LUND UNIVERSITY

Multielectron Dissociative lonization of Co2 In Intense Laser Fields

Frasinski, L. J; Hatherly, P. A; Codling, K; Larsson, M; Persson, Anders; Wahlstréom, Claes-
Goéran

Published in:
Journal of Physics B: Atomic, Molecular and Optical Physics

DOI:
10.1088/0953-4075/27/1/014

1994

Link to publication

Citation for published version (APA):

Frasinski, L. J., Hatherly, P. A., Codling, K., Larsson, M., Persson, A., & Wabhlstrém, C.-G. (1994). Multielectron
Dissociative lonization of Co2 In Intense Laser Fields. Journal of Physics B: Atomic, Molecular and Optical
Physics, 27(6), 97-109. https://doi.org/10.1088/0953-4075/27/1/014

Total number of authors:

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://doi.org/10.1088/0953-4075/27/1/014
https://portal.research.lu.se/en/publications/4365a599-5dbc-4cac-a83a-01657e3a0e8f
https://doi.org/10.1088/0953-4075/27/1/014

IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Energy loss of swift metastable projectiles with two bound electrons

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1994 J. Phys. B: At. Mol. Opt. Phys. 27 97
(http://iopscience.iop.org/0953-4075/27/1/014)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 130.235.188.104
The article was downloaded on 11/07/2011 at 07:27

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-4075/27/1
http://iopscience.iop.org/0953-4075
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys, B: At, Mol, Opt, Phys, 27 (1994) 97-109. Printed in the UK
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two bound electrons
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700, Japan

Received 27 July 1993, in final form 23 September 1993

Abstract. An analytical formula for the electronic stopping power § was derived for
swift(vz Z vy) frozen-charge-state projectiles (atomic number Z;) with two electrons in
metastable 152s singlet and triplet states, using a first-order perturbation method. The spatial
electron distribution around a projectile was determined by the variational method. In order
to demonstrate the magnitude of 3, we also calculate the effective stopping-power charge.
Compared with the ground state (ts7), & in the [s2s configuration is found to be enhanced
especially at the lowest velocity (v=Zvq) investigated. In addition, it is found that (i) there
is no appreciable difference bhetween 1s2s singlet and ftriplet state, and (ii) § for the 1s2s
singlet can be scaled in the form §x Z;7 2%,

1. Introduction

The problem of the energy loss of swift charged particles has been fundamental and
essential for scientists working in the fields of atomic collisions in solids and the plasma-
first wall interactions. The reason is because this quantity is directly related to the
energy deposition of the injected ion beams in a material or the range which they can
attain on the average. Also in ion implantation this quantity is applied to analysis of
both the depth profile of the implanted atom and the structure of the host lattices in
solids.

So far, the electronic stopping power of materials for swift and fully ionized pro-
jectiles with velocities v has been investigated intensively. From experimental viewpoints,
a lot of measurements have provided valuable data, some of which were recently com-
piled by Andersen and Ziegler (1977) and Janni (1982). On the other hand, theoretical
models and methods have been proposed (Bethe 1930, Bloch 1933, Ritchie 1959, Neu-
feld and Ritchie 1955, Lindhard and Winther 1964, Sigmund 1982, Echenique et a!
1986, Gertner ef af 1978, 1980, Kaneko 1986a, 1989a, b} in order to interpret those
data. Recently, theoretical data tables for the stopping power for a proton were also,
presented on the basis of kinetic theory by Oddershede and Sabin (1984) and
wavepacket theory by Kaneko (1993a).

Regarding swift fully-stripped light ions, the energy-loss analyses have been made
by means of the Bethe-Bloch theory, if necessary, with including the correction terms.
For a point charge Z;¢ moving with velocity ¢ in a material, the electronic stopping
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power S is expressed as (Lindhard 1976)
S=(4re' /mANZLL(Z,, Z,, v) (1.1a)
L(Z), Z5, 0)=Z}Lo(Z, 0) + ZPLi(Z2, ) + ZPLo( 25, v). (1.16)

In the above, m, ¢ and N are the electron rest mass, the elementary charge and the
number of target atoms of atomic number Z; per unit volume, respectively. The leading
term Lo(Z;, v) is given by Lo(Z,, v) =In(2mv*/I), where [ is the mean excitation energy
of a material Z,. The terms Z7L, and Z}L, in equation (1.15) are called the Barkas
term (Barkas et af 1963) and the Bloch correction (Bloch 1933), respectively.

