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Angular and energy distributions of secondary electrons from helium.
Slow electrons ejected by electron impact
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Recommended angular and energy distributions of slow secondary electrons produced from heli-

um by electron impact are presented in a compact table. The table lists coefficients for the Legendre

polynomials from which all angular and energy distributions can be generated for scattering angles
between 0' and 180', secondary-electron energies between 0 and 40 eV, and incident-electron energies

between 100 and 2000 eV. The distributions represent double-differential cross sections that are con-
sistent with expected asymptotic behavior, angular symmetry, and integrated cross sections. These
cross sections should be sufficiently reliable to serve as normalization standards for experiments on
secondary-electron distributions.

I. INTRODUCTION

Angular and energy distributions of electrons ejected
from atoms and molecules by energetic photons and
charged particles play important roles in the study of ener-

gy deposition and the subsequent generation of collision
products by such projectiles. These distributions also
serve as a sensitive means of comparing theory and experi-
rnent.

For electron-impact ionization, scattered electrons can-
not be distinguished from ejected electrons. Therefore, for
convenience, the slower of the two electrons that emerge
after an ionizing collision is called the secondary electron
and the faster one the primary electron. This operational
definition limits the maximum energy of a secondary elec-
tron to one half of the kinetic energy to be shared by the
two electrons. In the present work, we shall not consider
multiple ionization resulting from a single collision. In
helium, single ionization is dominant over double ioniza-
tion.

Although the pioneering work of Mohr and Nicoll' was
reported in 1934, many experimental papers on secondary
electrons ejected by electron impact and proton im-
pact ' have been published in the last two decades. These
experiments measure cross sections for the production of
secondary electrons without detecting primary electrons in
coincidence. Also, theoretical studies of the subject, most-
ly in the first Born approximate have been recently report-
ed. " Secondary-electron distributions are characterized
by three continuous variables, i.e., the angle of ejection (9,

the kinetic energy 8 of the secondary electron, and the in-
cident energy T of the projectile. In reality, however, ex-
perirnents are carried out only for selected, discrete values
of T, and the resulting cross sections are commonly called
double-differential cross section (DDCS), differential in W
and 0. Practical limitations also restrict measurements of
DDCS to certain combinations of the variables 8' and 0
(measured from the incident beam direction), while appli-
cations of such cross sections to other branches of physics,
e.g., radiation physics and astrophysics, require the con-
tinuous dependence of the DDCS on these variables.

Moreover, existing experimental and theoretical cross sec-
tions on secondary electrons are fragmentary and often
disagree with each other. They are sometimes laced with
systematic distortions peculiar to the experimental or
theoretical methods used. The purpose of this work is to
present a consistent set of DDCS for helium which is con-
tinuous in T, 8' and 0, and which satisfies known theoret-
ical and experimental requirements on asymptotic and
threshold behaviors, angular symmetry, and integrated
cross sections.

The recommended cross sections do not depend on any
specific theory or experiment; they are based on the Born
cross sections at high T but, at lower T, they follow the
shape of experimental angular and incident-energy depen-
dences which have been modified to meet known require-
ments. The Legendre polynomials of order 0 to 6 have
been fitted to the recommended cross sections for six
values of W (0—40 eV) and six values of T (100—2000 eV)
to describe the angular and energy distributions in the
form

= g A„(T, W)P„(cos0),d2g(T)
d8 dQ,

where dQ, =2trd(cos8) is the solid-angle element of the
seondary electron, P„ is the nth-order Legendre polynomi-
al, and A„ is the corresponding fitted coefficient. With a
table of A„, which is presented later, one can generate and
interpolate DDCS to any combination of 0 (0'—180'), 8'
and T within the ranges covered. The table of A„ is com-
pact compared to the DDCS tables that have been previ-
ously published.

Although the secondary-electron energies treated here,
8'=0—40 eV, are limited in scope, they represent the ma-
jority of ejected electrons produced by electron-impact
ionization of atoms and molecules. Furthermore, existing
experimental data show signs of inconsistency for secon-
dary electrons with 8'& 10 eV. The adopted angular dis-
tribution at 8'=0 follows the Born cross sections calcu-
lated by Bell and Kingston' in shape but not in rnagni-
tude. The magnitude was determined through consistency
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requirements, which will be described later. No direct
measurement of the angular distribution at W=0 is avail-
able.

