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CHARACTERISTICS OF H- TO Be-LIKE IONS
IMMERSED IN ELECTRON GAS
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The electronic characteristics of H- to Be-like ions immersed in degener-
ate electron gas were calculated. The ion was described within the Hartree—
Fock—Slater formalism and the medium by the dielectric function. The ion’s
electrons repulsion, screening and exchange effects and, additionally, the
self-binding of an electron due to the polarisation of the medium were in-
cluded in the description. The results were compared with the reference
corresponding to the characteristics for ions in vacuum.

PACS numbers: 34.50.Bw, 71.45.Gm

1. Introduction

The interest in the problem arose when studying the stopping and straggling
of slow ions in an electron gas [1]. It became obvious that after immersing in the
electron gas, the ions alter their basic characteristics, like energy levels, excita-
tion and ionisation energies, life times (when being excited) and all the related
properties, when compared to the properties of ions in vacuum.

Several basic theoretical methods for determining characteristics of ions and
molecules under vacuum environmental conditions were developed. The most im-
portant methods are variational Hartree-Fock [2] and density functional [3] meth-
ods, providing accurate results but sufficiently complicated to be rejected in stop-
ping power theories. In this field a simpler, more transparent and instructive, and
consequently less reliable, model 1s sufficient.

In the present paper ions having from H to Be electronic configurations un-
der the electron gas environmental condition will be considered. We start from
formulating the Hamiltonian describing the ion—electron gas system. Some atten-
tion will be paid to the self-binding potential of an atomic electron in the electron
gas. Finally the total energies of various 1s2s configurations will be calculated
analytically and the characteristics of interest will be derived.
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The free electron gas (at T'= 0 K) is characterised by the one-electron radius
rs (n = 3/(47r3) is the electron gas density). The ion consists of an atomic nucleus
of atomic number Z; carrying N; < 4 electrons.

Atomic units are used throughout.

2. Calculation procedure

Within the random phase approximation (RPA) the probability for transfer
of the energy w and the momentum % from an ion to a degenerate free electron
gas at 7' = 0 K is described by the equilibrium Lindhard dielectric function [5]:
e(u,z) = 1+ (/29[ f1(u, z) + 1f2(u, 2)], where the parameters are defined as z =
k/(2kr), v = w/(kvr), x? = rs/(7a). The Fermi wave number is kr = o/(aors),
the Fermi velocity vp = voar/rs (vg is the Bohr velocity) and a = (971'/4)1/3.

The conduction electrons of a solid screen the quasi-static electric potential of
an ion due to dielectric response, providing screening which can be approximately
described in terms of a screening function.

For ions binding N; < 4 electrons we apply the Hartree-Fock—Slater (HFS)
description. The total self-consistent Hamiltonian is given by

1 1
=3 (=525 4 Vool(r) # Vaclr) £ 3 3 Veellry = i | (1)
J k#j
Here V.. and Vj,. are the exponentially screened interactions between electrons and
between an electron and a nucleus, respectively

Vae(r;) = —Zir]»_l exp(—rjkrr),

Vee(lry = mil) = |ry — 7|7 exp(=[rj — relkrr). (2)

The Thomas—Fermi wave number kg 1s related to the Fermi wave number
as k3 = dkp/(Tap).

Vpol 1s the self-binding potential acting on an electron from polarisation wake
induced in the electron gas by this electron

Voalr) = [ @)= expl=lr = lkre) = 10l). (3)

Physically, this phenomenological Hamiltonian gives account of an approxi-
mate, long wavelength screening exerted by the electron gas on an ion, instead of
the response provided by the full dielectric function e(k,w).

We assume that the solutions of Eq. (1), in a form of HFS determinants, are
built from the 1s and 2s one-electron trial functions:

P15(r) = 71'_1/2(Z)3/2 exp(—2r),

Was(7) = w2 Z2)2)32(1 = Zr[2) exp(—Zr/2). (4)

We call Z the size parameter of the electron distribution. This parameter is
modified when the ion from the vacuum enters a solid. We determine 7 = Zin
from the variational condition of minimum for the expectation values of the total
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Hamiltonian H. For different 1s2s configurations of excited (Ion*) ions and ions
in the ground state (Ion) we have

