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Nonequilibrium argon plasma generated by an electron beam

A. V. Vasenkov
Novosibirsk State University, Novosibirsk 630090, Russia

~Received 8 May 1997; revised manuscript received 15 September 1997!

Energy- and space-dependent electron flux has been computed by a Monte Carlo method for 0.1–10.0 keV
incident electrons in argon. This flux can be employed to calculate the efficiency for production of any electron
state at any spatial position along the beam axis. Because of the simple characteristics of electron flux, its
analytical approximation is represented. The formula for the path length of the complete electron energy
degradation~range! versus incident energy for various gaseous media was obtained and compared successfully
with the range data available from the current literature.@S1063-651X~98!03101-8#

PACS number~s!: 52.20.Fs, 52.40.Mj, 52.65.2y, 34.80.Gs
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I. INTRODUCTION

The energy- and space-dependent electron flux cont
the basic information about the radiation field of electrons
an electron-beam-generated plasma. The requiremen
compute electron flux occurs in aeronomy, radiation dos
etry, experimental diagnostics, and electron-beam tech
ogy. The energy-depositional aspects of interaction of en
getic particles with gases, important for investigation
auroral phenomena, has a long literature list@1,2#. Less at-
tention was given to the study of properties of electro
beam-generated plasmas used in electron-beam technolo
particularly in methods used to deposit thin films with io
ized gas flows@3–6#. Since the degree of ionization in thes
plasmas is small (<1026), the influence of Coulomb colli-
sions on the electron flux density is negligible@7#. The pur-
pose of this paper is to obtain~for energy above the firs
excitation potential of argon! the energy- and space
dependent electron flux in an electron-beam-genera
plasma of Ar. The currently available data on the elect
energy distribution being formed, when the incident elect
and all its secondaries and tertiaries degrade complete
energy, have been obtained by Elliot and Greene@8#, Green
et al. @9#, Keto @10#, Kowari et al. @11#, Kimura et al. @12#.
Many detailed studies concerning the electron energy di
bution have been reviewed recently by Kimuraet al. @13#.
However, to our knowledge, no work exists on the study
the energy- and space-dependent distribution of elect
generated by a nonrelativistic electron beam. Our choice
set of cross sections for Ar is presented in Sec. II. The
brief review of the techniques used for the modeling
electron-beam-generated plasma is given in Sec. III. Our
sults on the electron energy degradation process are c
pared with previous calculations of various authors in S
IV. The energy- and space-dependent electron flux is u
for calculation of the efficiency for production of any ele
tron state at any spatial position along the beam axis
Sec. V. Because of the simple characteristics of electron fl
its analytical approximation is represented in this secti
The range versus energy relation for molecular hydrog
atomic oxygen, molecular nitrogen, and argon is discus
in Sec. VI.
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II. CROSS SECTIONS

In this section we present the set of cross sections tha
have assembled and used for simulation of electron-be
generated plasma of argon. To describe the available dif
ential elastic scattering determinations for electrons in
we developed analytical fits to these data, which are us
for Monte Carlo calculations. For this purpose, the most c
venient method of tabulating the differential scattering d
is the analysis of various experimental and theoretical de
minations in terms of phenomenological extension of
screened Rutherford formula as defined in Eq.~4!. This for-
mula includes forward, medium-angle, and backward scat
ing components. The results of fitting are summarized
Table I. The study by Chutjian and Cartwright@14# presents
inelastic differential cross sections for several excitat
states of Ar at electron energies between 16 and 100
These data show that for 16–100 eV electrons, collisio
with excitation of optically allowed states cause appro
mately the same amount of scattering as that resulting f
elastic collisions, while differential scattering cross sectio
for collisions with excitation of optically forbidden state
may be approximately represented by isotropic scatte
function. For energy above 100 eV for the current compu
tions we have assumed that the angular deflection on ine
tic scattering is negligible. Doubly differential ionizatio
cross sections published by DuBois and Rudd@15# imply that
the angular distribution for the secondary electron produ
in Ar is similar that in N2. Test comparisons for an electron
beam-generated plasma of nitrogen made by Jackman
Green@16# revealed that changing the secondary doubly d
ferential ionization cross section to an isotropic second
scattering function does not affect the electron distribution
energies and space. Therefore, in this work secondary e
trons are assumed to be produced with an isotropic ang
distribution. Because of the importance of inelastic co
sions, we have examined the total inelastic cross-section
available in the literature more thoroughly than previou
@17#. We have considered experimental and theoretical de
minations of cross sections of inelastically scattered e
trons and have represented these data as a function o
type presented by Porteret al. @18#.