The recommended cross sections have been thoroughly
checked for consistency with integrated cross sections
which, in turn, must satisfy their own experimental and
theoretical requirements. The recommended DDCS are
meant to represent only gross features of secondary-
electron distributions; details such as autoionization peaks
(e.g. , 2s 2p'I') have not been incorporated into the present
work. Similar to double ionization, autoionization con-
tributes little (less than l%%uo in integrated cross sections)
compared to single ionization in helium.

Most of the requirements for the electron-impact ioni-
zation cross sections also apply to the cross sections for
proton-impact ionization. The procedures used in this pa-
per, therefore, will also be useful in determining similar,
recommended cross sections for electrons ejected by
proton-impact ionization.

In Sec. II, some conventions and graphical methods of
analysis are described. In Sec. III, the requirements to be
satisfied by the DDCS are summarized, and the pro-
cedures used in the determination of the recommended
cross sections are explained in Sec. IV. The recommended
cross sections are also presented in Sec. IV. Existing ex-
perimental and theoretical results are compared with the
recommended cross sections in Sec. V, and the conclusions
are presented in Sec. VI.

II. CONVENTIONS AND GRAPHICAL METHODS
OF ANALYSIS

very fast secondary electrons, i.e., when W »8.
The scaling of SDCS and DDCS by the modified Ruth-

erford cross section is equivalent to expressing the cross
sections in terms of an effective number of free electrons
in the target.

The SDCS der(T)/d W is obtained by integrating DDCS
Eq. (1), over the secondary-electron angles

do(T) t. d o(T) d~J dWd~ s

Then, the scaled SDCS

Y(T, W )
du{T) R

d8' dE
d~(T) T E'

dW 4mao R
(6)

d o.
Z(T, W, H)=

dWdQ, dE
do. T E

dWd&, 4~a,' Z'

The scaled DDCS has the dimension of steradian ', and
has the physical meaning of effective number of secondary
electrons ejected into the solid-angle element d Q, .

There are two graphical methods that are well suited in

for He approaches two as the ejected-electron energy in-
creases (see Fig. l). Note that the scaled SDCS, 1'(T, W),
is dimensionless, and we have the advantage that its mag-
nitude stays within one or two decades while the actual
cross section varies over many decades. Similarly, the
scaled DDCS Z(T, W, O), is defined by

instead of 8'in Eq. {2):

dOR

dE
4&ao2

2 (4)

Equation (4) is referred to as the modified Rutherford
cross section. ' Note that Eq. (4) reduces to Eq. {2) for

For the determination and comparison of the DDCS, it
is convenient to scale the cross sections by the correspond-
ing Rutherford cross sections instead of using the DDCS
directly. The original Rutherford cross section' is the
single-differential cross section (SDCS) for the ejection of
one electron initially at rest (i.e., free)

d ~free 4~a 0 R
(2)dS' T

0
where ao ——0.529 A is the Bohr radius and R =13.6 eV is
the Rydberg energy. Unfortunately, the free-electron
Rutherford cross section diverges when the ejected-
electron energy diminishes, in clear contradiction with
theoretical predictions' and experimental evidence. ' The
secondary-electron energy dependence 8' in Eq. {2) re-
sulted from converting K, where K is the momentum
transferred to the target atom during the collision, into the
kinetic energy of the ejected electron, treating it as a free
electron. For the ejection of a bound electron, however,
part of the momentum transfer must be used to overcome
the binding energy 8 of the electron. Therefore, for the
ionization of a bound electron, we use the energy transfer