A(H=1s') = By, + Pry,

H(H" = 15"251) = Eos + Pag,

H(He = 15%) = 2Ey + 2P + Vigis,

H(He" = 15'25Y) = By + Pig + Eog + Pog + Vigas — Argas,

H(He™ = 15°257) = 2Fa, + 2Psy + Vasss,

A(Li = 15%25Y) = 281, + 2Pyy + Eoy + P + Vists + 2Vigss — Arans,

(L

15125%) = By + Pis + 2B, + 2Pas + Vagos + 2Vigas — A1gas,
H(Be = 152252)

= 2Els + 2P15 + 2E25 + 2P25 + Vlsls + VZsZs + 4V1525 - 2A1525~ (5)

The one-electron energy (E), the direct Coulomb ('), the polarisation (P) and the
exchange (A) integrals were calculated analytically, and are presented in Appendix

and their values for an extremely dense or diluted electron gas can be obtained
from Table I.

TABLE 1

Values of the intergrals for H- to Be-like ions in vacuum and a dense electron gas.

Integrals Vacuum, ry = oo, ktp = 0 | Dense gas, rs = 0, krp = o©
E Z2]2— 77 Z2/2
Es Z2/8— 77 /4 Z2/8
Visis Z5/8 0
Py 0 —Z5/8
Vasas Z77/512 0
Pos 0 —Z77/512
Visas 768/324 0
Assas Z16/729 0

It was assumed, and it was as a criterion, that for the ion in an electron gas
the total energy in the minimum has to be negative, if the ion is to be stable against
the decay into other, more favourable energetically, electronic configurations.
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3. Results and discussion

3.1. Ion tn vacuum

When ions with various atomic numbers Z; having H- to Be-like electronic
configurations are placed in the vacuum (r; = o0) then the screening of an electron
gas is neglected (krp = 0), and only the screening and exchange interactions
related to atomic electrons remain effective. Also, the self-binding is absent in
vacuum.

The total energies H’s of Eq. (5), explicitly given in Table I, reach minima
(calculated from OH /0Z = 0) at the values Zuy;, presented in Table I1 for ions in
the ground and excited states. The screening by ionic electrons and the exchange
interaction are more important for an ion with a small atomic number, since Zin
is equal to the difference between the ion atomic number Z; and some specific
screening number of the order of unity. The total energy is proportional to Z2,.
with some factor given in the last column of Table I depending on the electronic
configuration.

TABLE 11

The minimum energy parameter Zmin and the total energy H

of Eq. (5) for H- to Be-like ions.

X-like ions Zmin (s = 00) | Zmin(rs = 0) H/Z2.
H(1s'2s%) Z; 0.625 1/2
H*(15°25") Z; 0.602 1/8
He(1s725%) | Z; — 0.31250 0.625 -1
He*(15'2s1) | Z; —0.15034 0.620 5/8
He* (1592s%) | Z; — 0.30078 0.602 1/4
Li(1s2s') | Z: —0.45458 0.622 -9/8
Li*(15'2s7) | Z; —0.36546 0.617 ~3/4
Be(152252) | Z; — 0.62840 0.620 5/4

For a given atomic number Z; the total energy depends on the electronic
configuration and the number N; of bound electrons. This dependence is drawn in
Fig. 1 for ions with Z; = 1 to Z; = 4. It turns out that there is a local minimum
of the total energy for N; = Z; i.e. removal or attachment of an electron demands
some amount of energy. The total energy of an ion can be simply calculated starting
from the analytical relations given in Table I1. For instance, a proton as a nucleus
can be analysed by taking Z; = 1, so we have for various electronic configurations:
H(H(1s'25%)) = —13.6 eV, H(H(1s%25")) = —12.9 eV, H(H(1s%2s')) = —9.1 eV,
H(H(1s%25%)) = —4.7 eV, associated with adequate Z;,’s. This means that all
these electronic configurations are stable in vacuum. In the case of Li-like ions,
Z; = 3, we get H(Li+(152250)) = —196.4 eV, H(Li(1s%2s')) = —198.3 eV and
H(Li™ (1s%25%)) = —191.2 eV, so the minimum is very shallow.
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Fig. 1. The dependence of total energy of ions with atomic numbers Z; on the number
N; of bound electrons for H- to Be-like electronic configurations.

