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Bound excited states of H and He™ in the statically screened Coulomb potential
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The stability of the bound excited states of both the hydrogen and helium anions in an environment repre-
sented by the statically screened Coulomb potential have been studied. Energies have been calculated at the full
configuration interaction level of theory, as a function of the screening parameter. Our calculations demonstrate
that the bound excited states of both Hand He™ survive only under mild screening conditions. Stronger
screening will yield a sequential electron detachment process. Finally, the applicability of the present calcula-
tions to model real plasmas is discussRil050-294{®8)09904-]

PACS numbeps): 31.15.Ar
I. INTRODUCTION polyelectronic Hamiltonian operator.

The concept of a rare gas anion goes against the grain of A=T+V (1)
basic chemical concepts. When in their ground state, these
atoms are closed shell systems and as such have no readiljth
available low energy orbitals in which to place an extra elec-
tron. Thus, rare gas atoms are routinely considered incapable _Vi2
of binding an extra electron in their ground state electronic > T
configuration[1]. Although some serious doubts have been !
recently raised2] on the nonexistence of anion bound states
in the gases Ar, Kr, and Xe, the statement holds strictly valioand
for the He and N¢3]. However, when one considers excited AT,

—
I

2

states of these neutral atoms, the closed-shell argument no V==2> € +> , 3)
longer holds and the interesting possibility of a rare gas an- i T
ion bound state arises.

In particular, the only two bound stat¢4] of He~ are  where\ is the screening parameter, is the distance be-
excited bound states; namely, thess2p) “P state, first tween the electron and nucleus of chaggeandr;; is the
suggested by Hiby5], and the (%) *S state predicted by distance between electronsndj. The details of FCI can be
Beck and Nicolaideg6]. Both states have been observedfound elsewherg¢24]. As usual, the wave function will be
experimentally and their energies with respect to the?€) ~ expanded as a linear combination of configurational state
3S state[7] and the (?) 2P state[8,9] of the helium atom,  function built with a finite set ok spin orbitals{ x,}<_, . The
respectively, measured rather accurately. Xa SPin orbitals are now expanded in terms of Gaussian basis

The stability of the bound excited states of atomic negaset functions, for which a closed-form analytical solution for
tive ions is a subject of considerable importance in manyall the required basis integrals is availap®b]. Finally we
areas of physics, including electron scattering in atomithave made sure that all the calculated wave functions satisfy
gased10] and studies on the opacity in stellar atmosphereshe quantum mechanical virial theorem for the interaction
[11]. Most of the research done up until now has consideregotential of Eq.(3), namely,
ions placed in a vacuum, but recently significant advances
have been made in the study of polyelectronic atoffiz— A -

17] and molecular systemgl6,17 in environments repre- 2(T)=—(V)+x
sented by the statically screened Coulomb potential. Such
screened potentials are important for many areas of physics, N i
e.g., plasma$18,19, nuclear and elementary particle phys- Where(OA) stands for the quantum mechanical average of the
ics [20], atomic physicg21], solid state physic§22], and  operatorO over the electron coordinates.

atomic collision physic§23]. Thus it is to provide data con-  All the calculations have been performed with a locally
cerning the intriguing H and the He anions and their modified version of theGAMESSs [26] suite of programs,
properties under physically relevant conditions that wewhich includes the screened basic molecular integrals pack-
present the following study on the stability of the boundage[25].

excited states of these atomic negative ions in such an envi-

ronment. Ill. RESULTS AND DISCUSSION

i =i T

)

i>]

3 (3

Building a basis function set flexible enough to character-
ize properly bound excited states of atomic negative ions is
We adopt a full configuration interactidifCl) approach critical in arriving at meaningful results. Table | shows the

to calculate all the various electronic states of interest of ouFCI energies of the (2p) 3P and (2?) 3P states of H