(3)
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I

e on He

7 =1keV
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4

++QE3~
Leggy

Rutherford

FIG. 1. Scaled single-differential cross section for the ioniza-
tion of He by 1-keV electrons. Scaled cross section Y(T, ~ de-
fined by Eq. (6) represents the effective number of free electrons
in the target. Energy transfer in Rydbergs E/R is defined by
Eq. (3). Kinetic energy of secondary electrons 8 is given by the
top scale, and T is the incident energy. Open squares represent
the experimental data by Opal et al. (Ref. 2). Solid triangle is
the theoretical cross section obtained by extrapolating Born cross
sections for discrete excitations to the ionization limit (Ref. 13).
Dashed line marked Rutherford corresponds to the modified
Rutherford cross section [Eq. (4)] for two free electrons. Small
peak near 8'=35 eV results from the autoionization of the dou-
bly excited state 2s 2p 'P. Sharp bend below 8'-6 eV in the ex-
perimental data is probably due to poor collection efficiency of
slow electrons.
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FIG. 2. Fano plot of the recommended cross section for the
ionization of He by electron impact o;,„. Solid curve represents
the recommended cross section which is based on the experimen-

tal data by Smith (Ref. 24, squares) for T &2 keV and on the
Born cross section (Ref. 25) for T & 2 keV. Circles represent o;,„
recommended by de Heer and Jansen (Ref. 27) and the triangles
represent cr;,„measured by Rapp and Englander-Golden (Ref.
26) ~

elucidating various properties of electron-impact cross sec-
tions. The first one is known as the Fano plot, ' where the
scaled cross section [Eq. (6)] is plotted as a function of
ln(T/R). This presentation is based on the asymptotic
(high-T) behavior of the Born cross sections' '

4m.ao2
~aor =

T/R

r

T3 ln
R

+B

~here 3 and 8, known as the Bethe parameters, are con-
stants that depend on the properties of the target atom but
not on the projectile or incident energy. Moreover, the
first Bethe parameter A is directly related to the dipole os-
cillator strength f

E/R
where E is now the photon energy needed to cause excita-
tions of interest. Equations (8) and (9) are general features
of the Born approximation and have been verified in
numerous examples of discrete excitations and ionizing
collisions. ' The Fano plot can be used for all types of
cross sections, e.g., the total ionization cross section, the
SDCS, or the DDCS.

One can use the collision strength, defined as o.T/ma pR,
as the ordinate of the Fano plot instead of the scaled cross
section F defined by Eq. (6). In either case, the plotted
quantity should approach, at high T, a straight line with a
plot of 4A (if the collision strength is used) or
AE /R =fE/R (if the scaled cross section is used). The
relevant dipole oscillator strength f can be obtained from

LtJ

I
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0
0, 6 0.4

R/E
0.2

experiments or calculations on photoabsorption and pho-
toionization, which, in most cases, are known better than
the cross sections for electron- and proton-impact excita-
tions and ionizations. An example of the Fano plot is
shown in Fig. 2 for the total ionization cross section o; „
of He by electron impact. The solid curve in Fig. 2
represents the ionization cross section to which the SDCS
have been normalized. ' As will be explained later, accu-
rate SDCS are needed to normalize the angular distribu-
tion.

