TITLE:

Energy and Angular Distribution of
Electrons resulting from Direct
lonizing Collisions of Electrons with
Atoms

AUTHOR(S):
Tahira, Sadamu

CITATION:

Tahira, Sadamu. Energy and Angular Distribution of Electrons resulting from Direct lonizing Collisions of Electrons with
Atoms. Memoirs of the Faculty of Science, Kyoto University. Series of physics, astrophysics, geophysics and chemistry
1972, 34(1): 29-40

ISSUE DATE:
1972-12

URL:
http://hdl.handle.net/2433/257526

RIGHT:

RPRFHWMIERYKFD bV %
Al

KURENAI

Kyoto University Research Information Repository



Memoirs of the Faculty of Science, Kyoto University, Series of Physics, Astrophysics,
Geophysics and Chemistry, Vol. XXXIV, No. 1. Article 2, 1972.

ENERGY AND ANGULAR DISTRIBUTION OF ELECTRONS
RESULTING FROM DIRECT IONIZING COLLISIONS OF
ELECTRONS WITH ATOMS

BY
Sadamu TAHIRA

Department of Physics, Faculty of Science, Koyto University

( Received February 19, 1971)

ABSTRACT

The energy and angular distributions of secondary electrons resulting from direct
ionizing collisions of electrons with helium at the primary energy E,=500 eV and with
krypton at Eq=1 keV were measured. The total spectra, consisting of the continuum
spectra due to direct ionization and the sharp line spectra due to indirect ionization
(autoionization or Auger process), were measured with an energy resolution of about
0.2 eV in FWHM over the angular range from 10° to 130° and the continuum spectra
were derived from the total spectra for electron energies from 25 eV to 45 eV for helium
and from 24 eV to 52 eV for krypton.

The double differential cross sections for ionizing collisions of electrons with helium
and krypton were calculated utilizing the binary encounter theory. The identity be-
tween scattered and ejected electrons as well as the exchange effect between incident
and atomic electrons were taken into consideration. The results of calculations were
compared with several experimental results. The general shapes of double differential
cross sections measured were well reproduced in the significantly wide angular and
energy ranges by the binary encounter theory, although discrepancies between theory
and experiment exist in the forward and backward directions. The forward rise of
double differential cross sections observed in most of experiments may be mainly at-
tributed to the exchange term for the ejected electrons.

1. Introduction

In a previous paper,!’ the autoionization processes in helium were investigated by
measuring the energy spectra of secondary electrons, that is electrons resulting from ionizing
collisions of electrons with helium atoms. While the knowledges on the indirect ionization
process, such as autoionization and Auger process, are obtained from the discrete part of
the energy spectra, the continuum part gives the information on the direct ionization. The
study on the energy and angular distribution of secondary electrons in the direct ionization
is important from the following points of view: (1) The measurement of double differential
cross sections,* which are differential in both energy and detection angle of secondary
electrons, is a far more sensitive means of testing the theory about the ionization processes
than the measurement of total ionization cross sections. (2) The ddes about the secondary
electrons is useful in understanding the phenomena in many fields of physics, e.g. energy
deposition of high energy radiation, upperatmospheric phenomena, etc. (3) The line shapes

* Hereafter, abbreviated to “ddes”.
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of energy spectra due to electrons ejected from autoionization states in helium undergoes
a marked change as the detection angle is varied.!> According to the extended understanding
of Fano’s theory in reference (1), the angular variation of shape parameter, ¢, is mainly
ascribed to the variation of ddes for the direct ionization with detection angles (see eq. (10)
in reference (1)). Therefore, the ddcs for the direct ionization in the energy region relating
to autoionization is necessary for the understanding of autoionization process.

During the 1930’s several groups measured the energy and angular distributions of
secondary electrons.2:3’ Since, while some interesting features have been found in these
studies, most of them were subject to several defects on the experimental conditions such
as the elimination of the stray magnetic field, the purity of target gases, the effect of the
condition of metal surface, etc., the renewed measurement of secondary electrons with lower
energies, especially less than 50-eV, has been requested for a long time with more refined
techniques.