In general, our approach in deriving this set of cross s
tions for energy above the first excitation potential of arg
2212 © 1998 The American Physical Society
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TABLE I. Parameters used in Eq.~4!.

E 1013 g m h1 h2 h3 d1 d2 d3 B1 B2 s u8

10 191 0.0946 0.746 0.969 0.703 8.1 80.2 27.3 0.945 0.313 2.36121.364
20 151 0.112 0.600 0.936 0.563 24.1 121.7 13.6 0.503 0.116 0.40721.760
30 129 0.105 0.595 0.941 0.913 46.7 90.9 27.6 0.988 0.0720 0.62121.864
40 68.7 0.0705 0.618 0.917 0.871 48.7 117.9 110.5 2.34 0.0509 0.66921.812
50 43.8 0.0642 0.586 0.964 0.825 72.0 79.5 74.1 5.48 0.117 1.30921.792
60 28.6 0.0700 0.615 0.956 0.737 55.1 67.1 56.7 8.49 0.343 1.59521.716
80 22.3 0.0286 0.596 0.991 0.617 13.5 42.6 46.3 12.5 0.495 0.81321.612
100 19.2 0.114 0.740 0.975 0.682 18.7 62.1 61.0 6.22 0.926 3.36421.509
150 11.3 0.0642 0 0.913 0.579 50.0 124.5 88.0 5.94 1.47 1.05821.394
200 10.3 0.0632 0 0.906 0.497 50.0 29.0 30.0 8.94 1.67 1.99021.101
300 9.17 0.0757 22 0.865 22 53.0 6.67 0.973 0.44420.907
500 6.89 0.419 22 22 22 0. 8.60
800 6.59 1.37 22 22 22 0. 33.6
1000 4.32 21.68 22 22 22 0. 30.4
2000 2.44 21.43 22 22 22 0. 15.9
3000 1.37 21.03 22 22 22 0. 4.01
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was to use experimental electron beam data and~or! theory,
when the use of theoretical results was reasonable. We
cuss below the elastic cross section and than the inela
cross sections.

A. Elastic scattering

For elastic collisions by high-energy electrons it is co
ventional to employ the screened Rutherford cross sec
expressed as@19#

sR~E!5s0

51.8pZ2

E2g~11g!
, ~1!

whereZ is the atomic number of the substance~for argonZ
5 18!, s051 Å 2, and

g5gs

1.7031025Z2/3

t~t12!
, ~2!

wheret 5 E/mc2 is the kinetic energy in units of the elec
tron rest mass. Instead of evaluation of the screening par
etergs from Moliere theory@19#, we take it equal to 1. Such
a choice provides an agreement with experimental hi
energy elastic cross section data. In the energy range o
terest (E<10 keV!, t!2, g5~29.8 eV!/E, and, conse-
quently,sR 5@~1800 eV!/E# s0.

For elastic collisions of slower electrons the problem
more complicated and the theoretical methods have not b
fully developed. In constructing elastic cross sections for a
incident energy we piece together available experime

TABLE II. Parameters used in Eq.~3!.

Parameter Value Parameter Value

u1 372.888 eV g1 11.483 eV
u2 2.101 eV g2 6.329 eV
f 0.013 e8 13.441 eV
is-
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data at lowE, and results applicable at higherE. We use the
following formula for the elastic cross section:

se5Ts0F 1

1/E~11u1 /E!~u2
21E2!