The other graphical method is known as the Platzman

FIG. 3. Platzman plot of single-differential cross sections for
ionization of He for (a) ionization by 200-eV electrons and (b)
photoionization. Bottom scale is the inverse of the energy
transfer in Rydbergs E/R which is also photon energy. Ordi-
nate of (a) is the sca1ed SDCS defined by Eq. (6). Solid curve in
(a) is the recommended SDCS (Fig. 10 and Ref. 18) with ap-
propriate boundaries for the secondary-electron energy 8'. Area
bounded by the solid curve is proportional to o.;,„at T=200 eV
[Eq. (10)]. As was done in Fig. 1, the dashed line marked Ruth-
erford represents the cross section for two free electrons without
the electron-exchange effect. Shape of the SDCS above the
Rutherford cross section closely follows the shape of the dipole
interaction, which is represented by the dipole oscillator strength
df/dE, shown in a dimensionless form [Eqs. (9) and (15)] in (b).
Adopted dipole oscillator strength is based on the experimental
data in Refs. 20—22. Circles denote electron-impact data by
Opal et al. (Ref. 2), the squares represent those by Shyn and
Sharp (Ref. 6), and the triangles stand for those by Rudd and
DuBois (Ref. 4}. 2s 2p 'I' autoionization peak is seen near
8'=35 eV in the data by Opal et al. Minimum near 8 =65 eV
in (a) is a manifestation of the electron-exchange effect.
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plot, '5 where the scaled SDCS Y(T, W) are plotted as
functions of the inverse of the energy transfer E defined
by Eq. (3). Figure 3(a) is a typical example. The Platz-
man plot demonstrates that the effective number of free
electrons participating in ionizing collisions approaches
the number of valence electrons in the target as the
secondary-electron energy is increased. Also, the Platz-
man plot amplifies details such as the autoionization
peaks, the Cooper minimum, the electron-exchange effect,
and the similarity to the photoionization cross sections
that are difficult to identify in conventional log-log plots
of secondary-electron energy distributions. For instance,
the portion of the scaled cross section for He presented in
Fig. 3(a) for low W ( & 50 eV) resembles the shape of the
corresponding photoionization cross section [Fig. 3(b)] su-
perimposed on the Rutherford cross section for two free
electrons; i.e., the dashed line in Fig. 3(a). This resem-
blance between the photoionization cross section and the
SDCS is a manifestation of the relationship given in Eqs.
(8) and (9) predicted by the Born approximation at high
incident energies.

By choosing R /E instead of E/R in the Platzman plot,
as is done in Fig. 3(a), the area under the scaled cross-
section curve bounded by appropriate limits of R/E be-
comes proportional to the total ionization cross section

f Y(T, W)d(R /E) =o.;,„(T)
4m.a OR

from definitions (3) and (6), where o.;,„is defined by

8 {eV}

0
2
4

10
20
40

24.59
26.59
28.59
34.59
44.59
64.59

E (df /dE}

1.645
1.615
1.545
1.275
0.968
0.635

When DDCS are presented in Fano plots, i.e., as func-
tions of ln(T/R) at fixed values of 0 and 8' the limiting
slopes must be proportional to the oscillator strengths for
the angular distribution of photoionized electrons. It is
well known' that the angular distribution of electrons
ejected by unpolarized photons has the general form

o.„h(E,O) = [1——,P(E)P2{cosO)],
o.(E)
4~ (12)

where E is the photon energy, o (E) is the integrated pho-
toionization cross section, P is the asymmetry parameter,
and I'2 is the second-order Legendre polynomial. Since
the dipole oscillator strength f is directly proportional to
o(E), we can use Eq. (12) in Eq. (9) with o(E) replaced by
f. For photoionization, one must use a differential oscilla-
tor strength df/dE, i.e., dipole oscillator strength per unit
energy of the photon. Moreover, P=2 for all E if the
electron is ejected from a closed s orbital (in nonrelativistic
theory), thus simplifying Eq. (12) to

TABLE I. Dipole oscillator strengths for the ionization of
He.

a';,„(T):—j dW .dR'
df(E, O) df(E)/dE 3

dE H
4m.

(13)

The choice of R/E as the abscissa also has an advantage
that the abscissa is confined to a well-defined range (be-
tween R/B and 0) even for energetic secondary electrons.
Also, with the R /E abscissa, the details near the threshold
(W=O) are amplified, whereas the details for high
8'(&200 eV) are squeezed into a narrow region. This
choice of abscissa emphasizes that most of the ionizing
events are accompanied by the production of slow secon-
dary electrons.

III. REQUIREMENTS FOR DOUBLE-DIFFERENTIAL
CROSS SECTIONS

There are six major requirements to be satisfied by
double-differential cross sections.

A. Threshold behavior

The first requirement is trivial; cross sections must van-
ish at the appropriate thresholds. This simple requirement
serves as a decisive guide in determining the magnitude of
cross sections at low T( ~ 300 eV).

B. Asymptotic (high-T) behavior of DDCS

The second requirement is the relationship between pho-
toionization cross sections and high incident-energy
behavior of secondary-electron cross sections mentioned in
Sec. II. This requirement is elucidated through the Born
approximation,

' ' and it is essential in determining the
overall shape of the T dependence.