The ddes of the electron ejection from atoms by proton and other heavy charged particle
impact has been recently measured by Rudd et al.® and Toburen, and compared with
the theoretical ddes calculated by the Born approximation®’ and the binary enounter theory.”
The recent investigation on the energy and angular distribution of secondary electrons by
electron impact is rather few. The angular distribution of secondary electrons resulting
from the direct ionization in helium was measured by Oda, Nishimura and Tahira® in the
energy regions relating to autoionization. Their measurement was performed with energy
resolution good enough to discriminate the electrons ejected indirectly from those ejected
or scattered directly. Ehrhardt et al.19 measured the ddes in electron impact ionization of
helium and argon, showing that for high incident energy the outgoing electrons belong to
one of the two energetically well separated groups; either the fast electrons observed mainly
in forward direction or the slow electrons distributed isotropically in all angles. Opal
et al.? also measured the ddcs for secondary electrons with energies lower than half the
primary energies.

The scattered and ejected electrons can be treated separately from the theoretical point
of view. Massey and Mohr!!.12 calculated the energy and angular distribution of electrosn
ejected and scattered from hydrogen atoms by electron impact, utilizing the Born approxi-
mation. Although the ddes for proton impact has been calcualted by several authors
recently and detail comparison with the experimental ddes has shown several interesting
features, there has been no calculation for electron impact which can be compared with
the recent measurements. Moreover, the exchange effect, which has been often considered
in the calculation of total ionization cross sections by electron impact, has been not yet taken
into consideration in the calculation of the ddcs for electron impact. The angular distri-
bution of electrons ejected from helium atoms and hydrogen molecules by proton impact
were calculated by Bonsen and Vriens,” utilizing the binary encounter theory, which shows
that the experimental results are well described by this theory in significant ranges of ejection
angles and energies, although the discrepancies exist in the forward and backward directions.
The angular distribution of fast charged particles scattered from hydrogen atoms has been
calculated by the binary encounter theory as well as the Born approximation, where the
binary encounter theory has given results ailmost similar to those by the Born approximation
for the scattering with the large energy loss and large momentum transfer. These results
suggest that the binary encounter theory may give a fairly good description on the energy
and angular distribution of the secondary electrons within a certain range of validity. Tt
is important to investigate in more details on the range of validity of the binary encounter
theory in several systems, because the calculations by this theory can be performed more
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easily than those by the Born approximation, especially for atoms and molecules more
complicated than hydrogen atom.

2. Experiment

The angular distributions of secondary electrons resulting from the direct ionization
were measured in the energy region involving the discrete spectra due to the indirect ioni-
zation. The experimental apparatus is the same as that mentioned in a previous paper.!’
Typical examples of energy spectra of electrons resulting from ionizing collisions of electrons
with helium and krypton are shown in Figs. 1 and 2, respectively. The sharp line spectra
shown in these figures correspond to electrons ejected from autoionization states for helium?
and to M-NN Auger electrons for krypton. It is noted that a large portion of energy spectra
in this energy region is occupied by those due to the indirect processes. Therefore, the
energy resolution should be good enough to discriminate line spectra embedded in the
ionization continuum from the total spectra, as in the present study (0.2-eV in FWHM).
The intensities of continuum parts at several electron energies were normalized taking into
consideration the beam current of primary electrons, the target gas pressure, and the collision
volume at each angle. The overall uncertainty is estimated to be about 20%,.
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Fig. 1. Energy spectrum of electrons resulting from ionizing collisions of electrons with
helium. Primary electron energy is 500-eV and detection angle is 107°. The broken
line drawn in this figure shows the continuous part of energy spectrum, while the
sharp line structures are due to electrons ejected from autoionization states in
helium,
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Fig. 3. Angular distribution of secondary electrons resulting from ionizing collisions of
electrons with helium. Primary electron energy is 500 eV. The energies of secondary

electrons, E, are shown on curves. Closed circles: measured double differential
cross sections; Full curves: ones calculated by the binary encounter theory.