IIl. METHODS
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TABLE I. Total energies in a.u. for the §p) P and (20?) TABLE Ill. Relative energies in eV between the 2s) 3S
3P excited states of the hydrogen anion and thp)(2P state of  state of He and the €s2p) “P state of He , AE(3S-*P), the
the hydrogen atom with various basis sets. The basis sets are idef2p?) 3P state of He and the (&) *S of He™, AE(®P-4S), and
tified by their number ok-, p-, d-, and f-type sets of basis func- the (2p%) *S and (1s2s2p) “P states of He, with various basis
tions (first, second, third, and fourth numbers of the first column, sets.
respectively. Thes- andp-type sets were constructed starting from
the 9s3p uncontracted basis set of Siegbahn and [39] aug-  Basis set AE(3S-4P) AE(PP-4S)  AE(*S-*P)
mented with two sets gf-type function with exponents 3.0 and 9.0

times that of the greategi-type exponent. Complementary basis 71615 0.0650 0.3257 39.5956
functions, with exponents sequentially 1/3 times that of the most//7/5 0.0704 0.3260 39.6007
diffuse one of each type, were added until the given size wagd/7/5/3 0.0710 0.3378 39.5869
reached. The- andf-type exponents were chosen to form an even-Ref. [42] 0.0774
tempered set with ratio 3.0, starting from 0.372 145 and 1.0, respe®ef. [33] 0.3200
tively. Ref.[32] 0.0775 0.3410 39.59

~ Present work 0.0775 0.3417 39.59

H H Experiment  0.07767 0.00012 0.337+ 0.02%
Basis set (82p) °P (2p? P (2p) 2P
&Taken from Ref][7].

10/10/5/2 —0.141990  -0.125248  —0.124972  byaen from Ref[8].
10/11/5/2 —0.141991 —0.125279 —0.124972
10/12/5/2 —0.141991 —0.125281 —0.124972 Table I. Hence, hereafter, all calculations on the hydrogen
13/13/5/2 —0.142012 —0.125281 —0.124972 anion will be carried out with the 10/12/5/2 basis set, which
15/12/5/2 —0.142109 —0.125281 —0.124972 constitutes a reasonably well balanced basis set for studying

trends of the transition energies between ths2@® 3P and

Exact —0.142597 —-0.12 —0.12 . .

X 0125358 0-125000 (2p?) 3P states of H in the statically screened Coulomb
#Taken from Ref[27]. potential. _ _

bTaken from Ref[30]. Calculations on the bound excited states of He can also be

carried out at a high level of accuracy without using prohibi-
tively large basis sets. Table Il collects the energies of the
(13252p3) 4P and (221033) 43S excited states of He and the
) : ; (1s2s) °S and (2“) °P excited states of the neutral He
LZ%V(\)/QI)[/Z%O L:Qgt et)ﬁ(izs'tesdtaféatcear?fJgf‘aSp;g%%iJél'S i\rl1vt(<a)" the atom calculated with various basis sets of increasing size.
3 R -cay radi 1y Nk Inspection of Table Il reveals that the convergence toward
(2§2p) P autoionization state. -|;hIS transition gives rise 0the exact energy is slow but steady, with respect to the in-
a line[28] of frequency 3784 cm*. Our best basis set cal- crease of the basis set size, a behavior exhibited also by
culation with the 15/12/5/2 basis set predicts a line at 369%round state energiek29]. However, throughout a wide
cm™*, which is only slightly better than the prediction of the range, these basis sets do well in predicting relative energies.
10/12/5/2 basis set, namely 3667 th but at a considerably |n Table IIl are shown various relevant relative energies
larger computational cost. Furthermore, the 10/12/5/2 basiamong the states taken into consideration. It is readily seen
set yields only slightly poorer relative energies than boththat the three best basis sets yield a consistent overall high
15/12/5/2 and 13/13/5/2 basis sets for thed@) 3P and the quality prediction. Since the 7/6/5 basis set balances well the
(2p?) 3P states of H with respect to the (8) 2P state of computational cost and accuracy, subsequent calculations on
the hydrogen atom, as can be inferred from the data given ithe helium system were carried out with this basis set.

and the (D) 2P state of H, calculated with various basis sets
of increasing size. Recall that thef?) 3P state of H is

TABLE |l. Total energies in a.u. for the &2s2p) *P and the (%) “S bound excited states of the
helium anion and the @s) 3S and (2?) 3P excited states of the helium atom with various basis sets. The
basis sets follow the same notation as in Table I. They were constructed starting from the standard
311G(3d) basis[40], 3/3/1 in our notation, and then complementary basis functions, with exponents
sequentially 1/3 times that of the most diffuse one of each type, were added until reaching the given size.