A(E, O) =E i 8
R dE 8m

(15)

for He. Accurate experimental values of g.(E) for He,
which can be converted to df(E)/dE, are available in the
literature. These values, combined with Eqs. (3),
(6)—(9), and (14), completely specify the asymptotic slope
of the Fano plot for a given 0 and S'. For electron-impact
ionization, the energy transfer E [Eq. (3)] is equivalent to
photon energy. Table I lists the values of E df(E)/dE, the
dimensionless quantity we have used for the slopes in the
Fano plot at 8'=0—40 eV. The shape and magnitude of
E{df/dE) for He are shown in Fig. 3(b).

C. Angular symmetry in the slope of the Fano plot

The third requirement is the angular symmetry expected
in DDCS at high T. The photoelectron angular distribu-
tion [Eq. (12)] is an even function of cosO, and hence leads
to the same value of o.ph(E t9) at 0& and Oq such that
0&+02 ——180. This in turn requires that the slopes of the
Fano plot at the two supplementary angles 0~ and Hq (but
at the same 8' value) be equal at high T. This is a subtle
constraint on the angular distribution that can identify

By combining Eqs. (7)—(9) with (13), we get the asymptot-
ic (high-T) form of the scaled DDCS

Z(T, W, O)=(E/R) [A(E,O)ln(T/R)+B(E, O)], (14)

where
2
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where n* is the effective principal quantum number of
discrete states and 0„ is the sum of all discrete-excitation
cross sections with the same principal quantum number n
that corresponds to n*.

A direct measurement of da. /d8'is difficult, but Gris-
som et al. ' measured do. /d8' for T up to 500 eV in the
special case of 8'=0. In addition, of course, do./d8'
when integrated over 8' must yield correct cr;,„. As was
mentioned earlier, the area in the Platzman plot is directly
proportional to cr; „,and hence the values of o.;,„provide a
basis for the renormalization of da /d 8'. We have adopt-
ed the a;,„measured by Smith for T &2 keV and the
Born cross section for higher T. The more recent mea-
surement of cr;,„by Rapp and Englander-Golden and
o.;,„adopted by de Beer and Jansen are not consistent
with the asymptotic behavior predicted by theory. The
adopted o.;,„ is presented in Fig. 2 and compared with
these experimental data.

E. Energy-loss cross section and da/d8'

FIG. 4. Fano plot of DDCS for the secondary-electron energy
W=20 eV at the supplementary angles 0=60' and 120'. In-
cident energy is denoted by T, and the Rydberg energy by A.
Solid and dashed curves are recommended cross sections, and
the dash-dotted line indicates the asymptotic (high-T) slope de-
rived from the photoionization data in Fig. 3. Open symbols are
for 0=60', and the filled ones for 120. Circles represent the
Born cross sections calculated by Bell and Kingston (Ref. 10),
and the inverted triangles those by Burnett et al. (Ref. 27).
Squares are the experimental data by Opal et al. (Ref. 2), and
the triangles stand for those by Shyn and Sharp (Ref. 6). Ioniza-
tion potential of He (24.59 eV) is marked IP on the top scale.
Cross section must vanish at To ——IP+ W, and for high T, it
must have parallel asymptotic slopes at supplementary angles.

systematic distortions in experimental angular distribu-
tion. Unfortunately, only the experiment by Beaty
et al. ' used incident energies high enough to bring out
the asymptotic properties predicted by the Born theory.
As was reported earlier, the experimental data by Beaty
et al. showed expected forward-backward symmetries in
most cases. An example of this angular symmetry is
shown in Fig. 4.