In Figs. 3 and 4 are shown the angular distributions of electrons resulting from the
ionizing collisions of 500-eV electrons with helium and of 1 keV electrons with krypton
respectively, where the measured angular distributions were normalized so that the peak
height of the broad maxima measured coincide with those theoretically calculated with the
binary encounter theory. All of these measurements show the existence of the broad maxima
in the intermediate angular regions. Besides, the steep rises in the forward direction are
shown, which have not been observed by Opal, et al.9

3. Calculations of ddcs by the binary encounter theory

3-1 Formulation

In the binary encounter theory (B.E.T.), an incident electron is supposed to interact:
with only one of atomic electrons at a time and the cross sections for the electron-atom
collisions are obtained by integrating the cross sections for the binary encounter collisions
between incident and atomic electrons over the velocity distribution of the atomic electrons.
The double differential cross section for observed electrons is the sum of both that for ejected
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Fig. 4. As in Fig. 3, except that the primary electron energy is 1 keV and the target atoms
are krypton.

electrons and that for scattered electrons. The double differential cross section for ejected
electrons is given by

dEnge VYomin

where 6°(v,), 62x¢(v,), and ¢,%(v,) are the direct, exchange, and interference term respectively,
E, is the energy of ejected electrons, df2. is unit solid angle in the direction of ejected electrons,
N is the number of electrons in an atom, f(v,) is the velocity distribution of atomic electrons,
and vy and voma, are the lower and the upper bounds for the velocity of atomic electrons
contributing to the differential cross section, respectively”. The expressions for ¢p°(v,),
orx(vy), and ¢;¢(v,) are given as follows:

d? e max 1
d =N§v2 {ane(v2)+agxe(v2)—wz—ole(vz)}f(vz)dvz, )

m2edy v, s )
00o(vy)= 52—53% {mv,2 sin2 0. —ES?/(mv))?} , @
2m2edv,’ 1
Tort(v)) = — 3
EX (VZ) v1v2 S5 s ( )
and
2mev,” @
o) =" — “

vE 83
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where v; is the velocity of incident of electrons, v, is the velocity of atomic electrons, v, is
the velocity of ejected electrons, f. is the ejection angle with respect to the direction of
incident electrons, m and e are the mass and the charge of the electron, respectively, E is the
direct energy transfer, S is the magnitude of the exchange momentum transfer, S, and @ is
the phase factor which was taken to be unity in this calculation.

The expression for E, S, and S are given as follows:

1 o1 1 1
E= ?mvlz 5 2= ~2—mv2’2 — —zwmvz2 , )
S=m(v,—»,), (6)
and ' ‘
S=m(v,2-+v,"2—2y,v,’ cos 6.)1/2, @

where v’ is the velocity of scattered electrons. The observed kinetic energy of ejected
electrons, E., is
E.=E-U, ®)

where U is the binding energy of electrons to be ejected.

While the expression for ¢pe(v,) can be derived from that given by Bonsen and Vriens?”
for the proton impact, those for ¢rx*(v,) and ¢,%(v,) were newly derived (See Appendix).

The double differential cross section for scattered electrons was before derived by
vriens!4 as follows:

L0 N7 (6050 0500 — —a 5} frdy ©)
dEsdQs " vy : Yo e
2m2edv;" 1
s e Sl 10
op5(vy) yP5 v, (10)
o, i, 2. P2 2E2
2e ViV V1 +2V2 +";1“U —5“’7;‘5'—“};‘2-
xS ()= S 5 11)
mP|v;2+ —(U—E)|? (r2-Fv 24— U)v, i
m m
4 !
615 (vp) = 248 ;‘v‘ ! 5 12)
P3|y +—(U—=E)| (n24v2+—Up, *
‘ 1 m m
and
P=m(v2+v,"2—2vv,’ cos f5)1/2 13)

where ¢p5(v,), 0rx5(v,), and ¢,5(v,) are the direct, exchange, and interference terms respec-
tively, Es is the energy of scattered electrons, P is the direct momentum transfer, and dQs
is the unit solid angle in the direction of scattered electrons, s. The symmetrical collision
model!> was applied to the derivation of Egs. (11) and (12). The sum of the differential
cross sections dg.2/dE.d(2. and d2¢s/dEsdQs was calculated and compared with the ex-
periments.
3-2 Results of Calculation and Discussion

