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Doubly differential cross sections of secondary electroris ejected from He by electron impact have been
measured utilizing a crossed-beam method. The incident energies used were 50, 100, 200, and 300 eV. The
energy and angular range of the secondary electrons measured were from half of the difference between
incident energy and ionization energy to 1.0 eV and from 6' to 156', 'respectively, with an emphasis on
the measurements of low-energy secondary electrons. The present results have been placed on an absolute
scale by using the ionization cross section at 100 eV. The results indicate a strong forward peak for low-

energy (& 5 eV) secondaries at angles less than 30'. There is good agreement among the measurements of
the high-energy secondary electrons but considerable differences exist in the measurements of the low-energy
secondary electrons.

I. INTRODUCTION

Among the interactions of an electron with neu-
tral particles (atoms and molecules), ionization of
the particles is one of the physical processes of
fundamental importance. Ionization cross sec-
tions are important quantities in studies of p.ane-
tary atmospheres, plasma physics, and radiation
physics.

Ionization of He by electron impact has been
studied extensively by several authors, ' pri-
marily to find the total ionization cross section.
The absolute doubly differential cross section
(DDCS), d'o/dQdE (in angle and energy), of
secondary electrons ejected from He by electron
impact has been measured by Goodrich' with an
incident energy of 100 eV within the angular range
of 20'-160'. Mohr and Nicoll' have measured the
relative DDCS with incident energies of 40, 60,
100, and 200 eV and with the angular range of 20—
160 .

Opal et al. measured the DDCS for a number of
simple gases by a crossed-beam method. Incident
energies of 50-2000 eV were used for He, N„and
O„and 500 eV for other gases, with the angular
range of 30'-150'. The energy range of secondary,
electrons measured was 4-200 eV. Oda et al.'
have also measured the DDCS from He and Kr using
incident energies of 500 and 1000 eV for the angu-
lar range of 10'-130 in a volume experiment
(static gas target). The lowest secondary electron
energy measured was 24 eV. They found a ten-
dency to a strong forward peak at aI1 secondary
energies for He below 15 in their measurements.
Very recently, Rudd and DuBois' have measured
the DDCS of secondary electrons from He with
incident energies of 100 and 200 eV over the angu-

lar range of 10 -130' by a volume experiment.
The lowest energy of secondary electrons mea-
sured was 4 eV. Grissom et al.~ have measured
the singly differential cross section (SDCS) in en-
ergy of secondary electrons for an energy range
of 0 to 1 eV for He, Ne, arid Ar using a trapped-
electron method.

Experimental data on the secondary electrons
are available for the energies greater than 4 eV
and less than 1 eV, but not between the two en-
ergy regions. Also there is'a considerable dis-
agreement of DDCS and SDCS among the existing
measurements, especially between the result of
Opal et al. and that of Rudd and DuBois.

Theoretical work on the secondary electrons
from He by electron impact has been done by Bell
and Kingston in which the Born approximation has
been used to calculate the DDCS for the incident
energy range of 50-2000 eV. Also substantial
progress in the theoretical analysis of experimen-
tal data has been made by Kim' following the
Platzman approach" and the Fano approach. "
This analysis allows a comparison between the
energy distribution of secondary electrons (SDCS)
from experiment and known photoionization cross
sections.

This paper presents the results of an experi-
ment in which the DDCS of secondary electrons
ejected from He by electron impact have been
measured using a crossed-beam method, with a
particular emphasis on low-energy secondary
electrons. The incident energies of 50-300 eV
have been used. The energy range and angular
range of secondary electrons measured were from
2(E, -I) [where E, is the incident energy and I is
the ionization potential of He (24.6 eV)], down to
1.0 eV and from 6' to 156', respectively.