He™ He

Basis set (%2s2p) “P (2p3 “s (1s2s) 3S (2p?) 3P

6/6/5 —2.174663 —0.720520 —2.173903 —0.709230
7/6/4 —2.174667 —0.720583 —2.173905 —0.709227
716/5 —2.176309 —0.721197 —2.173921 —0.709228
71714 —2.174989 —0.720603 —2.173905 —0.709230
71715 —2.176510 —0.721210 —2.173922 —0.709347
717/5/3 —2.176551 —0.721759 —2.173942 —0.709347
Exact —2.17807% —0.723058 —2.175229 —0.710506

8Taken from Ref[32].
bTaken from Ref[41].
‘Taken from Ref[28].
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FIG. 2. Energy differenceAE, in a.u. between the (&) P

A (bOhI’_1) and the (32p) 3P states of H as a function of the screening

parameter) in bohr 1.

FIG. 1. Electron detachment energyE, in a.u. of the (D?)
3p state of H™ with respect to thé2p)?P state of H, as a function

1

the (2p?) 3P state of H becomes critical with respect to
of the screening parametex,in bohr™ =, (20°) b

the (2p) 2P state of H, the predicted wave number for the
A. The stability of the (2p?) 3P state of H™ (2s2p) *P — (2p?) 3F_’ transition of H™ is 3516 cmi ',
151 cm ! shorter than in vacuum.

This loss of the one outer electron followed by loss of a
| - _ second electron at a higher value Xfis in contrast to the
electron affinity, fpr the. unscreened case is 9.65 mﬁM' behavior of the ground state Hanion under the influence of
Our FCI calculation with the 10/12/5/2 basis set gives ascreening[lS 14.17. In the ground state of H, the two

value of .8'39 meV. Although our pr_ediction is not. in exact electrons become unboundestsentialljthe same value of.
accord with the number of Jauregui and Burigé], it rep- Thus for the ground state of Hsequential electron loss, as

resents a good starting point for the investigation of the ef

. ] » “"predicted in this work for the (#) P bound excited state
fectzofghe statically spreened potential on the stability of thls.gf H -, is not seen, rather both electrons are lost under equal
(2p°) °P bound excited state of H.

Screening of the Coulomb interactions within the atomcondltlons'
yields weaker bound electrons, so that for sufficiently large
screening, electron detachment might take place. We have
calculated the electron detachment energy from thg?)2 Of the two bound excited states of Hethe *P is the
3p state of H to the (2p) 2P state of H, as a function of most stable one. It has an experimeri@l electron affinity,
the screening parameter. Results are depicted in Fig. lyith respect to the (42s) 3S state, of 0.077 67 0.000 12
which shows that the detachment energy of opeekectron eV, which compares well with our prediction of 0.0650 eV.
of H™ decreases rapidly as the screening parameter inFhe calculated total energy for the unscreened Q) case is
creases. Indeed, far=0.03 bohr ! the (2p) P state ofthe —2.176 309 a.u. Hence, the basis set incompleteness, with
neutral hydrogen atom is more stable than(@®) 3P state  respect to the exact energy of Bylicki and Pedi&2], is of
of H™, and forA=0.07 bohr ! the energy difference be- 1.76x10 2 a.u., for our 7/6/5 basis set.
tween both states remains almost constant. Recall that the The stability of this*P state of He with respect to the
hydrogen atom is able to support a boung 2P state only  (1s2s) 3S state of He is found to be a steadily decreasing
for A<0.22 [31]. Below this critical value ofA=0.22 function of the screening parameter. More interestingly, at
bohr~1, the energy difference between thesgp) P auto- A\ =0.052 bohr %, its stability becomes critical and for larger
ionization state and the (%) 3P bound excited state of H  values of\ the (1s2s) S state of He is found to be more
decreases as increases, as shown in Fig. 2. Consequentlystable that thé P of He ™, as shown in Fig. 3. Therefore, the
the transition between these two states should give rise t8P bound excited state of Heis not able to support a bound
lines of shorter wave numbers as the screening parametstate for the p outer electron foh >0.052 bohr L. At these
increases. Indeed, at=0.03 bohr !, where the stability of higher A values, He will lose this outer electron due to

The best approximation to the stability of thep(2 3P
bound state of H with respect to the (8) 2P state of H, its

B. The stability of the (1s2s2p) *P state of He~
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FIG. 3. Electron detachment energhE, in a.u. of the FIG. 4. Electron detachment egersgyE, ina.u. of the (9°) *S
(1s2s2p) “P state of He with respect to the (42s) 3S state of ~ State of He' with respect to the (@ )—1P state of He, as a function
He, as a function of the screening paramekein bohr 1. of the screening parametev,in bohr™-.

