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ABSTRACT
   The energy and aRgular distributions of secondary electrons resulting from direcc
ionizing collisions of electrons with helium at the primary energy Eent=500 eV and with

krypton at Ea==1 keV were measured. The total spectra, consisting of the continuum
spectra due to direct ionization and the sharp line spectra due to iRdirect ionization
(autoionization or Auger process), were measured with an energy resoltttion of about

O.2 eV in FWHM over the angular range from 100 to 1300 and the coRtinutim spectra
were derived from the totai spectra for eiectron eRergies from 25 eV to 45 eV for heliLim

and from 24 eV to 52 eV for krypton.
   The double differential cross sections for ioniziRg 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 resalts of caiculations were
compared with several experimental results. The generai shapes of double differential

cross sections measured were well reproduced in the significaRtly wide angular and
energy ranges by the binary encounter theory, although discrepaRcies 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,i) 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 frofn 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 ddcs about tlie secondary

electrons is usefu1 in understanding the phenomena in many fields of physics, e.g. energy

deposition ofhigh energy radiation, upperatmospheric phenomena, etc. (3) The line shapes

" Hereafter, abbreviated to "ddcs".
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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.i) According to the extended understanding

of Fano's theory in reference (1), the angular variation of shape parameter, q, is mainly

ascribed to the variation of ddcs 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 193e'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 ddcs of the electron ejection frorn atoms by proton and other heavy charged particle

impact has been recently measured by Rudd et al.4> and Toburen,5> and compared with
the theoretical ddcs calculated by the Born approkimation6) and the binary enounter theory.7)

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, Nishinaura and Tahira8) in the
energy regions relating to autoionization. Their measurement was performed with energy
resolution goed enough to discriminate the electrons ejected indirectly from those ejected

or scattered directly. Ehrhardt et aLiO> 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.9) also measured the ddes for secondary electrons with energies lower than half the

primary energies.

    The scattered and ejected electrons can be treated separately from the thgoretical point

of view. Massey and Mohrii,i2> calculated the energy and angular distribution of electrosn

ejected and scattered from hydrogen atoms by electron impact, utilizing the Born approxi-

mation. Although the ddcs for proton impact has been calcualted by several authors
recently and detail comparison with the experimental ddcs 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,7) 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 almost 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. It

is important to investigate in more detai]s on the range of validity of the binary•encounter

theory in several systems, becau$e the calgglqtiQns by thi$ theory cap be perfQrmed paprQ
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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.i)
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 (e.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 0/..

          (2s2p)'p
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Angular distribution of secondary electrens 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

binaryencountertheory. Allofthesemeasurementsshowtheexistenceofthebroadmaxima
iR the intermediate angular regions. Besides, the steep rises in the forward direction are

shown, which have not been observed by Opal, et aL9)

3. Calcu}ations of ddcs by the binary encounter theory

3-1 Formu}ation
    In the binary encounter theory (B.ET.), 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 dQpble differential crQ$s sectipp fQr Qbserved electrpns i$ t*ie surn Qf bQth that for ejected
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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

           dilidage , = NIyV,2,:il.X {aDe(y2) + ifExe(v2) - -iYaie(v2)}f(y2)dv2, a)

where 6De(v2), 6Exe(v2), and dre(v2) are the direct, exchange, and interference term respectively,

E, is the energy of ejected electrons, d9, is unit solid angle in the direction of ejected electrons,

N is the number of electrons in an atom, f(v2) is the velocity distribution of atomic electrons,

and v2.in and v2tn.x are the lower and the upper bounds for the velocity of atomic electrons

contributing to the differential cross section, respectively7). The expressions for aDe(v2),

crF.xe(v2), and cri"(v2) are given as follows:

           aDe(v2) =M22vgiiV3isV23'{mv2'2 sin2 o,-ES21(mvi)2} , (2)

           c7Exe(y2)=2My2iev42Y2' I{lgt-, (3)

and

           a;e(vD =21:ie,`zYE2' 1$,, <4)
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 where vi is the velocity of incident of electrons, v2 is the velocity of atomic electrons, v2' is

 the velocity of ejected electrons, e, 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, Eis the

 direct energy transfer, S is the magnitude of the exchange momentum transfer, S, and di 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'i 1                                          1
            E== -Iz-mv12-;t mvlt2 == -ii--m.v2'2--2-mv22, (s)

            S==m(vl-y2t), (6)
and
            S= :m(vi2+v2'2-2viv2' cos e,)i12, (7)
 where vi' is the velocity of scattered electrons. The observed kinetic energy of ejected

electrons, Ee, is

            Ee==E-U, (8)
where Uis the binding energy of eiectrons to be ejected.

    While the expression for 6De(y2) can be der!ved from that given by Bonsen and Vriens7)

for the proton impact, those for aExe(v2) and dre(v2) were Rewly derived (See Appendix).