D. Integrated cross sections

The requirement that the angular distribution should
yield the correct integrated cross section appears trivial,
but it is an important constraint for the renormalization of
DDCS. Both types of integrated cross sections SDCS and
o.;,„must exhibit appropriate slopes when presented in the
Fano plot; the slopes are determined from corresponding
oscillator strengths for photoionization, df(E)/dE, the
values of which are well known. Moreover, SDCS must
connect smoothly with corresponding cross sections for
discrete excitations through the following relationship
based on the quantum-defect theory'

For targets with a single shell, such as hydrogen and
helium, the SCDS must match the energy-loss cross sec-
tion of the incident electron, because there is a unique
correspondence between the ejected electron and the in-
cident electron, if double ionization and double excitation
are ignored. This is a powerful constraint on do. /d8, but
it will not help to determine angular distribution because
they are very different for primary and secondary elec-
trons. The angular distribution of secondary electrons is
spread out to all angles, whereas that of primary electrons
is sharply peaked in the forward direction.

cos8b
~ f„,=v'W/T . (17)

Again, we should replace W by E [Eq. (3)] for the same
reason that we used E in Eq. (4) for a bound electron,

cos8g
~ b d

—v E/T (18)

In reality, the binary peak is spread out due to the momen-
tum distribution of the bound electron. The actual posi-
tion of the binary peak depends on the interference be-
tween glancing and knock-on collisions, but Eq. (18) serves
as a qualitative guideline, placing the binary peak some-

F. Binary peak

Qualitatively, secondary electrons are ejected by a com-
bination of glancing (large impact parameters) and
knock-on (small impact parameters) collisions. Glancing
collisions exhibit characteristics dominated by the dipole
interaction, which leads to an angular distribution given
by Eq. (12), i.e., symmetric with respect to 0=90, with a
maximum or minimum at 8=90' depending on the value
of P. Knock-on collisions, on the other hand, are dom-
inated by binary collisions, i.e., billiard-ball collisions.
From energy and momentum conservation, one can easily
derive the relationship between the angle of ejection Ob, in-
cident energy, and ejected-electron energy if the target
electron is unbound and at rest and the electron-exchange
effect is ignored,
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DDCS of He, which was attained partly by ignoring au-
toionization peaks, one can interpolate the DDCS recon-
structed from Eq. (1) and Table II to any combination of
T, 8', and 0, within the ranges covered in Table II. We
have verified that DDCS, for numerous interpolated
values of W, yield SDCS consistent with those presented
in Fig. 10, although do. /d8 can be directly interpolated
from Table II by using Eq. (20). The interpolation in T
should be carried out by using the Fano plots for each 8'
and 8 (e.g. , Figs. 4 and 5), whereas the interpolation in W
should be done by using graphs of the type shown in Fig.
6. The cubic spline interpolation in DDCS, not in A„s, is
recommended for these interpolations.

A word of caution is warranted, however, for extrapo-
lating the DDCS beyond the ranges covered in Table II.
For instance, although a cubic-spline method is excellent
for interpolation, we have found that the extrapolation of
Table II to 8'=50 eV by a straightforward quadratic fit
works better than a cubic-spline method. Extrapolation of
Table II in 8'beyond 50 eV is not recommended.

The extrapolation of Table II to high T is more compli-
cated. First of all, as a consequence of relativistic
kinematics, one must use ln[P /(1 —P )]—P instead of
ln(T/R) in all Fano plots for T&5 keV. ' Secondly, a
linear extrapolation is required after each Fano plot
reaches expected asymptotic behavior. If the extrapola-
tion in T is done judiciously, in combination with Table I
to provide proper asymptotic slopes, Table II can easily be
extended to cover a wide range of T values to hundreds of
keV.

V. COMPARISON WITH OTHER DATA
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None of the theoretical and experimental data available
in the literature cover all the values of 0, 8' and T that
can be generated from Table II nor agree fully with the
recommended DDCS. For instance, the recommended
DDCS for 8'=0 closely follow the angular distribution
calculated by Bell and Kingston' for high T, but their
values at higher 8 and lower T tend to be too large, par-
ticularly in forward angles. The Born cross sections calcu-
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FIG. 7. Recommended DDCS scaled by the Rutherford cross

sections [Eq. {7)] for the secondary-electron energy W=O as
functions of the ejection angle 0 and the incident-electron energy
T. In the scaled unit, the ordinate represents the effective num-
ber of free electrons ejected into a unit solid angle at 0. Shape of
a scaled angular distribution at a given T, however, is the same
as that of an unscaled cross section.
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FIG. 8. Same as Fig. 7 for the secondary-electron energy
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FIG. 9. Same as Fig. 7 for the secondary-electron energy
8'=40 eV. Cross section for T=100 eV is given by the dashed
curve to indicate that a 40-eV electron is a primary electron.