1 f
g1

2

@~E2e8!21g1
2#@11~g2 /E!2#

G , ~3!

where T51800 eV, and parametersu1 ,u2 , f ,g1 ,g2 ,e8 are
obtained from fitting of Eq.~3! to various empirical and the
oretical determinations@20–29#. These parameters are give
in Table II. The presented form decreases as 1/E for the
high-energy limit @similar to the Rutherford cross sectio
given by Eq.~1!# and contains the second term that describ
the cross section maximum about 14 eV. This form is sho
in Fig. 1.

The elastic collisions are very important in the scatter
of electrons by atoms. Therefore, very accurate differen
cross sections for the elastic scattering of electrons
needed in order to account for the behavior of electrons
gaseous media. In this study the elastic scattering in Ar w
treated using the following phenomenological extension
the screened Rutherford formula:

sa~E,u!

5
1

@112g2cos~u!#2
„11$~h112!/@cos~u!12#%d1

…

1B1

s2/@s21~u1u8!2#

„11$~h212!/@cos~u1u8!12#%d2
…

1B2

1

@112m2cos~u!#2S 11F h312

2cos~u!12Gd3D ~4!
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2214 57A. V. VASENKOV
where parametersg,m,h1 ,h2 ,h3 ,d1 ,d2 ,d3 ,B1 ,B2 ,s,u8,
presented in Table I, were found from fitting Eq.~4! to vari-
ous experimental and theoretical determinations.@20–
23,25,27,30,31#. The fitting for any incident energy was ob
tained using the spline interpolative technique@32#. Above 3
keV, the parameterg was found by extrapolation of empiri
cally determined dependence~shown in Table I! to provide
agreement for energies above 50 keV with Eq.~2!. The pre-
sented form transforms into the usual Rutherford cross
tion for a high-energy limit and contains two other terms~the
second and third terms!, which describe the medium-ang
shape and backscatter enhancements. The compariso
tween various experimental and theoretical angular ela
cross sections, normalized for shape fitting only, and Eq.
several selected energies is shown in Fig. 2.

B. Electronic excitation

In the case of excitation cross section, various anal
forms have been proposed to achieve asymptotic agree
with the results of the Born-Bethe approximation. In the no
relativistic case a suitable form that is flexible for fitting da
in the range from a high energy to the threshold energy is
following @18#:

s in~E!5q
f 0

WjE
@12~Wj /E!a#bF j , ~5!

whereF j5 ln@4cj E/Wj1e# is a ratio for allowed excitation
and F j5@E/Wj #

12V is the ratio for the forbidden one
q56.513 10214eV2 cm2. The set of the most important elec
tronic states of Ar was chosen using the analysis of Pete
and Allen @33# and Eggarter@34#. Table III presents a sum
mary of information for several individual levels and grou

FIG. 1. Total elastic cross section.B: Bromberg@20#; W: Will-
iams and Willis@21#; G: Gupta and Rees@22#; D: DuBois and Rudd
@23#; J: Jansenet al. @24#; V: Vuskovic and Kurepa@25#; C: Charl-
ton et al. @26#; S: Srivastavaet al. @27#; F: Ferch et al. @28#; N:
Nahar and Wadehra@29#. Line: Eq. ~3!.
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of levels. The parameters for allowed transitions 4s3/2,
4s1/28 , 3d3/2, 3d3/28 , and for a composed forbidden state, we
found from fitting Eq. ~5! to the experimental data o
Chutjian and Cartwright@14#. The valueW for each state is
the same as its threshold energy. For a composed allo
state we take a modified cross section from Eggarter@34#. It
was changed so that our total inelastic cross section c
forms with results from Heeret al. @35# at high energies~Fig.
3!. For comparison we present in this figure the total inelas
cross section composed from partial cross sections of Pe
son and Allen@33#.