    The double differential cross section for scattered electrons was before derived by
vriensi4) as follows:

            d{ll[IZs " N!:i,],.,. {CDS(V2) +ifEXS(V2) - -lij5iS(V2)} f(V2)dv2 , (9)

            gDs(v2)=2Mv2iep4sVi' [3 , (io)

                                                  2 P2 2E2
                          2e4vivi' yi2+2V22+ muUM2m2' p2
                                                                 (ll)           aExS(v2)=                              2• 2                    2mPlyi2+m(U-E)l3 (yi2-Fy22{-- vfi U) v2 '

                                '
                         4e4vivi' 1           ifiS(V2)"=                                                                 (12)                        22 2                    P31vl-i-ff(U-E)l (v,2+v22+ffU)v2 ,

and
           Per m(vi2+vi'2-2yivi' cos es)i12 (1 3)
where 6DS(v2), ffExS(v2), aRd aiS(v2) are the direct, exchange, and interference terms respec-

tively, Es is the energy of scattered electrons, P is the direct momentum transfer, and d9s

is the unit solid angle in the direction of scattered electrons, es. The symrnetrical collision

modeli5) was applied to the derivation of Eqs. (ll) and (12). The sum of the differential

cross sections dif.21dE,d9e and d2asldEsd2s was calculated and compared with the ex-

perlments.
3-2 Results of Calculatien and D;scussien

    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(y2), 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
ip each spbshell ;nvst be added tQ Qbtain the pvera.ll grQ$s seqtiQn for mpltishell atoms, e.g,
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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 distributioBs 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 deri'ved using the virial theorem. For
krypton, only the electrons in the ouÅíermost shells, i.e. 4s and 4p shells, have been taken into

consideration and the velocity distributions have been derived from the hydrogenic wave
functioni6) with the effective nuclear charge calculated according to Slater's rule.i7) The

hydrogenic velocity distribution for helium may be a fairly good approximation, because
the more elaborate velocity distrjbution used for the proton impact7) 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 ls shell of

helium,

           f(v2) == it (v,i?222)4, (i4)

where Z, the effective nuclear charge, is 1.7037.

    For the 4p shell of krypton,

           f(v,)= 32o2i Z'Y2`(i28(OiV62,`ii2Åí'i)22,,Z2+5Z`)2 , (is)

where Z is 8.25.

    For the 4s shell of krypton,

           f(,,) = ?ll.i5 Z5v22(16v22 - fl26)S;,5+6v:,i, 26Z2y22 + Z4)2 (1 6)

where Z is 9.65.

    The binding energy, U, used in this calculation is 24.58 eV, 13.996 eV 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 l keV electrons wkh 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.9) 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

weil 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.9) as shown in Fig. 6, whereas the shapes and positions of broad maxima are well re-

prodvced by the B,E,T, The ri$e of dd,cs's in the fQrwa. rd directiQns i$ remakably seen in
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Figs. 3 and 4.* While the forward rise shown in the angular distributions of electrons

ejected by the proton impact4) was explained by the attractive interaction between the ejected

electrons and tlie scattered protons,i8) 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

irnpact. As shown in Figs. 3 and 4, the B.E.T. calculations reproduce this forward rise.
The cross sectien calculated theoreticaliy is composed of several terms, i.e. direct, exchange
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       secondary electrons is 4iZ. .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 fbr ejected electrons.
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APPENDIX

    The cross section aÅ}(E,P,y2) for transfer of energy between E and E+dE and transfer
of momentum between P and P'+dP in scattering of electrons with velocity vi by atofliic
electrons with velocity p2 is given byi4)

           a.(E,p,v2)dEdp==,,,v8,eill,v,[p-i, 1}r, Å} p2,aG,]dEdp, (A.o

                        == (ffD -Y oEÅ}ai)dEdlP, <A. 2)
where a+, c- are the cross sections for collisions in which the total spin quantum number

is respectively 1 or O, S is the exchange momentum transfer as given in 3, e is the electron

charge. In eq. (A.1),

           X, == 1 +2(Pi-P2)(fiiJP)(P2•P)-(fiiP2)2-(Pi•P)2-(P,•P)2 , (A.3)

where P2, P2 and P are the unit vector along vi, v2 and momentum transfer vector P. The
cross section for the unpolarized electrons is derived from d+ and 6" as follows,

                      13
           d(ff,P,v2) == r2r 6+ + fi2r 5m ,

                              i
                   === crD+ffE--:i- ai, (A.4)
using the relation between S ancl O, (see eq. (7) in 2).

   The double differential cross section for the electrons ejected from atoms is obtained

by averaging the cross section if(E,P,v2) over the direction and magnitude of the velocity v2.

The quantity S must be fixed in this averaging procedure, because S contains the direction

of ejected electrons. These procedures were adoptecl for the derivation of the direct term

of the double differential cross section by Bonsen and Vriens.7) 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 sectioR differential in E and S for the

binary collisions are derived from the second and third term of eq. (A.I) as follows,

                       8e4 1 1
           ifEx(IE,S,V2) == v12v2 rmx,112 'sT4, (A•5)

                      16<Z>e4 1 l           5i(E' S' V2) vi2v2 x,y2 s2{in2(vi-v2)2mms2} ' (A'6)

The equations (A.5) and (A.6) are obtained using the kinematical relations,

           S2+P2==m2(vi-y2)2, (A.7)
           P2 Sr.=S2X,, (A.8)
where Xs is obtained from Xp by replacing P in Xp by S, the unit vector along S. When
the target electrons have an isotropic velocity distribution, the averaging over the direction

of v2, i.e. the angle z between v2 and vi, can be performed as follows,

           aEx(E,S,v2) =:!xZ,:l."ffEx(E,S,v2)-lirr sin xdx ,

                       4ne4 1
                     =:y12v2 ff4 ' (A.9)
                        4ze2<Z> l
           ffI (E' S' V2) == mv12y2E ff2, (A•10)
where the integration limits are determined by the condition Xs).O. The cross sections
differential in unit solid angle, i.e. eqs. (3) and (4) in 2, are obtained from eqs. (A.9) and

(A.10).