pressure ionizatiofor any other plausible decay mechanism  The (2p?) °P excited state of the neutral helium atom
[33)). will lose an electron by pressure ionization at values\of
It should be mentioned that the¢ds) 3S excited state of >0.360 bohf*. At that point, the (p*) P state of the
the He atom may also be pressure ionized, as a consequerfde” cation is more stable than th# neutral atom. How-
of the screening effect, yielding 6} 2SHe™ and a detached ever, the resulting (8 ?P state of the Hé is highly un-
electron. Our calculations predict that this should occur forstable, and ak >0.45 bohr 1, the binding energy of its sole
A =0.406 bohr !, which is considerably larger than the cor- electron becomes negative. Therefore, similarly to the
responding critical\ for the pressure ionization of the (1s2s2p) “P state, the electrons of the §3) “S excited
(1s2s2p) °P excited state of the He. Therefore the energy state of He will be lost sequentially as a consequence of
picture from our calculation is that electrons will be pressurencreasing the screening parameter.
ionized consecutively from the 62s2p) “P bound excited
state of the helium anion as a consequence of increasing the IV. CONCLUSIONS

screening parameter. ) .
The bound excited states of Hand He anions have

been calculated at the full configuration-interaction level of
theory, when both electrons and nuclei interact with each

The (2p®) *S state is a loosely bound excited state of other through the statically screened Coulomb potential. The
He™. Indeed, it has a total energy of onty0.723 058 a.u. spin orbitals have been expanded in terms of Gaussian basis
[32], a third of the *P state’s energy. Its electron affinity functions, for which fully analytical solutions for the mo-
with respect to the (@2) 3P state of 0.337+ 0.025 eV[8,9] lecular integrals involved in the self-consistent field problem
is also substantially lower than that of tHf#® state. Our are available. The quality of the resulting optimum FCI wave
predictions for the total energy and the electron affinity arefunction has been verified with the aid of the quantum me-
—0.721 197 a.u. and 0.326 eV, respectively, which comparehanical virial theorem.

C. The stability of the (2p®) *S state of He™

well with respect to a number of earlier calculatigB8g,34]. Our calculations indicate that the bound excited states of
In this case, the basis set incompleteness of our 7/6/5 badimth H™ and He™ survive only at small values of the screen-
set is 1.86 10 2 a.u., very similar to that of théP state. ing parameter. For larger values of the screening parameter,

Figure 4 displays the energy of theg® *S state of electrons will be stripped off sequentially. This is in contrast
He™ with respect to the (@%) 3P of He. It shows clearly to the behavior of the ground state Hand the neutral He,
that the“S state is stable only for small values of the screen-which lose their two electrons at essentially the same screen-
ing parameter. Fok>0.183 bohr !, the S state of He is  ing potential.
less stable than the (2) 3P state of He, implying that The hydrogen anion is predicted to lose ore éectron
increasing beyond this value the screening will result in thefrom its (2p?) P bound excited state for=0.03 bohr 1.
detachment of an electron from He Remarkably, the less stable bound excited state of the helium
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L state. The former is predicted to pressure ionizea0.183,
6.0 . while the latter ai =0.052 bohr L.
; The screened Coulomb potential has been used earlier to
1 ] gain insight into various aspects of both laboratory and as-
504 i trophysical plasmag35], for screening is one salient feature
| . of the collective behavior of plasm&86]. However, since
] the actual form of the screened potential is derived by as-
suming equilibrium conditions and a thermal energy much

/ larger than the potential energ@?/}, which allows for the
linearization of the Poisson equation, the interpretation of the

4.0 4
results must be exercised with caution. Indeed, it is well

‘
established that the screened Coulomb potential describes

/ ] plasma conditions reliabl}37,38 only when the screening
length, i.e.\ "1, is larger than the average electron-nucleus

¢
2,0 ¢ /5 -
! distance(r), so that the Debye sphere contains a large num-
] ber of ions. As shown in Fig. 5, the §2s2p) “P bound
.

r<r>

A ]

' - excited state of He satisfies this condition fok <0.175,
and the (%) “S for A<0.190 bohr!. Since the detach-

ment of one electron from these states of helium anion takes

place at lower\ values, one can conclude that the present

1.0 H

%
// ./../
A
004 w* 4
model yields a feasible description of the stability of these
0.60 01'10 o,lzo 01'30 0‘20 0.50 _bound excited states under plasma epwronments character-
ized by the screened Coulomb potential.
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