lated by Burnett et al. are of comparable quality as those
by Bell and Kingston. Both calculations used correlated
initial- and final-state target wave functions. Some of
their theoretical data at 8'=20 eV are compared with the
recommended DDCS in Fig. 4. In general, the data by
Burnett et al. tend to have higher maxima and lower mini-
ma than those calculated by Bell and Kingston and also
all experimental data quoted in the present work. We
have followed experimental shapes in the backward direc-
tion because there are less experimental problems there
and experimental data are judged more reliable there than
in the forward direction. The Born cross sections by Bell
and Kingston shown in Figs. 4 and 5 are much higher
than the recommended cross sections at low T. This trend
of high cross sections at low T is inherent in the Born
theory for most electron-impact cross sections.

As is clear from Fig. 4, the data by Opal et al. at
T=200, 300, and 500 eV should be reduced by about 20%
to make them consistent with their own data at T=100,
1000, and 2000 eV. This is also evident in Fig. 3 for the
integrated cross section.

A notable discrepancy between the recommended
DDCS and the experiments by Rudd and DuBois and by
Shyn and Sharp is a sharp peak in the forward direction
(0(15 ) that they have reported but is absent from our

bN 5—

//

/ /
p ~/lr//i/i/v/, Aviv
0.6 O.5 0.4 O.g

R/E

I . I

O. 2 O. I

recommended cross section. An example of the discrepan-
cy is shown in Fig. 11. At 8'=20 eV and T=200 eV, the
binary peak is well developed as indicated by all three sets
of experimental data shown in the figure. Moreover, the
experimental binary peaks are all in the neighborhood of
Hb

——62' given by Eq. (18). Yet, the experimental data
from Refs. 4 and 6 show a sharp rise in the extreme for-
ward direction. Although suggestions have been put for-
ward to attribute the peak to the electron-exchange ef-
fect, ' there is no plausible theory that supports the ex-
istence of such an exchange peak. In fact, Oda and
Nishimura studied the peak in detail, but finally con-
cluded that the peak was an experimental artifact.

Compared to our DDCS, the experimental angular dis-
tribution by Rudd and DuBois as well as that by Shyn
and Sharp is sometimes too high in the backward direc-
tion (8&90') and too low in the forward angles (8&90)
except for the sharp peak in the extreme forward direc-
tion. All experimental data in the backward direction,
however, show far smoother angular distributions than the
data in the forward direction. This probably is associated
with low background noise in the backward direction,

FIG. 10. Platzman plot of the recommended SDCS scaled by
the modified Rutherford cross sections [Eq. (4)] as functions of
incident energy T (reproduced from Ref. 18). Secondary-
electron energy 8' is given by the top scale. Shaded area
represents the fraction of secondary electrons ejected with
8'(24.59 eV that are too slow to ionize in subsequent collisions
in a dense He target. Fraction shown here for He, roughly 3 or
more, is typical of many atoms and molecules (Refs. 15 and 18).
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FIG. 11. Comparison of the angular distributions for T=200
eV and 8'=20 eV. Solid curve is the recommended cross sec-
tion, the circles are the Born cross section calculated by Bell and
Kingston (Ref. 10), the squares are the experimental data by
Opal et al. (Ref. 2), the triangles are those by Rudd and DuBois
(Ref. 4), and the inverted triangles are those by Shyn and Sharp
(Ref. 6). Sharp peak at 8 & 20' reported in Refs. 4 and 6 are like-
ly to be an experimental artifact.

while high noise level is expected in the forward direction
due to the presence of the incident beam as well as elasti-
cally scattered electrons.