The present results can be compared with the Hartree-Fock—Slater calcula-
tions [2] performed for atoms and both positive (X!*) and negative (X!~) ions in
vacuum. The comparison, given in Table III, shows minima about 1-2% deeper
as related to the values obtained within the present model. For ions with various
electronic configurations Clementi and Roetti [2] also obtained shallow minima for
N; = Z;. In the case of Li-like ions, Z; = 3, they got H(Li+(152250)) = —196.8 eV,
H(Li(1s?2s')) = —202.2 eV and H(Li~ (1s?2s?)) = —202.0 eV. The calculated to-
tal energy for He atom, i (He(1s?2s%)) = —77.45 eV, is slightly above the reference
value of —77.83 €V [2].

TABLE III
The total energy of H to Be atoms (hartree). No self-binding.
Atoms re=10|r,=20|r;,=30|r, =50]| r, =0 Ref. [2]
H(1s2s°) + + -0.0155 | -0.0678 | —0.5000
H*(1s%2s1) + + + + -0.1234

He(1s22s%) | ~0.1604 | ~0.6072 | ~0.8837 | ~1.2146 | -2.8430 | ~2.8617
He*(1s'2s') | ~0.0745 | —0.3562 | ~0.5409 | —0.7720 | ~2.1336
He**(15°25%) | + + + | 0.0102 | -0.7172
Li(1s?2s') | ~1.5266 | ~2.6659 | ~3.2874 | ~3.9948 | —7.2797 | ~7.4327
Li*(1s12s%) | ~0.6916 | ~1.3934 | ~1.8123 | -2.3226 | —5.1962
Be(1522s%) | ~4.2982 | ~6.3349 | ~7.4259 | ~8.6336 | ~14.1940 | ~14.5730

In vacuum the energy required for ion excitation or for electron detachment
can be calculated as a difference of adequate H’s, and is given in the last but one
column of Table IV and compared with the available reference values [2] given in
the last column of the table. For example the excitation He(1s%22s%) — He*(1s'2s?)
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demands 19.29 eV, and electronic detachment He(1s?2s”) — He™ (15'2s") de-
mands 23.06 eV, whereas the recommended He ionization energy obtained from
photoelectron measurements is 24.58 eV [4].

TABLE IV

The selected excitation and ionisation energies of H to Be atoms (hartree).

No self-binding.

Reaction rs =1.0|rs =201 r; =5.0 | rs = co | Ref. [2]
H(1s*2s%) — Ht(1525°) 0.067797 | 0.49844
He(1s72s%) — Het(15'25%) | —0.0129 | 0.1159 | 0.3082 | 0.8461| 0.8617
He(15725%) — He?*(15925%) | 0.1604 | 0.6072| 1.2145| 2.8430 | 2.8617
He(1522s%) — He*(1s'2s!) 0.0859 | 0.0663 0.4425 | 0.7094
He(152250) — He**(150252) 0.1604 0.6072 1.2044 | 2.1258
Li(1s%2s') — Lit(1s%2s%) 1.5266 | 2.6659 3.9605 | 6.8086

0.5941 1.0036 1.4336 | 2.2122
0.2955 | 0.3548 1.2708 | 2.7844 | 2.9327
1.5269 | 2.5659 3.9257 | 7.2797 | 7.4327
( ) -0.4785 | —0.4603 | —-0.3729 | 0.0668 | 0.2956
Be(15%25%) — Be* T (1s'25?) 1.9742 | 2.6816 3.3350 | 4.3006
Be(1522s?) — Be?T(1522s%) -1.0153 | —-1.8994 | —0.6578 | 0.6073
( ) — Be*2+(150252) | 4.2771| 6.2227| 8.1202 | 10.7836
Be(152252) — Be*?+(1s12s') | 1.5379 | 2.2007 | 3.1256 | 4.9425
( )

( )

( )

Li(1s%2s') — Li*t(1s'2s!
Li(1s22s') — Li**(1s'2s°
Li(1s22s') — Li®t(15024°

~— e e

— BeT(15125°) 1.0550 | 1.4075 | 3.0991 | 6.2002 | 6.5730
Be(1522s2) — Be*t(1s92s1) | 4.2866 | 6.1958 | 8.3297 | 12.2002
Be(1522s2) — Be't(15°250) 42982 | 6.3349 | 8.6336 | 14.1940 | 14.5730

There is a quite correct relation between the results of the present simple
model of the total energy calculation for an ion in vacuum and the reference
values [2] based on different basis sets (full HF'S, double and single zeta functions).
The agreement would certainly have been better, if we took, for instance, two
variational parameters, (say 71, and Z5) instead of single 7, in the wave functions

of Eq. (4).
3.2. Ion in electron gas

The point of interest of the present paper is to analyse how the spectroscopic
characteristics of atoms are modified, when the object is immersed in a uniform
electron gas at 7' = 0 K, characterised by a density parameter r;.