The formula (1.1} cannot be applied to partially stripped ions (ps1). Ferrell and
Ritchie (1977) first treated the energy loss of a ps1 (i.e. He™) moving at low velocity
in an electron gas. Afterward, the effect of the bound electrons was treated in a statistical
model (Brandt and Kitagawa 1982), and in the local electron density models (Kaneko
1986a).

With recent progress in experimental techniques, it has become possible to measure
directly the energy loss of a ps1. Cowern et al (1984) reported the energy loss of
3 MeV amu~' C*** ions in very thin carbon foils. Ogawa et al (1991, 1992, 1993)
measured the energy-loss of fast hydrogen-like (H-like), helium-like {(He-like), and
lithium-like (Li-like) ions passing through thin carbon foils with kinetic energy of
10 MeV amu™' under the frozen charge-state condition. To interpret these data theoreti-
cally, the analytical stopping-power formulae for H-like and He-like projectiles were
derived explicitly (Kaneko 1991) in the form of equation (1.1), but L{Z,, Z,, v) must
be replaced by

Lz, Z;,0)=(2Z _le)z 1“(2’"92/1)"‘ (2Z;Ns— N?s)
X|n{v,/(Zng)}+Z.N15—(11/l2)N|25. (1.2)

Here Ny, denotes the number of the 1s electrons so that Z.=2Z, and ¥;=1 for H-like
and

Z,=Z,—-% (1.3)

and N,;=2 for He-like (157, singlet) projectiles. The quantity Z, is related to the screen-
ing parameter which will appear in the next section. Moreover for Li-like and Be-like
projectiles the stopping-power formulae were also obtained (Kaneko 1993b). In these
expressions the Z} and Z}' terms are neglected.

The above consideration is based on the idea that the ground state configuration
may be dominant. The existence of the excited states of projectiles in solids will play a
main role in the study of the beam-foil interaction (Andrd 1975, Andri et af 1976).
To our regret, there have been no experimental data on the energy loss of excited-stale
projectiles yet. As a basic knowledge, however, theoretical prediction of this quantity
will become important. Therefore, as a first step, we present here an analytical formula
for the electronic energy loss of swift metastable projectiles in electron configuration
1s2s for the first time. Both a singlet and a triplet state are considered here. First,
section 2 is devoted to a description of the theoretical procedure. Results and discussion
are given in section 3. Throughout this paper, m, e, @y, v, and 7 denote the electron
rest mass, the elementary charge, the Bohr radius (=0.529 x 107® cm), the Bohr velocity
(=2.19 x 10%cm 5™") and the Planck constant divided by 27, respectively.
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2. Theory

Here we assume that the projectile velocity » is larger than both the average velocity
of the target electrons, Z#u,, and that of the projectile electron, Z,v,. Hence we can
use the first Born approximation. Second, the electronic state of the projectile is com-
pletely frozen during the passage of the projectile. This assumption (a ‘frozen charge
state’) is actually valid if a fast projectile penetrates a very thin foil.

We now discuss the validity of the frozen-charge-state condition. The condition of
v> Z.0o means that the electron loss process is much more dominant than the electron
capture process, as the velocity-stripping criterion suggests (Bohr 1948). In this velocity
region, the survival fraction ¢ of particles penetrating to depth z with a charge equal
to the incident decreases like exp(—z/4), where A denotes the attenuation length. As
the penetration depth increases, the value of ¢ will deviate from a simple exponential
function and finally it reaches the equilibrium fraction ¢.,, dependent upon the velocity
(Gaillard et a/ 1977). Since the capture cross section can be negligibly small (i.e. ¢, is
very small ), A is approximately given by 1/(51:sV), where o is the one-electron loss
cross section for the incident particle, and N the number of target atoms per unit volume.
Therefore, the pre-equilibrium charge-state depth z,,. is approximately characterized by

zpm=]n(1/¢cq)/(clossN)- (21)

Of course this value depends on the projectile velocity via ¢, and o.s. The electron-
Toss cross section is inversely proportional to the binding energy (Rule 1977, Kaneko
1986b). Then based on a hydrogen-like model, the loss cross section &, , for an excited
state with principal quantum number » is approximately represented by #2015 Hence
the concept of the frozen charge state has meaning only in a thin foil region of z<
(1/1%)zZprc, 15, WHETE Zpre, 15 is the pre-equilibrium depth for the 1s state.