As was pointed out in Refs. 4 and 6, the experimental
values at 0=30 and 150' by Opal et al. tend to be too
low. This is borne out in Figs. 5 and 11. As was men-
tioned earlier, the data by Opal et al. at T=200 eV should
be reduced by about 20%%uo. This renormalization will bring
the Opal data in Fig. 11 into good agreement with the
recommended DDCS, except for the values at 0=30' and
150', which are too low. The same trend is observed in
most of the data by Opal et al. , although their data at
T=1 and 2 keV agree much better with theory' and the
present work, as is shown in Fig. 12.

All experimental values shown in this paper are subject
to 20—30%%uo combined uncertainties. It is difficult, how-
ever, to include these uncertainties directly in applications,
such as energy degradation modeling, because the sys-
tematic part of the uncertainties will inAuence the out-
come in a complicated manner. Although the recom-
mended DDCS, in principle, cannot be more accurate than
the original theoretical and experimental data that they
are based on, we hope that the enforcement of consistency
requirements would have corrected most of the "systemat-
ic" uncertainties associated with experiment and theory.

VI. CONCLUDING REMARKS

We have assembled a recommended set of double-
differential cross sections for the ionization of He by elec-
tron impact. This recommendation is based on experi-
mental and theoretical data not only on the DDCS but
also on integrated and photoionization cross sections. Al-
though the range of the secondary-electron energy that has
been covered in this work is limited to 8'(40 eV, the
recommended DDCS should be useful in modeling stud-
ies, since these slow secondary electrons include more than

of all ionizing events in He (see Fig. 10). The recom-

FIG. 12. Same as Fig. 11 for T=1 keV and &=10 eV.
Trend observed in the Born cross section by Burnett et al. (Ref.
29, not shown here), indicates that their cross section would lie
substantially below the recommended cross section for 6I & 120'.

mended cross sections are presented in terms of the coeffi-
cients for the Legendre polynomials, A„[see Eq. (I)].
These coefficients are listed in a compact table (Table II)
from which the DDCS for any combination of 0, 8', and
T such that 0'&0& 180, 0& 8 &40 eV, and
100& T &2000 eV can be interpolated. Along with total
ionization and single-differential cross sections (Figs. 2
and 10), the present work will provide a mutually con-
sistent mapping of cross sections for electron-impact ioni-
zation. These cross sections are suitable as input for vari-
ous applications that require a complete and consistent set
of collision data.

To make the DDCS presented here more complete, one
should add the angular distribution of autoionization
peaks near 8'=35 eV. Since these peaks are sharp, how-
ever, experimental data are sensitive to the energy resolu-
tion of the instruments used. For instance, the data in
Ref. 2 have several points (in W) which cover the autoion-
izing region (Figs. 1 and 3), but such an energy grid is too
coarse to provide a full understanding of the autoioniza-
tion peaks. The doubly excited states of He are subjects of
many current studies. ' Few of these, however, provide
the information on absolute cross sections that is needed
for our purpose.

With minor modifications, procedures used in the
present work can be extended: (a) to higher values of 8'
and T on the ionization of He by electron impact, (b) to
the determination of consistent DDCS for the ionization
of He by proton impact, and (c) to the ionization of other
atoms and molecules by both electron and proton impact.

As was shown in Secs. III and IV, the T dependence of
the DDCS plays a crucial part in determining a consistent
set of cross sections. In this respect, experimental data
that cover a wide range of T such as those by Opal, Beaty,
and Peterson are most valuable in applying consistency
checks. Other types of experimental data potentially use-
ful in completing the mapping of DDCS are those for
T & 100 eV, angular distribution (absolute cross sections)
of autoionized electrons, and the DDCS for fast secondary
electrons near
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8',„=( T —8}/2,

where the electron-exchange effect is expected to be large.
In fact, the so-called (e, 2e) experiments can easily be
modified (by shutting down one of the electron detectors)
to provide the DDCS near 8,„, as was done by van
Wingerden et al. For atoms and molecules with many
inner shells, data on multiple ionization are necessary to
interpret the DOCS properly.

Finally, we hope that the DOCS proposed here will
stimulate further experimental and theoretical work on He
to verify the details of the recommended cross sections.
We also hope the recommended DDCS will serve as a nor-
malization standard for measurements of electron-impact
ionization cross sections on other atoms and molecules.
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