When the formulae developed in 3-1 are applied to the actual collision processes, several
points must be taken into consideration. First, the exact form of velocity distribution of
atomic electrons, f(v,), is known only for hydrogen atom and the approximate forms must
be used for the other atoms and molecules. Second, the contribution from atomic electrons
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krypton. In this paper all of these points are not necessarily taken into consideration,
because the calculation described here is only the first step towards more elaborate
calculation.

The hydrogen velocity distributions were assumed for atomic electrons in helium and
krypton. The effective nuclear charge in helium was calculated from the average kinetic
energy of atomic electrons, 39.49 eV, which was derived using the virial theorem. For
krypton, only the electrons in the outermost shells, i.e. 4s and 4p shells, have been taken into
consideration and the velocity distributions have been derived from the hydrogenic wave
function!®’ with the effective nuclear charge calculated according to Slater’s rule.1” The
hydrogenic velocity distribution for helium may be a fairly good approximation, because
the more elaborate velocity distribution used for the proton impact? gave the results almost
similar to those obtained utilizing the hydrogenic distribution. The velocity distributions
in atomic units used in this calculation are summarized as follows: For the Is shell of
helium,

5p.2
fop=2 22 )
I (0,2 +2Z2)4
where Z, the effective nuclear charge, is 1.7037.
For the 4p shell of krypton,

222 ZTp,4(1280v,4—224y,2Z2-574)2

- 15
f(Vz) 3077 (16v22+22)1° » (15)
where Z is 8.25.
For the 4s shell of krypton,
215 Z5y,2(16vy2— Z2)(256v,4—9622y,2 -+ Z4)2
Fo)=2 22(16v, (256, 2 ) 16)

7 (16v,2+22)10
where Z is 9.65.

The binding energy, U, used in this calculation is 24.58 eV, 13.996 ¢V and 27.42 eV
for the 1s shell of helium, the 4p shell of krypton, the 4s shell of krypton, respectively.

In Fig. 5 are shown the calculated angular distributions of secondary electrons resulting
from the ionizing collisions of 1 keV electrons with helium for several energies of secondary
electrons. As shown in Fig. 5, the electrons with lower energies are observed over the wide
angular range with broad maxima at the intermediate angle. As the energy increases, these
maxima shift towards smaller angle and the shapes of the angular distribution become more
sharp. The positions of these maxima correspond to the angles which are derived from
the conservation of momentum in the collision between an incident electron and an atomic
electron assumed to be at rest before collision. The present calculations were compared
with several experimental results. In Figs. 3 and 4 in 2, the calculations for helium and
krypton atoms are shown together with experimental results. The experimental results of
Opal et al.® which were normalized using the total ionization cross sections or the elastic
scattering cross sections, giving the absolute ordinate scale, are compared with the present
calculations in Fig. 6. The angular distributions obtained by these experiments are rather
well reproduced by the present calculations in the intermediate angular range, although
significant discrepancies exist in the forward and backward directions. The binary encounter
cross sections are about 1.5 times as great as the absolute cross sections measured by Opal
et al.? as shown in Fig. 6, whereas the shapes and positions of broad maxima are well re-
produced by the B,E,T, The rise of ddes’s in the forward directions is remakably seen in
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Fig. 5. Angular distribution of secondary electrons resulting from the ionizing collisions
of electrons with helium calculated using the binary enounter theory. Primary elec-
tron energy is 1 keV. The energies of secondary electrons, E’s, are shown on curves.
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Fig. 6. Angular distribution of secondary electrons resulting from the ionizing collisions

of electrons with helium. Primary electron energy is 500 eV. The energies of sec-
ondary electrons, E’s ,are shown on curves.

a) experiment (Opal ef al.9).