2.1. Distribution of the projectile electrons

Here we determine the spatial distribution of two electrons bound on the projectile.
Here one electron is assigned to the 1s and the other electron to the 2s state. In order
to satisfy the Pauli principle, the wavefunction of this two-electron system has to be
antisymmetric with respect (o mutual exchange of electrons. Symmetry in space corre-
lates with antisymmetry in spin. Now the spin-orbital interaction is neglected so that
the one-electron state can be described by the product of the wavefunction in space
and that in spin.

Let us define the spin wavefunctions for the up-spin and the down-spin state, respec-
tively, by a(o) and (o), where ¢ is spin variable. As well, the wavefunctions in space
for the 1s and 2s states are denoted by w{(r) and yo(r). Then, the total wavefunction
Ys for the singlet spin state is expressed in terms of

Yo =ws(r, r2)xs(o, 02) (2.2a)
where

s, 12)=(2) 7 [Wm)W2e(r2) + Wis2 ) Was()] (2.2)

1s(01. 02)=(2)""*a(01)f(02) — e(62)B(0)]. (2.2¢)



100 T Kaneko and H Tsuchida

Similarly, the wavefunction Wr for the triplet spin state is expressed as

Wr=y(r, r2) (o), 02) (2.3a)
where
(i, 12) = (2 Ly r W astr) — wis(rdwu(n)] (2.35)
and
a(0))e(o2)
x1(01, 62) =< (2)7"[a(01)B(02) + e(02)B(01)] (2.3¢)
B(a1)B(o2).

The spatial wavefunctions .(r) and y,(r) are assumed to have the following
forms:

w1s(r) = (za®)™'"? exp(—r/a) (2.4a)
va(#) = (4)"V(2a)"¥*(2 — r /&) exp(—r/2q). (2.45)

1t is obvious that these normalized functions are orthogonal to each other, In equation
(2.4), a is the orbital screening parameter, depending on the nuclear charge Z of the
projectile. In order to determine it, we minimize the total energy, which was calculated
both for the singlet and triplet states in quantum-mechanical manner. Let us consider
the Hamiltonian of the system composed of 15 and 2s electrons.

H= 2 H,-+ V]z (2,561)
f=1,2

Hy=(—#/2m)A—Z,&[r; (2.56)

Vie=€'/|lr1—ral. (2.5¢)

Using equations (2.5), the expectation value of H for the singlet, {(H#"s, is calculated
as follows

<H>S=Els+ E25+ Vls-?_s+ Kls-Zs (26&)
E.=H/2ma"y—Z,e*/a (2.6b)
Ex=1E,, (2.6¢)

Vis2s =€ Idf de' [yras(r) | w1 ) e =)
=17¢'/81a (2.6d)
K]s—Zs=Jd" J.dr' Wls(")*lﬁ"k(r’)*(ez/lr— l"l)'ﬁ’ls("")‘ﬁ'@s(r)

= 166%/72%a. (2.6¢)

In the above equations, ¥, », and K\;_,, are, respectively, the direct Coulomb integral
and the exchange integral. For the triplet state, on the other hand, the sign of the
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exchange integral is negative so that the total energy {H >t has the following form:

(Hyt=Enpst Eps+ Visaas— Kisa 2.7)

where all notations are the same as in equation (2.6).
For convenience, a new parameter Z, is introduced instead of 2 by a=ay/Z,. Then,
one obtains in units of ¢’ /a,

(Hs=HZe~(Zi— 55} - §2 — %) 28
(Hr=§{Z~{Z1~ 3} ~H 21— 5. (29)