As previously, it is assumed that an ion exists as an integral object as long,
as its total energy in the minimum remains negative. This condition is fulfilled
over the whole r; range, provided the self-binding given by Eq. (3) is incorpo-
rated in the model. If the self-binding is suspended, the total energy acquires zero
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at some 7y, causing the ion to disintegrate, as the energy gets positive values
when r;, — 0.

In an electron gas, within a description taking into account the self-binding
interaction or not, the Z;, parameter was determined by calculating a numerical
minimum of the appropriate # from Eq. (5). It turns out that Zyi, depends on
Zi, N; and, additionally, on rs. In order to illustrate this behaviour, the Zi,,
as a function of r; and Z;, is drawn in Fig. 2 for Li-like ions remaining in the
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Zmin as a function of r. and Z; for Li-like ions. Figures (a) and (b) without,
and figures (c) and (d) with the self-binding interaction.



650 Marek Moneta

ground (a) and in the excited (b) states without self-binding and the same with
self-binding (¢), (d).

By analysing Fig. 2 it is seen that as r; increases (dilute gas) for a given 7,
Zmin also increases to the atomic screening numbers given in the second column of
Table II for s = co. Due to an increase in Zip, , the atomic electron trial functions
of Eq. (4) tend to be more localised around the nucleus, as in the case of an ion in
vacuum. A decrease in r; (dense gas) causes a restricted spreading of the functions
in the electron gas.

While comparing drawings describing different states of ion excitation, it
should be noted that Zyin, calculated for the same (r;, 7;) parameters, is much
smaller for the excited ions than for the ions in the ground state: Zpiy(He) >
Zmin(He™) > Zyin (He*). Tt simply means that the excited ions spread more in
space than the ions in the ground state.

Zmin 18 used in Eq. (5) to calculate H(Zpin). In a dilute and dense elec-
tron gas Hy, is directly proportional to Z2. . As an example, the dependence
of Huyin/Z2;, upon Z; and r, for Li(1s22s) atom in the ground state and for
Li*(1s'2s?) excited atom are drawn in Fig. 3, separating the cases without (a, b)
and with (¢, d) binding of electrons to polarisation wakes. First of all, we note that
this function is not constant, equal to the value in vacuum. As r; decreases, for a
given Z;, Znin also decreases causing an increase of the functions in the figures.
From the analysis of Hpyi,/Z2,, upon Z; and rs, we found that due to ac-
counting for the self-binding of each electron to the polarisation wake, all the ions
in the electron gas remain stable against the decay over the whole r; and Z; range
considered, contrary to the experiment. For a very dense electron gas (rs = 0) Zmin
is independent of Z;, as given in Table II. For example, for H-like 1ons a minimum
of energy i1s —5.3 eV, and for Be-like ions is —13.1 eV, and these values decrease to
the values appropriate for these ions in vacuum, as r; — oo. By setting Z; = 0,
we can calculate electron self-binding energies, the values which can be associated
with appropriate work functions, ranging for real metals from —4 eV to -5 eV.

On the other hand, in the description of the ion the suspending of the
self-binding causes an increase in the ion energy for the dense electron gas, reach-
ing zero at some r; (as rs; — 0) and fulfilling the criterion for the ion decay. In this
case, for instance, in agreement with expectation from the experiment, H atom
cannot exist in the electron gas below r; = 2 and H* below r, = 10, approxi-
mately. The selected results of calculations within the present model (excluding
self-binding) regarding the minimum total energy of Eq. (5) for H to Be atoms
in dependence of the electron gas density parameter r; are presented in Table IIT
and compared with the available reference values [2]. Generally, the total energy
of an atom increases along with an increase in the electron gas density. Among the
atoms investigated, only He, He* L1, L1*, and Be can, in principle, exist and be
stable in an electron gas, whose density corresponds to the density of real metals,
i.e. from ry = 1 to ry = 3. The total energy of H, H*, and He** is positive in this
density region causing the atoms to decay spontaneously, for instance by emitting
electrons. The results on energies required for excitation or ionisation of H to Be
atoms are enclosed in Table IV and related to the reference data [2]. The plus sign
means that the energy has to be provided in order to carry out the transition,
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Fig. 3. Hmin/Z2in as a function of r. and Z; for Li-like ions. Figures (a) and (b)

without, and figures (c) and (d) with the self-binding interaction.