The ionization cross section data have been summar
recently in @36,37#. To reduce the cost of the Monte Car
calculations in the present work theM -shell ionization~with
thresholdI m515.76 eV!, theL -shell ionization~with thresh-
old I m5250 eV!, and theK-shell ionization~with threshold
I m53.2 keV! were not considered separately. We assu
only one threshold at 15.76 eV. We chose the analy
formula for differential ionization cross section given b
Green@1#:

S~E,es!5
~K/E!ln~E/J!G~E!2

G~E!21~es2es
0!2

, ~6!

where es is the secondary electron energy,G(E)
5GsE/(E1J),es

05Ts2TA /(E1TB). But we modified the
parametersK, J, Gs , Ts , TA , TB given in @1# in order to
approximate both the experimental differential ionizati
cross sections obtained by Vroomet al. @38# and experimen-
tal total ionization cross sections from Heeret al. @35#,
Krishnakumar and Srivastava@39#, Straubet al. @40#. The
values of the parameters are presented in Table IV. Comp
son of the total ionization cross section, which was obtain
from integrating Eq.~6! over es , with experimental data
from Heeret al. @35#, Krishnakumar and Srivastava@39#, and
Straubet al. @40# is given in Fig. 4.

Figure 3 shows an agreement between the absorp
cross section from Heeret al. @35# and the absorption cros
section obtained as a sum of the ionization cross section
all electronically inelastic cross sections used in the pres
work. As a final test to the set of cross sections assemb
we compare in Fig. 5 the total cross section, which is a s
of the absorption and the elastic cross sections with res
from various experimental and theoretical works@26,28–
30,41,42#.

III. CALCULATING PROCEDURE

With the updated set of cross sections we have carried
Monte Carlo computations for 0.1–10.0 keV incident ele
trons. Monoenergetic electrons were incident along theZ
axis into the infinite homogeneous medium of gaseous arg
The computer program follows the electrons through a se
of collisions. The details of the technique have been
scribed in @17,43#. The incident electrons were followe
down to the first excitation potential of argon. The number
primary particles at various incident energies was cho
such that the total number of ionization events is of the sa
order.

In this study the results of the electron distribution calc
lations were expressed in terms of electron flux determi



57 2215NONEQUILIBRIUM ARGON PLASMA GENERATED BY AN . . .
FIG. 2. Comparison of electron impact elastic differential cross sections from various authors at selected energies with Eq.~4! ~solid
line!: ~a! 20 eV; s: Williams and Willis @21#; h: DuBois and Rudd@23#; n: Srivastavaet al. @27#; 1: Jain et al. @30#. ~b! 50 eV, s:
Williams and Willis @21#; h: DuBois and Rudd@23#; n: Srivastavaet al. @27#; 1: Jainet al. @30#; ~c! 100 eV;s: Williams and Willis @21#;
h: DuBois and Rudd@23#; n: Srivastavaet al. @27#; 1: Jainet al. @30#; !: Vuskovic and Kurepa@25#; L: Jansenet al. @24#; 3: Gupta and
Rees@22#; †: Webb@31#; ~d! 200 eV;s: Williams and Willis @21#; h: DuBois and Rudd@23#; n: Jansenet al. @24#; 1: Jainet al. @30#; †:
Bromberg@20#; ~e! 400 eV;s: Williams and Willis @21#; n: Jansenet al. @24#; 1: Jainet al. @30#; †: Bromberg@20#; ~f! 800 eV;n: Jansen
et al. @24#; 1: Jainet al. @30#; †: Webb@31#; h: DuBois and Rudd@23#; ~g! 3 keV; n: Jansenet al. @24#; 1: Jainet al. @30#.
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by multiplication of the distribution function and velocity
The electron flux was calculated with the following equati
~primary electrons were incident along theZ axis!:

F~z,E!5
„( j@n t~rW j ,Ej !/s t~Ej !#…

DEDz
. ~7!

Heren t(rW j ,Ej )5ngs t„Ej (rW j )…v j (rW j ) is the total collision fre-
quency in positionrW j , v j is the speed of thej th electron with
energyEj , ands t is the total cross section. The summati
in Eq. ~7! was implicated over all electrons existing in th
spatial intervalDz centered atz, and, also, in the energ
interval DE centered atE.
TABLE III. Parameters for argon excitation cross sections.

