University of the Basque CounjryGipuzkoako
main neutral untih =\,, where one electron will ionize. Foru Aldundia(the Provincial Government of GuipuzKea
Recall that the simultaneous ionization of two electronsand Eusko Jaurlaritzéthe Basque Governmentl.S. and
from the same subshell has been predicted by Winkler and.M.M. thank Eusko Jaurlaritza for a grant.
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