As one can easily see, these are parabolic functlons with respect to Z, so that they take
a minimum at Z.=Z, — 5% and at Z,=Z, — 4. Thus the orbital parameter a, or Z_,
can be determined by the energy-minimizing variational method. The variable Z, is
interpreted as the screened nuclear charge for the 1s2s configuration system. If there is
only one bound electron, this system reduces to a hydrogenic one, resulting in Z,=Z, .
In our treatment, therefore, a two-electron system on a projectile is governed by the
hydrogen-like orthonormal orbitals defined under the screened nuclear charges of the
forms

Z.(1s-1s, singlet)=Z.-—§é§% (2.10a)
Z(1s-2s, triplet) = Z, — £, (2.106)

It is worthwhile comparing equations (2.9) to the corresponding quantity (1.3) for
the 1s° ground state (singlet). From equations (2.10) and (1.3), the degree of screening
in the 1s? state is stronger than in the metastable 1s2s state by 0.13-0.16.

2.2. Stopping-power formula

As usual, let us begin with a general expression of the electronic stopping power S in
the Born approximation as follows (Kim and Cheng 1980, Gillespie and Inokuti 1980):

S= NZ(E Eo).[ (dg/q)8n(e* /fw)’| Flo(— )| Fro(g)I*. (2.11)

Fonen

In the above, E, and E, denote the eigenenergies of the target-material states # and 0,
respectively. N is the number of target atoms per unit volume. The momentum trans-
ferred to the target electrons ranges from #ig.m={E, — Ey) /v t0 figuax = 2my. The form
factor of the projectile, Ff(—¢), and inelastic scattering amplitude of the target atom,
Fio(q), are given by

Fo(—q}y=2,—<0| ¥ exp(+igr)| 0> (2.12)
Fao(g)=<nl ¥ exp(—igr, }10. (2.13)
J

The function Ff(—g) is calculated by the Fourier transform of the spatial distribution
of the configuration for the 1s2s singlet and the 1s2s triplet. As (0] 3, exp(iqr.,)|0) is
denoted by p(g), we have

(@) =p 15(g) T pasta) (2.14a)
pislg) =[1+ (39012, (2.14b)
pas(q) =12(ga)* ~ 11[(ga)*— 1]/[1 + (ga)*]". (2.14c)
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It is convenient to divide the integration region [guun, gmex] into two sections, i.e.
A=[qumin, Go] and B={[gy, gmax |, Where gq is such an appropriate parameter that the
dipole approximation can be applied to Fro{g). Hereby we have exp(—igr,}=1—ig#,
and the contribution from section A, S,, is then reduced to

S4=NY (E,— EsBa(e/Hiv)|d,o)? f (dg/ ) Fi(—q)* (2.15)

Gmin

where d, is the dipole matrix element. On the other hand, the contribution from section
B, Sg, is expressed as

Imax
Sz=N(¥/2m)Z:8n (€ [ hv)* J (dg/9)| Fok —g)I”. (2.16)

[

Here one can interchange the order of the snmmation over n and the integration over
g since both ¢, and g, are independent of the eigenstate |#)>. Thus we are able to
employ the sum rule (Landau and Lifshitz 1958)

T E— E) Fol )’ =(F¢"/2m)Z,. (2.17)

n

Fortunately, the definite integrals in 5, and §p are straightforwardly estimated if one
uses the following analytical result of the indefinite integral:

ZJ.(dQ'/Q')IF&(_Q)F

=A In(¢d") + f(g°a*+ 1) + g(¢°a" + 4) + integral constant. (2.18)
Here the functions f(x) and g(x) are defined by
J(x) =By ln{x) + i By/x’ (2.19)
=1
g(x)=CyIn(x)+ f: C/x!. (2.20)
i=1

In equations (2.18)-(2.20), A4, B, (i=1-7) and C; (i=1-3) are the following constants:

A=(Z‘_2)2 BO:zZI"'% Bl=azl'?_2Z: Bz=Z|_l'l§§l'
By=%-4Z, Bi=—}  Bs=5 Bo=—8% B;=% (2.21)
Co=2Z,—%¢ C,=%-82, C;=8 Cy=%.