State Wj f 0 a b cj V

4s3/2 11.6 0.051 0.288 0.807 0.212

4s1/28 11.8 0.102 0.430 1.274 2.987

3d3/2 14.1 0.077 0.261 1.212 0.504

3d3/28 14.3 0.131 0.216 1.395 0.604

Composite

Allowed 15.0 0.441 1.228 4.087 0.757

Composite

Forbidden 13.0 0.450 5.925 9.432 1.62
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IV. ENERGY ELECTRON DISTRIBUTION

In an attempt to test the validity of our approach the me
energies expended for production of various excited state
Ar were calculated by the formulaU j5Ep /J, whereJ is the
number of excitations to statej , andEp is incident energy.
The mean energies for the five excited states and the ion
tion are shown in the sixth column of Table V, and compa
with those obtained from results of Peterson and Allen@33#,
Keto @10#, and Kimura and Inokuti@44#. In our calculations
of the mean energy for ionization we applied the set of cr
sections given in Sec. II, and the resulted energy was clos
27.1 and 26.81 eV obtained by Greenet al. @9# and Kimura
et al. @12#, correspondingly. It is notably less than valu
from Peterson and Allen@33# and Keto@10#. Several reasons
have been investigated. First we take the differential ioni
tion cross section as theM -shell differential ionization cross
section from Peterson and Allen@33# while keeping the se
of inelastic cross sections presented in Sec. II. We found
this change slightly reduces the mean energy for the ion
tion, as one may expect, because the presented ioniz
cross section is smaller than that from Peterson and Allen
low energies~Fig. 4!. Then, we completely replaced the s
of cross sections summarized in this paper by that fr
Peterson and Allen@33#. The results obtained are given in th
seventh column of Table V. Since the cross sections
ployed in the present calculations were identical to th
from Peterson and Allen@33# and Keto@10#, we attribute the
difference between our results and those of Peterson
Allen @33# and Keto@10# to different calculating procedures

TABLE IV. Parameters for argon differential ionization cro
section.

Parameter Value Parameter Value

K 13.947 Å2 eV Ts 2.294 eV
J 15.760 eV TA 68.820 eV2

Gs 8.602 eV TB 51.505 eV

FIG. 3. Plot of absorption~1! and inelastic~2! cross sections:
Heeret al. @35# ~points!, Peterson and Allen@33# ~dashed line!, and
present results~solid lines!.
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The mean energy required for production of the ion
electron pair of 26.06~for 10 keV incident electron! is in a
good agreement with the reported experimental values ne
26.4 eV@45#. It should be pointed out that the mean energ
obtained in this study for production of an ion-electron pa
is close to 25.4 eV, which was obtained by Bretagneet al.
@46# for calculation of the balance of the energy deposited fo
a narrow energy dispersion of primary electrons.

FIG. 4. Plot of total ionization cross sections.H: Heer et al.
@35#; K: Krishnakumar and Srivastava@39#; S: Straubet al. @40#;
dashed line: Peterson and Allen@33#; solid line: present results.

FIG. 5. Comparison of present total cross section~solid line!
with various empirical and theoretical determinations.h: Charlton
et al. @26#; n: Ferch et al. @28#; !: Nahar and Wadehra@29#;
dashed line: Jainet al. @30#; 1: Nishimura and Yano@41#; s:
Nickel et al. @42#.
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TABLE V. Mean energy expended per an inelastic excitation by electrons in argon. I and II: re
obtained using corresponding set of cross sections presented in Sec. II and that from Peterson and Al@33#.

U j ~Peterson U j
I U j

II

State Wj U j ~Keto! and Allen! U j ~This work! ~This work!

4s3/2 11.6 974.79 773.3 305.40 510.20
4s1/28 11.8 261.06 268.2 230a 200.82 190.75
3d3/2 14.1 1101.56 1175. 1701.58 880.05
3d3/28 14.3 893.75 752.6 1538.56 734.54
Forbidden 13.0 242.54 236.4 280.51 198.41
Ion 15.76 33.53 30.3 26.81b 26.28 27.21

