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Partial and total electronic stopping cross secetions of atoms
with 2 ( 2 { Z £ 54 ) for a He' ion are tabulated on the basis of

the wave-packet theory [Phys.Rev. A40,2188(1989);

Phys.Stat.Sol.
(B)156,49(1989)1].
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The electroniec stopping power of matter for energetfic ions
has attracted our attention theoretically[1-11] as well as
experimentally because it is one of the basie problems in the
studies of both the plasma-wall Interaction in a fusion reactor
and the atomic collision phenomena in solids. So far, the theo-—
retical estimates have been performed of the stopping for both
a free electron gas[1-4] and atomic electrons based either on
Born approximation{5,6] or on the momentum exchange between
electron clouds of a projeetile and of a target atom[7]. In addi-
tion, the density funcetional caleculations {8], the binary-
encounter theory[9], and the calculations on the basis of the
local electron density modelsf{10,11] were also made. Reecently,
some effort has been made to estimate shellwise partial stoppings
on the basis of binary-encounter modei[12]. The effect of the
variation of the ion size on the electronie stopping and strag-
gling due to the static screening has also been diseussed[13].

Most of experiments performed have been aimed at the
electronic energy loss of an ion with point charge. Lately,
however, as significant progress has been made in high energy
resolution and charge separation techniques, more detailed infor-
mation has come to be brought. A typical example is a recent
measurement of the eleetronic stopping power of a thin carbon |
foil (2 - 100y g/cn? ) for 32 MeV SHe* ionsfl4]. The charge state
of emerging ions has been chosen to be the same as that of the
incident ions. In thinner foils ¢ <40 i g/em? y, it is confirmed
that the charge exchange processes do not oeceur significantly
during the passage of He* ions. In thicker foils ( > 40 y g/em? ),

the energy loss spectra observed display double peaks, where the




lower energy peak is understood to be due to the He* ions whiech
has not undergone the charge exchange reaction inside the foils.
This experiment indicates clearly the necessity of the stopping
power data for partially stripped ions in a frozen charge state.
These data are found to agree with the recent analytieal formula
[15].

- The wave packet theory of the stopping of bound electrons has
recently been developed and presented in detzil[16]. The main
thrust of the wave packet theory is the use of momentum space
representation to describe bound eleetrons, where the localized
nature is held in the momentum distribution funetion. This
theory yields the electronie stopping cross section of atoms and
s01ids{17,18] and the energy-loss straggling of atoms[19] for
protons on the independent shell model. The aim of this report
is to present the tables of the partial and total electronic
stopping eross sections for a He* ion in egollisions with neutral
target atoms. Hereafter, m, e, vy, a,, and i denote the electron
rest mass, the elementary charge, the Bohr veloecity, the Bohr
radius and the Planek constant divided by 2z , respectively.

As the basic treatment was already described in detail in
other artiecles[168], only the main results are presented briefly
here. In this method the core electrons belonging to an atomic
shell classified by (n,1) (n : principal quantum number, 1 : an-
gular momentum quantum number) are considered to be identical.
The ensemble of such identical electrons is regarded as a wave
packet of a degenerate electron gas governed by the momentum
occupation probability W{(g) for momentum q. The function form of

wW{q) is determined to be



W(q) = exp( -quaz) s (1)

where the characteristic momentum 6 for the shell (n,1) is given

as

ol

= Q N3
{2)

Life(0)} 23/ 7 ]2,

O
I

in atomie units. Here f,.(0) denotes the one-electron Hartree-
Fock(HF) momentum distribution f,{(q) calculated from the cor-
responding double zeta wavefunctions [20,21], and N is the number
of eleetrons in the shell (n,1). The calculated values of Q are

shown in figures 1 and 2.
The dielectrie function of the electronic shell considered
can be expressed by the reduced variables z and u as follows:

e (2,u) =1+ 2/ 22 [ f{z,u) + i f,(z,u) 1 , (3)

(m )2 /{(4z2) [ G(u+z) - G(u-z) ]} , (4)

f,(z,u)

7z /{8z) [ expf —-(u-z)2 } - exp{ ~(u+z)2 } 1 , (5}

1]

fo(z,u)