At this point, we remember that the high but non-relativistic veilocity case is now
considered. Therefore, we can naturally assume that a’ghi.« 1, namely, (E,—Ep)/
(fiv/ag) « Z(15-2s, singlet) (or Z(1s-2s, triplet)) and a@’ghax>>4, namely, v/vo»
Z(1s-2s, singlet) (or Z(1s-2s, triplet)) hold valid in this energy region. Then, using
the sum rule (Landau and Lifshitz 1958)

Y (B = Bo)ldno|*= (7 /2m)Z; (2.22)

]
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and the approximations
7

f(ﬂzq;in + ]) = i B, + {Bo" z iB,-}(qmma)z + 0(q:1ina4) (2.23)

=1

(@ Gin+4)=Colnd+ i C,/4'+ {Co/ti - 23; ic; /44 ”}(q,.ﬁ,,a)2 + O(ghina®) (2.24)

1=1 =1

we get

Sy= (2Jre4/m02)N22[2A In(goa) + f(qaa” + 1) + g(gsa’ +4) — 24 In(la/hv)

7 3 7 3 .
-Y B—Glnd4-Y C,-/4*‘—{Bc.2 iBi+§Co— ¥, iC,~/4"+”}
i=1 i=1 i=1 i=1

X (2m/HZ, )G;(a/fw)z—O(Gs(a/ﬁv)‘)]. (2.25)
Here f denotes the mean excitation energy, defined by

In I=(1/Z)(2m/H) Y. (Bn— Ep)|dw!|? In(E,— Ev) {2.26)
and

G =Y, (B — Eo)"|dyo|* (m=3,5). (2.27)

In this equation, G,, denotes the mth excitation energy moment of the dipole transition
probability. The first moment G, leads to the well known sum rule (2.22}.
Similarly, using the approximations

S(@@ax+ 1) = Bo I0(& Gy ) + (Bo+ B1 ) (@max®) >+ O((Gunex) ™) (2.28)
and

2P+ 8= Co In(@° Gz} + (ACo + C NGrmax®) "2+ O({@max) ™) (2.29)
we have

Sp= (2ze* /mvINZ,[2(4 + By+ Cy) In(2Zmva/#H) ~ 24 In(gqoa) — f(gia*+ 1)
—g(gad® +4) + (By+ By +4C,+ O\ YR 2en*v’d)
+ O((2moa /%) ™9]. (2.30)

Summing S, in equation (2.25) and §p in equation (2.30), the total electronic
stopping power & for singlet and triplet states can be represented in the form

S=(4ne* /mr*YNZ,L (2.31a)
where

L=(Z,=2 m2mo*/ 1+ HZ,— 1) In(v/ Zawo) + (22, + D) In(2) +3Z, - FT  (2.318)
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where Z,= Z(15-2s, singlet) for the singlet state and Z,= Z(1s-2s, triplet) for the triplet
state. We remark here that in the above equation, the character of a target atom is
represented by the only one parameter 7. Note that go cancel out in the total stopping
power S. The leading correction term to equation (2.31b) is of the order of v™%

representing
AL=—15(Z, = D(2mGs/#Z,)/ (mvevZ. ) . (2.32)

Hereafter we only focus on the leading term L, because the correction AL can be
omitted together with other higher-order terms in the velocity region considered.

As an application of (2.31), we present here the stopping power for swift neutral
projectiles. By setting £; =2, one gets the quantity L {equations (2.315} and (1.2)) for
a metastable helium atom as

Letatic =4 In(v/Z.06) + 57 In(2) - 53 (2.33a)

where Z, is given by (2.10). On the other hand, from (1.2) and (1.3), for the ground
state (157, singlet) helium atoms, L reduces to

Lu.=41n(160/270) +3. (2.33)

It is noted that the characteristic parameter 7 of a target does not appear in the above
equations. In other words, the energy loss depends not on the microscopic gquantum
states of the target but on the magroscopic target parameters, i.e, N and Z,, as well a3
on the projectile parameters. Hence, the stopping cross section for these atoms in the
charge-state pre-equilibrium region is completely proportional to the target atomic num-
ber Z,. This is because the projectile excitation process is not taken into account.