aKimura and Inokuti@44#.
bKimura et al.@12#.
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Having established a reasonable agreement between
present computations and earlier works, we used the Mo
Carlo method to compute the electron flux. The electron fl
density, which is electron flux normalized to the gas dens
and total ionization rate, is shown in Fig. 6 for four incide
energies. In a qualitative sense, these four flux dens
have a similar energy dependence. Therefore, we restric
discussion of energy dependence of flux density to the c
of 1.0 keV incident electrons. At low energies, this flux de
sity goes down with a rise in energy; this is due to an
crease in the ratio of inelastic collision number to elas
collision number with energy. The flux density has a mi
mum at about 200 eV. Then it starts to increase gradua
The flux density increases rapidly near the incident ene
Electron flux or the electron degradation spectrum in Ar w
extensively studied by Kimuraet al. @13#. Basically, the re-
sults presented in Fig. 6 are in agreement with those fr
Kimura et al. @13#. But, we do not observe in our results
sharp spike at moderate energies because of the Auger e
and there is no slight shoulder near the threshold ene
because of the contribution from the excitation of metasta
states. These are a result of using more simple models
simulation of ionization and excitation of metastable sta
than Kimuraet al. @13#.

Figure 6 shows that the low-energy electron distribut
(E<60 eV) is practically independent of incident electr
energy. The reason for this is as follows. The low-ene
electron distribution is basically formed by secondary el

FIG. 6. Electron flux density. 1:Ep 5 0.5 keV; 2: Ep 5 1.0
keV; 3: Ep 5 10.0 keV; 4:Ep 5 100.0 keV. The Monte Carlo
calculations are shown by the points and the analytic fit using
~8! is represented by the solid lines.
the
te
x
y

es
he
se
-
-
c
-
y.
y.
s

m

ct;
y,
le
or
s

y
-

trons of different generations. By secondary electrons
mean electrons produced by ionization. There are two imp
tant factors determining the formation of the secondary e
tron distribution:~i! any secondary electron produced, on t
average, had a small energy close to the electron excita
of the atom;~ii ! the energy of a secondary electron was pr
tically independent of the incident energy. Taking into a
count the peculiarity of the low-energy electron distributio
the numerical electron flux density can be approximat
represented analytically by

Fa~E,Ep!5 (
k51

3

JkĒ
2lk1Q Ēn/Ep , ~8!

where Ē5E/(1 keV! and the values of parameters used
Eq. ~8! are presented in Table VI. Equation~8! represents the
flux data fairly well for 0.5–100.0 keV incident electron
~Fig. 6!. Taking into account that the convolution integral
the electron flux density with ionization cross section
equal to 1@47#, the efficiency for production of thej th state
can be calculated using the formula

e j
a~Ep!5~Wj /Ui

a!E
0

Ep
Fa~E,Ep!s j~E!dE, ~9!

whereUi
a5 26 eV.

V. RANGES AND SPATIAL DEPENDENCIES
OF EFFICIENCIES

One of the important characteristics of electron-bea
generated plasma is a range, i.e., a path length that elec
pass as their energy decreases fromEp to the minimum en-
ergy. The longitudinal energy deposition plots were co
puted and used to calculate the practical ranges (R0) for
electrons. These ranges, presented in Table VII, were fo

q.

TABLE VI. Parameters used in Eq.~8!.

Parameter Value Parameter Valu

J1 2.05 l1 8.264
J2 9.793109 l2 2.198
J3 5.5731011 l3 0.601
Q 6.1531012 n 0.749
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2218 57A. V. VASENKOV
by extrapolation of the linear portion of the energy depo
tion curves to theZ axis.

The energy deposition plots for 0.5–10.0 keV incide
electrons is shown in Fig. 7. The results presented in
figure are normalized such that the integral of the area un
each curve equals 1. The abscissa in Fig. 7 is the redu
depth ~related to the range determined in this study!. The
energy deposition behind the injection point is due to ba
scattered electrons, while the energy deposition jump at
injection point is due to the contribution from the collimate
beam. Curves computed for incident electrons of 0.5, 1
and 2.0 keV fit closely. The peak of curves shifts to a dee
depth for higher energies. For this set of curves the sh
remains the same.