whereas the minus sign means that the energy is gained in the spontaneous tran-
sition. For example, it is seen from Table III that for total collisional stripping off
the He atom, prepared initially in the ground state, the energy required is strongly
dependent on the interaction with the medium in which the atom 1s immersed; in
vacuum the energy of 77.3 eV is necessary, whereas in the electron gas of ry, = 2

the energy needed is about 16.5 eV. For a complete stripping off the Be atom the
corresponding values are 172.3 eV and 380 eV, respectively.

651
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4. Conclusions

The spectroscopic properties of H- to Be-like ions immersed in an electron
gas were analysed, and shown to depend on the ion atomic number, the num-
ber of bound electrons, and the configuration they create, and on the density of
the electron gas. It was shown that the denser electron gas, the higher energy of
the 1on in the minimum found from the variational principle. Also, the energies
required for ionisation or excitation of an ion kept in an electron gas decrease,
as the electron gas density increases. An answer to the questions whether the
electronic configuration of the ion remains stable in the electron gas up to an
extremely high density, or whether there is a critical density above which the
ion total energy becomes positive and the ion disintegrates, depends on whether
binding of an electron to the wake potential which this electron induces in the
electron gas is included in the description or this self-binding is suspended. A form
of the potential is imposed by Eq. (3) which defines this interaction as a differ-
ence of potentials produced by an electron in the electron gas and in vacuum. The
electron is represented by the trial function, and the electron gas is described by
a dielectric function generating static screening approximated in this model by
exponential screening. Despite of the fact that the present model equipped with
this self-binding interaction can produce a quantity which may be interpreted as
a work function, the resultant stability of atoms immersed in the dense electron
gas is 1n clear disagreement with experiment. This makes us suspend this com-
ponent of the model. On the other hand, there is an evaluation of a number of
bound states n’ in a screened Coulomb potential, corresponding to the screening
exerted by the electron gas, performed numerically by Rogers et al. [8]. They found
n' = 0.5829 4 0.49937, /krr. n’ = 1.36 for Z; = 1 and r; = 1 which suggests that

the hydrogen atom should be stable in a real metal.

Appendix

The following one-electron energy (F), the Coulomb (V'), the polarisation (P),
and the exchange (A) integrals:

B, = /R d®rpa(r) (—%A - %GXP(—WTF)) Ya(r),
Vap = /Rg, d3r /Rg, dr'[pa(r) *[r — ']~ exp(= |7 — o/ [krr) [¥u () I,
P, = /Ra d3r/7€3 Er'|u(r) P |7 — o7 exp(=|r — 7' [krr) — 1] [a(r)]?,

Aap :/ dBr/ A3y () () = /| exp(=|r = o/ [brr)¥a(r )i (7),
R3 R3

with the functions
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P15(r) = 71'_1/2(Z)3/2 exp(—2r),

as(r) = 71'_1/2(Z/2)3/2(1 — Zr/2)exp(—=2r/2),
were calculated analytically as functions of 7 (y = ktr/Z and v = 2v/3)

72 7.7
Bry=5% - 20
2 (14++9/2)?
72 7.7 4 3
E s — 5 T 2— + s
’ 8 4(1+7)2< (1+7) (1+7)2)
9 2/4
Vis = 7232047774
8(1+7/2)*

Pls = Vlsls - 5Z/8a

77+ 104y + 22797 4 14493 4 1234% + 407° + 57
512(1 + 7)3 ’

Vasas = Z
P = Vago, — T772/512,

4174474219 + 8y +4*

81 (L+7)42+7)? ’

16 3 — 2592 + 1507 — 2569'° 4 1507/% — 259" 4 3910
729 3(1 —~'2)8

in hartree (¢?/ag) units. For 4/ = 1 the exchange integral A assumes the finite

value Ay50, = Z(16/729)(5/12).

Visos = 2

AlsZs =
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