b) double differential cross sections calculated by binary encounter theory.
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Figs. 3 and 4.* While the forward rise shown in the angular distributions of electrons
ejected by the proton impact? was explained by the attractive interaction between the ejected
electrons and the scattered protons,!® the forward rise shown here in the case of electron
impact may be regarded to be due to the mechanism quite different from that for the proton
impact. As shown in Figs. 3 and 4, the B.E.T. calculations reproduce this forward rise.
The cross section calculated theoretically is composed of several terms, i.e. direct, exchange

Angular distribution of electrons ejected or
scattered from helium by electron impact

Eo=8500 eV

1020_
: E=43.5eV

O,
™
i

O
™
N

differential cross section in cm®/eV-Sr

‘0-23 H 1 H H H !
0 30 60 90 |20 150 180

angle (degrees)

— total differential cross section

_____ scattered parts D: direct
——  ejected parts E : exchange
| : interference

Fig. 7. Six components contributing to the total double differential cross section by the
binary encounter theory for helium. Primary energy is 500-eV. The energy of
secondary electrons is 42.5-eV.

* The background counts due to stray electrons ejected from metal surfaces by primary electrons
become significant for measurements in the forward directions. The experimental results shown
in Figs. 3 and 4 have been obtained by subtracting these background counts from the total
counts measured.
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and interference term for the ejected electrons as well as for the scattered electrons. Each
component contributing to the theoretical total differential cross section is illustrated in
Fig. 7 for secondary electrons with energy 43.5 eV. From this figure, it can be seen that
the forward rise may be attributed to the exchange term for ejected electrons.
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APPENDIX

The cross section ¢ (E,P,v,) for transfer of energy between E and E+dE and transfer
of momentum between P and P--dP in scattering of electrons with velocity v, by atomic
electrons with velocity v, is given by!¥

84 1 1 20
Ui(E,P,vz)dEdP=W[ﬁ st PzSZ]dEdP, (A1)
=(¢p-+0rL0o)dEdP , (A.2)

where g+, o- are the cross sections for collisions in which the total spin quantum number
is respectively 1 or 0, S is the exchange momentum transfer as given in 3, ¢ is the electron
charge. Ineq. (A.1),

Xp=1-+2051-9)(F - PY(p, PY~(9,9,)2— (5, PY2— (3, P)2, (A.3)
where ¥,, 5, and P are the unit vector along v,, v, and momentum transfer vector P. The
cross section for the unpolarized electrons is derived from ¢+ and ¢- as follows,

1 3
6(E,Py,)= Y o+ + e o-

=(TD+GE—%—O'1, A4

using the relation between § and 4. (see eq. (7) in 2).

The double differential cross section for the electrons ejected from atoms is obtained
by averaging the cross section ¢(E,P,v,) over the direction and magnitude of the velocity v,.
The quantity S must be fixed in this averaging procedure, becauss S contains the direction
of ejected electrons. These procedures were adopted for the derivation of the direct term
of the double differential cross section by Bonsen and Vriens.” Hence the derivations for
exchange and interference term in eq. 1 in section 2 are given here.

The exchange and interference term of the cross section differential in £ and S for the
binary collisions are derived from the second and third term of eq. (A.1) as follows,

et 1 1
O'EX(E,S,VZ)=;—1§;; FANCE (A.5)
16Qet 1 1
oi(E.S,v;) = vi2v, X512 §2{m2(v,—v,)2—S2} (A-6)
The equations (A.5) and (A.6) are obtained using the kinematical relations,
S2+Pl=m2(y,—v,)?, A7)
P2X,=52X5, (A.8)

where X is obtained from X» by replacing P in X» by $, the unit vector along §. When
the target electrons have an isotropic velocity distribution, the averaging over the direction
of v,, i.e. the angle x between v, and v,, can be performed as follows,

Lmax 1
orx(E,S,vy) = O'EX(E,Syvz)'z— sin xdx ,

Xmin
dret 1
=, 5 (A.9)
dre2d 1
R (A.10)

mv 2y, E 52
where the integration limits are determined by the condition Xs=0. The cross sections

differential in unit solid angle, i.e. egs. (3) and (4) in 2, are obtained from egs. (A.9) and
(A.10).