The most complete information about interaction of ele
tron beam with gas, in our opinion, contains in the elect
flux. The electron flux densityF(E,z) ~for 1.0 keV incident
electrons! as a function of distance to the point of injection
given in Fig. 8.@We denote the results of the flux densi
calculations averaged over the space asF (avr)(E).#
F(E,z)uz/R05 0.028 is rather similar toF (avr)(E), but it lies

below than F (avr)(E) at moderate energies and excee
F (avr)(E) at the incident energy.F(E,z)uz/R05 0.235 closely

follows F(E,z)uz/R05 0.028 below 120 eV. Then

F(E,z)uz/R05 0.235starts increasing gradually with increase

energy. Near the incident energyF(E,z)uz/R05 0.235 de-

TABLE VII. Range of data~in 1026 g/cm2) at selected inciden
energies~in keV!.

Ep R0

0.1 0.68
0.5 3.82
1.0 9.60
2.0 27.07
2.5 37.84
3.0 54.20
5.0 131.68
10.0 435.06

FIG. 7. Energy deposition~l!. 1: Ep50.5 keV; L: Ep51.0
keV; !: Ep52.0 keV; d: Ep52.5 keV; 3: Ep53.0 keV; s: Ep

55.0 keV, †:Ep510.0 keV.
-
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creases rapidly, whileF(E,z)uz/R05 0.028 increases. Finally,

we compare flux density calculated at z/R0 5 1.064 with
F (avr)(E). Below 30 eV, these two quantities are practica
identical.F(E,z)uz/R05 1.064 is invariant with increasing en-

ergy at 100,E,400 eV. Above 400 eV,F(E,z)uz/R05 1.064

and F (avr)(E) show quite distinctive features. Specifically
F(E,z) sharply decreases as energy increases, w
F (avr)(E) gradually increases. To put it another way, Fig.
shows that with distance from the point of injection the e
ergy spectrum of flux density becomes exhausted with hi
energy electrons. This is because of the energy degrada
and scattering of the electron beam. As a contrast to
high-energy range, various curves, given in Fig. 8, are pr
tically identical in the low-energy range. A similar result wa
obtained by Jackman and Green@16# for molecular nitrogen.
The reason for this is the peculiarities of the secondary e
tron distribution formation, which was discussed above.

For the purposes of many applications, the analytical f
mula for the electron flux may be approximately express
by multiplication of the space- and energy-dependent ter
The reason for this approximation is that the low-ener
electron distribution is practically independent of the d
tance to the point of the injection. If the electron flux
known, it is possible to calculate the efficiency for produ
tion of any electron state. Figure 9 shows the ratio of t
efficiency for the production of the composite forbidden sta
to that for ionization as a function of distance to the injecti
point for incident electrons of 0.5 keV (1), 1.0 keV (L),
and 10.0 keV (d). Solid lines show Monte Carlo calculation
results being averaged over the space. Results manifest
the ratio slightly increases with a distance to the point
injection for incident electrons of 0.5 and 1.0 keV, and it
almost independent of distance for 10.0 keV electrons. T
ing into consideration that the energy dependence for

FIG. 8. Electron flux density as a function of distance to t
injection point.L: z/R050.028;d: z/R050.235;1: z/R051.064.
Dashed line:F (avr)(E). Ep51.0 keV.
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ionization cross section and that for the cross section of
citation of composite forbidden state are clearly different
should be expected that the tendency similar to that
played by Fig. 9 also exists for other excitation states
argon.

The efficiency for production of any state may be e
pressed as

e j
A~z,Ep!5e j

a~Ep!C~z!, ~10!

wheree j
a was found from Eq.~9! and the spatial term wa

determined by the expression@48#

C~z!5~a0!21exp$a1z2a2~z1a3!2%.

The distance along theZ axis was expressed i
Ra51.2717.90Ep

1.740, and the values of other paramete
are given in Table VIII.

The curves of efficiencies for production of ionization a
the composite forbidden state, and also of the combined
ficiency obtained as a sum of the efficiencies for each e
tronic state calculated by the Monte Carlo method are plo
in Fig. 10. These curves are compared with the analyt
function @Eq. ~10!#. The agreement confirms the adequacy
proposed analytical function.