2.3, The effective stopping-power charge

In order to comprehend and compile the stopping power data for partially stripped
jons, the concept of the effective charge Z.y is useful. This idea is based on the Bethe
formula (equation (1.1a) with L=Z7 in(2my*/I'}) for a point charge intruder. Accord-
ing to this formula, the quantities characterizing a projectile are the charge Z e and the
velocity v so that S'is proportional to Z7 at constant velocity. Then in order to conjecture
the magnitude of the stopping power, it is convenient to define the effective stopping-
power charge in the frozen charge state, Zy, as

err"’ (S/Sp) 172 (2.34)

where S}, is the stopping power for a proton (Z, =1} at the same velocity as the projectile
considered. At this point, the effective charge means the magnitude of electric charge
of a projectile seen through the stopping power. The Ziy is different from the conven-
tional effective charge Z.5. There are two effects on the Zy. One is the charge-changing
effect inside a target and the other is the size effect of a projectile. The former is due
to the fact that at least several charpe-state components have contributed to the stopping
power 5. In recent frozen-charge-state measurements, however, the first effect cannot
appear. In this sense, the ZLy obtained here reflects the size effect only. In general, the
Zfe and Zg for ion species A7* are different from the net charge ge. Moreover, Zey is
dependent on but not equal to the average charge guean . Actually, due to close collisions,
Z.s(Zig) is rather greater than gme.n (¢) especially for low-velocity ion-beams (frozen-
charge-state ions) (e.g. Kaneko 1984, 1986a).
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According to the definition, the Zix for the projectile in a metastable 152s configura-
tion is found to be

Zie=[(Z,~2)* +{In(2mu* /D] {4(Z,— 1) In(v/ Z.0p)
+(2Z,+ ) In(2) +3Z, - 5712 (2.35)

One should keep in mind that the above expression is not for fast ions undergoing
electron stripping or exchange collisions but for ions of the same charpe-state as the
incident one, Therefore, the formula (2.35) is different from the Z, which mono-
tonically goes to Z, with increasing ion velocity, This is due to the charge-changing
effect. Namely, the fact that the bound electrons will be stripped off more and more as
the velocity increases, plays a key role. However, this is not our case. Here, even at
high velocities, the bound electrons are assumed to still attach to the jon moving in a
very thin foil. In the limit of extremely high velocity, i.e. v»Z.0, and o> (/2m)'?,
equation (2.35) becomes saturated at the value

Ze=(Z2-22,+2)'? (2.36)

which is independent of the ion velocity. 1t is noted here that the above value is deter-
mined only by the number of bound electrons. As is expected, the ground state Is®
configuration also yields the same ZL; value.

In order to see a systematic feature, let us have the following expression of Z.4 for
hydrogen-like and helium-like (1s?) projectiles (Kaneko 1991):

Zhe=[(Z, — N’ + In(2mo* /D] "' N\{(2Z, — Ni)) In(v/Z00) + Z1 — 15N 1172 (2.37)

where N, denotes the number of 1s electrons. One has, for hydrogen-like projectiles,
Z.=Z, and Ni,=1, and on the other hand, for helium-like ones, Z,=Z, —Z and Ny, =
2. At high velocities (2.37) reduces to

Zi=[(Z1— N1, V' + ZNi— N3] 2 (2.38)

This result is also independent of velocity. By setting Ny;=2 one sees that equation
(2.38) gets the same value as equation (2.36).

3. Numerical results and discussion

Figure 1 shows the stopping cross section S(1s?)/N of carbon calculated from (1.2)
with 7=77.3eV=2.842 au (Andersen et al 1977) for helium-like ground-state (1s*)
projectiles with atomic number Z;=2,4, 6 and 8 and with velocity from v=Z,y, to
v=60p,. Figure 2 displays the stopping cross section, S(1s2s, singlet}, of carbon calcula-
ted from (2.31) for the corresponding projectiles in the metastable 1s2s singlet state. In
order to estimate the difference between in the Is* and in the 1s2s state, we plot in
figure 3 the ratio of S(1s2s, singlet)/S(1s%). At velocities v = Z,v, it becomes greater than
2 for small Z,, while with increasing velocity it graduvally decreases, approaching unity.
Such an enhancement in the metastable stopping is not so large for the larger Z, values.
This result can be explained as foliows. In general, as the Z; value increases, the average
radius of the bound electron becomes shorter since, roughly speaking, the radius is
inversely proportional to Z;. Then the screening of the ion nuclear charge by the bound
electrons is more complete and thereby the net-charge approximation becomes valid
for heavier (or larger Z,) ions. In other words, formula (2.318) is apt to be dominantly
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Figure 1. The calculated stopping cross section, S(1s%)/N, of carbon (I=77.3eV) as a
function of velocity v for helium-like ground-state {15 projectiles with Z,=2 {(—),