G(y) =y exp( -y2 ) & (1/2, 3/2, y») , (6)

in the framework of the linear response theory. Here, the vari-
ables z and u are related to the conventional variable for

momentum transfer, Ak, and that for energy transfer, fgp , via




z=k/(2§} and u=g /(ké). In eq.(3), » 1is expressed as x2=l/{z'a)
and & {1/2,3/2,y2) denotes a degenerate hypergeometric function

which is describedi22] as
$ {(a,b,x) = 1 + {a/b)yx + {a{a+1)/b{(b+1}3Ix?/2! + (... (7))
The stopping power § of a single shell for a partially

stripped ion with nuelear charge Z,e moving at veloecity V on a

straight-line trajectory is calculated as

S = 4x e/ (mv?)-Ng-L , (8)
- V/v
L = 8/(x 2y 2)§dz z 17, - p {(2Qz)!2ldu u Imie *(z,u)-1},
0
(9

where §=§/m.and N denotes the number density of electrons in the
shell considered. The factor p {(2Qz) denotes the form factor of
the projeetile defined as the Fourier transform of the spatial
distribution p (T): p (Q) =§d3r o (T} exp{-i4T). In the case of a

hydrogen-like ion with atomic number Z,, we have the following:
e (q) = [ 1 + (gqa/2)z 172, (10)

using the relation p {(r)= |¥ (r)i?, where ¥ (r), the 1s state
wave funetion, is given as ¥ (ri=(g a3)*2exp{(-r/a) with a=ay/Z,.
In particular, one has a=0.5a, for a singly charged helium ion.

In order to describe the stopping power for a partially



stripped ion S; ( eq.(8) )}, relative to that for a proton Sy, it
is convenient to introduce the concept of the effeective charge

Zgr for the ion which is defined by

Zeee = { Sz / 8y 32, {11)

A general feature of the effective charge is summarized as
follows: at low velocities the screening effect of bound
electrons is rather strong so that the target electrons are scat-
tered by the effective ion charge smaller than the .nuclear charge
Z. As the velocity inereases, the effective charge becomes large
because the target electrons undergo a hard eollision with the

ion. According to the recent theory[15}, the effective charge of

a He* ion is deseribed by

Zeee = [ { In{2mV2/1) + 3 1In(V/2vy) + 13/12 } / 1n(2mV2/1) ]z,

(12)

where [ denotes the mean excitation energy of a target atom.

The calculated effective charge of a He* ion based on the wave-
packet theory is plotted in figs.3-8 for He up to Al targets. In
figure 4, the broken line indicates the result of eqg.{(12) for a
carbon target( 1=77.3eV ), which is compared with the experimen
tal data by Ogawa et al. [14]. These figures display that there
Is only very slight difference in Z, at high velocities among
various targets. On the other hand, at low velcoeities, the target

dependence of Z, . appears more clearly. In this veloeity region,




high Q value leads to high Z,- value in principle. Figure 7
shows the target dependence of Zg . at V=0.2V,, which displayes the
shell effect. For the atom with a elosed shell configuration, Z.-
becoms maximal because of the above reason. On the contrary, the
outermost shell of alkali atoms has rather small Q value which
results in small Z. value.

-The partial and total stopping power of neutral atoms for a
He* ion are tabulated at energies ranging from 1 keV/amu to 104
keV/amu., How to read these tables of He* stopping is explained in
EXPLANATION OF TABLES. Finally, this report wiil be followed

by the second one as PART II1, in which Z, ranges up to 22.
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FIGURE CAPTIONS

Figures 1 and 2:

The values of parameter Q with respeect to Zz, determined
from the double zeta wavefunctions[20]. The Q values for
Li atom are calculated using the Roothan-Hartree-Fock

wavefunctions because the double zeta funetions in {20}

have been found in error.

Figure 3:

Calculated effective charge Z, of a singly charged helium
ion passing through He, Li, and Be targets versus the

velocity V in units of V,.

Figure 4:

Caleculated effective charge Zo. of a singly charged helium
ion passing through B, ¢, and N targets versus the velocity
V in units of V,. The broken line indicates the theoretieal
result of eq.(12) for C target[15] and the experimental

data at V=20.7V, is obtained for C target by Ogawa et al.
[14].
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Figure 5:

Calculated effective charge Zg of & singly charged helium

ion passing through O, F, and Ne targets versus the

veloeity V in units of Vg,

Figure 6:

Caleulated effective charge Ze of a singly charged helium

ion passing through Na, Mg, and Al targets versus the

veloceity V in units of V.

Figure T7:

Caleulated effeetive charge Zg of a singly charged helium

ien at V=0.2V, with respect to target atomic number.
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