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The energy loss of energetic charged particles has reviewed
wide attention in plasma-wall interactions and ion-beam material
interactions since it has been a fundamental problem on the
plasma-cooling and on the analysis of the composition and the
location of impurity atoms in the host material. The energy
spread around the average kinetic energy lost, i.e., the energy
straggling, is related to the efficiency of energy transfer in
the plasma and to the limits of spatial resolution of detecting
impurity atoms. The energy straggling is caused by statistical
fluctuations in the collision process that particles are sub-
Jected to during the passage of a plasma or a material.

So far several theories have been developed on the energy
straggling. Bohr{1] derived the straggling formula for a parficle
with atomie number Z; and velocity v penetrating a target

material with atomie number Z, :

(Qg)? = 47 Z2 Z, e* N x {1)

where N and x denote the number density of target atoms and the
path length of the particle, respectively. This formula is valid
in the high velocity region. In order to apply eq. (1) for lower
velocities, Lindhard and Scharff (L.S) have extended the above
formula by multiplying the velocity-depending factor[2]. Accord-

ing to them,

(1/2)L{y) for y < 3
Q{Q )2 = (2)

1 for vy > 3




where the variable y is defined by y=(1/Z)(v/vy)? {vy = 2.18 X

10° em/s) and the funetion L(y)=1.306y¥2 - 0.816y32. In addition,
refinements of the LS theory[3], the Hartree-Foek ecalculation,
the local-electron-density-model (LEDM)} calculations[4,5] and
other contributions, e.g., the charge state fluctuation[6,7],
have been presented.

Recently the wave-packet theory was developed to investigate
the energy loss of charged particles[8-10]. The results on the
eleetronic stopping cross sections of atoms for a proton were in

good agreement with the data. Then we have applied this theory to

the estimation of electrenice
proton colliding with atoms.
target electron system as an

one can study the dielectric

straggling cross sections for a
The wave-packet theory regards the
interacting electron gas. Hereby,

response and discuss many-body ef-

fect. The partial electronic straggling eross sections of atoms

have been evaluated shell by shell on the independent shell

model. This report is to present a series of tables of theoreti-

eal values of the partial as well as total electronic straggling

ceross sections for protons in cellisions with neutral target

atoms. Hereafter, m, e, ag, and fi denote the electron rest mass,

the elementary charge, the Bohr radius, and the Planck constant

divided by 2% , respectively.

According to the wave packet theoryl[8], the RPA {Random

Phase Approximation[11]) dieleetric funetion of the electfronie
shell considered can be expressed by the reduced variables z:k/2a
and U= /bﬁa instead of usual variables k and ¢ as follows:

g {zyu)y =1+ 2/ 22 f,(z,u) + 1 f{z,uy | , {3)



f:{z,u) = (x )2 /(42) [ G(u+z) - G(u-z) ] , (4)
f.(z,u) = 7z /(8z) [ exp{ —-(u-z)? } - exp{ -(u+z)2 3} 1, (5
G{y) =y exp( -y ) & (1/2, 3/2, y?) , (6)

in the framework of the linear response theory. Here, the charac-
teristic wave number q for an atomic shell is defined by G=(N,)'s
X q, , where q; is determined from the one-electron Hartree-Fock
form factor{12,13)] at the origin, f,(0), by q,=[{{,(0)} 23 / 5 ]z,
In equations (3) and (6), x ? = mvy/{zhq) and & (1/2, 3/2, y?)
denotes a degenerate hypergeometric function[14]. Note that our

dielectriec funetion £ (k,@ ) satisfies the sum rules:

o0

gdwtnlmie(k,w Yitm w22, (7)
o
oo
gdmculm{e'wk,w Yt o= T w2, {8)
O

in whieh “’P:(4” o e?/m)¥2 denotes the plasma frequency for a
shell considered and p 1is the characteristic eleetron density of
the shell of interest. According to the dieleetric funetion
method, the straggling Q* of a single shell for an ion with

charge Z;e moving at veloeity v on a straight-line trajectory is

caleulated as

Q= = 47 (Z,e2)2/mv? L, N x, {9)
oo v/v

Ly = = 16/(x ™2y 6)gdz Z* gdu uz Imig z,uy-11%, {103
0 0

—4_




where v=Hg/m.
In our case, the collective exeitation has the dispersion rela-

tion in the region of k<<a H
w? = @2 + (3/2)v%k2 + (hk%/2m)z . (11)
At low velocities, the straggling 2 has the form

Q2 (N x) = 4{xg MWHZeD)Nxw x D Ny(v/vg)?

o
X (dt 32 exp{(-t)/[ t + {(; 2y 2/2)exp(-t)® (1/2,3/251)]%

0

(12)

which is proportional to the kinetie energy of an ion. On the

other hand, at high velocities the straggling Q2 is reduced to
Q? = 4z (Z,e%)2 N, N X, (13)

where N, denotes the number of the bound eleetrons in the i-th
shell of the target atom. Note that apart from the case of the
stopping-power calculation, the contribution of the plasma
excitation mode is negligiblef3].

In order to caleculate the partial straggling, the q values are
determined for each atomic shell by N, and g, values. These values
are included in the tables of the straggling of each element.
First, it is remarked that in our case there isn't any charae-

teristic surface like the Fermi surface in the momentum space, as



shown in fig.1l. Therefore the collective execitation has a finite
life time except for that in the region of small z and large u in
Z2-uU space. In order to show this character more clearly, the
real and imaginary parts of our dielectrie function are drawn in
fig.2(a) and (b), respectively.

Figure 3 shows partial and total straggling cross section of
Ne for a proton at energies ranging from 1 keV/amu to 10% keV/
amu. One can find that the total straggling values ‘are in a quite
good agreement with the data[3]} though there are not s¢ much
data. The states are classified independently by sets of prin-
cipal and angular-momentum quantum numbers. It should be added
that the wave packet theory can also predict the Z, {target
atomic number) oscillations of the electronic straggling cross
sections for protons[15].

In summary, the wave packet treatment is a method to evaluate
the straggling as well as the electronic stopping, based on the
one-shell dieleetrie function. This theory displayed the
velocity dependences of the straggling consistent with the pre-
viously presented theories at low and high velocities. A new type
of the one-shell RPA dielectrie function was applied to estimate
the electronie straggling on the basis of the independent shell
model. In the framework of linear response, the formalism
presented could be straightforwardly extended to the evaluation

of electronic stoppings and stragglings for heavier ions.
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Figure 1:

The momentum distribution used in comparison with the Fermi-
Dirac distribution funetion for r,=1, where g = 1.745 and

q; = 1.919 in atomic units. @ (x) is the step function.
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Figure 2(a) and{b):

(a) f,{(z,u) and (b} f,(z,u) included in the real and

imaginary part of the present one-shell dielectrie funetion
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