Zi=4(---), Z;=6 (—-—) and Z;=8 (—~-—).
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Figure 2. The calculated stopping cross section, S(1s2s, singlet)/N, of carbon as a function

of velocity v for helium-like metastable-state (1s2s, singlet) projectiles with Z,=2 (—),
Zi=4(---), Z;=6 (—-—) and Zi=8 (—--—).

governed by the first term so that the ion can be regarded as a point charge. This
picture leads to another conclusion that the effective stopping-power charge Z{; reduces
asymptotically to the net charge.

Regarding the 1s2s triplet projectiles, no appreciable difference is found in the
stopping beiween the 1s2s singlet and the 1s2s triplet state. To see in detail, however,
the relative difference, [S(1s2s, singlet) — S{1s2s, triplet)]/S(152s, triplet) x 100 is shown
in figure 4. One can see that this value is within 3% over the whole velocity range
considered, and that this becomes smaller with increasing velocity.

As stated above, it is convenient fo convert the electronic stopping power into the
effective charge Ziy. Figure 5 shows the Ziy of swift C** and O ions both in the
ground state (1s%) and the 1s2s singlet state. It is found that in going from the ground
state to the excited state Zy increases by 0.5 at low velocities and by 0.2 at high
velocities.

Finally figure 6 indicates that scaling of the electronic stopping cross sections can
be possible for the helium-like metastable (1s2s) projectiles with Z,>3. The scaling
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Figure 4. The ratio, AS=[5(1s2s, singlet) — S(1s2s, triplet)}/S{1s2s, triplet), expressed in
pet cent, as a function of velocity for Z,=2 (—), Z;=3 (---), Z,=4 (—-—) and
Z=6 (—--—).

factor Z7>*® is numerically found by the least-squares fitting of the calculated stopping
values for Z,=3,4, 6,8, 10,20 and 30 at v=30u. In the figure we draw the scaled
stopping curves Sx Z7>* for 2,=3,4,6,8,10,20 and 30 in the velocity range
Z 0y <v<1000. In spite of fitting at a particular velocity, the obtained curve is well
scaled over the whole range of velocity. At v =60y, the power of Z, in the scaling factor
is —2.205 which is very near to the case of v =30y, . This scaling factor is almost constant
at high velocities. At lower velocities, e.g. = 10v;, and 20y, the power becomes —2.218,
deviating a bit from —2.20. This means that the six scaled curves do not look like one
universal curve in the low velocity region.

In conclusion, the analytical expression for the electronic stopping power for the
metastable 1s2s helium-like projectiles in a frozen charge state was presented on the
basis of the first~order perturbation theory and the Hartree-Fock-Slater method. The
leading correction term AL(Z,, Z;, v} at high velocity was also presented. Enhancement
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Figure 5, The effective charge, Ziy, of C**(Z,=6) and 0**(Z,=8) ions in the 15 state
(— Zy=6;cun-m-- , Zy=8) and 152s singlet (-~ ~, Zy=6; — - - —, Z,=8) in carbon.

10

AN

0.1

N\

T 10 oo
VELOCITY (v,)

$/N*2 220 (even? 1015 atoms )

0.01

Figure 6. The scaled stopping cross section, S(1s2s, singlet)/Nx Z T+ for swift projectiles
in the 1525 singlet state in carbon.

in the stopping power for the metastable projectiles occurs, especially at the lowest
velocity v= Zjvp, and consequently, the effective stopping-power charge of those projec-
tiles becomes larger than that of the ground-state (1s?) projectile. No appreciable differ-
ence in the electronic stopping is found between the 1s2s singlet and the 1s2s triplet
state. A scaling law could also be found numerically for the 1s2s electronic stopping
curve. To our regret, there are no experimental data on the projectiles in excited states
as far as the authors know. We think, however, these results will be useful to analyse
energy-loss data in which excited states are incorporated. Investigation of the energy-
loss of swift ions with a 2p electron is now in progress and will be published in the
near future.
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