Figure 10 shows that the shape of any efficiency is pr
tically independent of the electron state and it is invari
with the increasing in the incident energy; these results ar
agreement with those shown in Fig. 9. This is due to the

FIG. 9. Ratio of the efficiency (e f) for production of composite
forbidden state to efficiency (e i) for ionization.

TABLE VIII. Parameters used in Eq.~10!.

Parameter Ep<2 keV 2 keV,Ep,3 keV Ep>3 keV

a0 0.96 0.7410.15Ep 1.19
a1 2.17 20.6111.39Ep 3.56
a2 4.06 2.0411.01Ep 5.07
a3 0.0043 20.0510.027Ep 0.031
x-
t
s-
f

-

f-
c-
d

al
f

-
t
in
ct

that the low-energy electron distribution~which contributes
predominantly to the excitation of all electron states! is prac-
tically independent of distance from the injection point a
incident energy. Near the injection point, the efficiencies

FIG. 10. Spatial dependencies of the efficiencies for produc
of composite forbidden state~d!, ionization ~L!, and combined
efficiencies~1!; ~a! Ep51.0 keV, ~b! Ep52.5 keV, ~c! Ep510.0
keV.
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2220 57A. V. VASENKOV
crease with distance. The reason for that is as follows.
average energy of the beam reduces with distance from
injection point. Consequently, the efficiency for producti
of any electron state increases; this is because the excit
cross section of any electron state increases with an en
decrease in the energy range above 100 eV. The efficien
have a maximum approximately atz/Ra50.2 for 1.0 keV
incident electrons, and atz/Ra50.3 for 2.5 keV and 10.0
keV incident electrons. Then, an increase in distance low
the efficiencies; this is because the excitation cross sectio
any electron states decreases with an energy decrease a
energies.

VI. DISCUSSION

To describe the range of data in solids, Feldman@49#
developed an analytical expression for a stopping power
is a phenomenological extension of Born-Bethe’s relat
@50#. In this study, to determine the range of data in gas
we use the following equation:

R5L~A0 /Zh!1 (
k50

1

Dk~A0 /Zn!k~Ep!j, ~11!

whereA0 is the atomic or molecular weight of the materia
Z is the atomic number or the number of electrons
molecule in the case compounds, andn51.60/
@110.063ln(Z)#. Parameters are presented in Table
Equation~11! indicates a stronger dependence on the ato
number than had been previously suspected by Singhal
Green@51#. A comparison of various theoretical and expe
mental data with Eq.~11! for molecular hydrogen, atomic
oxygen, molecular nitrogen, and argon is shown in Fig.
The practical range versus energy for atomic oxygen w
obtained from the effective range versus energy function
atomic oxygen@51# corrected by a factor that is a ratio o
practical@16# to effective@52# ranges calculated for nitrogen
This appears reasonable since the cross sections in nitr
and oxygen are rather similar.

TABLE IX. Parameters used in Eq.~11!.

Parameter Value

L 0.027
D0 249.83
D1 73.30
h 0.418
j 1.638
e

A

J.
e
he

ion
gy
ies

rs
of
low

at
n
s,

r

.
ic
nd

.
s
r

en

VII. CONCLUSIONS

In this study computations have been carried out by
Monte Carlo method for 0.1–10.0 keV incident electron
Throughout the energy range the integral and differen
cross sections employed in the model are in agreement
measurements. Our results on the electron-energy-degr
tion process are compared with previous data.

The energy- and space-dependent flux of electrons
calculated. The proposed analytical formula for the flux c
be applied conveniently to the calculation of efficiency f
production of any state at any spatial position along the be
axis.

The range versus energy expression@Eq. ~11!# for various
gaseous media was obtained and compared successfully
the range of data available from the current literature.
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FIG. 11. Practical range versus incident energy. Molecular
drogen: Heaps and Green@53# ~1!; atomic oxygen: Singhal and
Green@51# ~dashed line!; molecular nitrogen: Grun@54# ~!!; Cohn
and Caledonia@55# ~n!; Barrett and Hays@56# ~s!; Porteret al.
@57# ~3!; Vasenkov@43# ~L!; argon: present results~d!. Lines:
Eq. ~11!.
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