1979 The American Physical Society



558 T. W. SHY% AND %. K. SHARP l9

lI. APPARATUS AND PROCEDURE

The apparatus shown in Fig. 1 used for the
present measurement is basically the same as that
used previously for the measurement of electrons
elastically scattered from N, (Ref. 12) and CO,
(Ref. 13), and the detailed description can be found
in the above references. A brief description of the
apparatus is as follows; the apparatus consists of
three subsystems, i.e., a rotatable electron mono-
chrometer, a collimated neutral beam source,
and a fixed-electron detector on the vacuum cham-
ber wall. The rotatable electron monochrometer
produces an electron beam of 10 ' A with. an energy

half-width of 0.2 eV. The angular divergence of
the electron beam has been measured to be + 2' at
an incident energy of 50 eV. It becomes smaller
at higher energies. It is also noted that this en-
ergy monochrometer has a focusing capability on
the electron beam by utilizing an electron lens
system. Horizontal and vertical motions of the
electron beam are accomplished by a set of de-
flecting electrodes.

A neutral beam is collimated by a fused capillary
array (made of stainless steel 304, 40 p in dia-
meter, 2 mm long, 50% open area). The collimated
neutral beam has an angular width of approximately
+5, as shown in Ref. 12.

FIG. 1. Schematic diagram of apparatus: W, filament; P&, inner plate; EG, electron gun; I, interaction region; FE,
focus electrode; 8, baffle; L1, lens 1; L2, lens 2; L3, lens 3; L4, lens 4; Po, outer plate; EM, electron multiplier;
GS, grids of selector; GA, grid of analyzer; F1 and F2, Faraday cups.
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The electron detector system consists of a baf-
fle, an energy analyzer, and an electron multi-
plier. The acceptance angle of the detector system
is +4 . The energy analyzer is a 127 electrostatic
cylindrical type, as shown in Fig. 1. This energy
analyzer has two electron collection plates behind
the grids in order to collect unnecessary elec-
trons in the detector system. Among the stray
electrons, the surface secondary electrons pro-
duced off the metal surfaces inside the detector,
mainly by the energetic incident electrons, are
potentially the most troublesome in the interpreting
of the measurements. The production of these
surface secondaries in the detector has been mea-
sured using an incident electron beam of 100 eV
directly into the detector. The intensity of surface
secondaries produced in the detector, is found to be
less than 10~ of the incident beam intensity. The
intensity per unit solid angle per unit energy of
secondaries from the gases is generally in the or-
der of 10 of the intensity of the elastically scat-
tered beam per unit solid angle, and, therefore,
it is estimated that the surface secondaries contri-
bute one part in 1000 to the signal. Another Fara-
day cup (E, in Fig. 1) has been installed in the
system since the two previous measurements.
This collects the stray electrons in the system
and, at the same time, monitors the strength of
the incident electron beam.

The rotatable electron beam interacts at 90'
with the collimated neutral beam. Electrons
ejected from the neutral beam are detected by the
detector system. It is noted that the half-width of
the electron beam is inside of the half-width of
the collimated neutral beam, and the half-width of
the neutral beam is inside of the field of view of
the detector system as shown in Ref. 12. The
resultant angular resolution of the present experi-
ment is estimated to be +4 which is sufficient for
the secondary-electron measurement by electron
impact.

The vacuum enclosure is pumped by a turbo-
molecular pump (pumping speed of 1500l/sec)
down to a pressure of 10~ torr without baking the
system. With neutral beam in, the background
pressure rises to 2 x 10 4 Torr, and the density
of the beam in the interaction region is estimated
to be greater than the background density by a
factor of 3. At the background pressure of 2X10
torr the attenuation of ejected electrons from the
interaction region to the detector, mainly due to
the elastic scattering, has beeri calculated to be a
maximum of 4/0 at 1 eV and smaller at higher
energies. The effect of the high-pressure back-
ground to the DDCS measurements is expected to
be small (less than 4%), and will be included as a
systematic uncertainty in the error analysis.

The magnetic fields in the plane of measurement
have been reduced by the three sets of Helmholtz

~ coils and have been measured to be less than 20
mG in all directions. The measurement region is
carefully shielded from all exposed potentials.

The absolute energy scale was determined fre-
quently to within 0.05 eV using the He resonance
at 19.3 eV.

The detection of the secondary electrons was
accomplished by the detector system without the
use of any electron lens system in order to insure
a constant transmission of the analyzer against
energy. The transmission of the analyzer has
been measured to be constant within 5'%%uo down to an
electron energy of. 2.0 eV.

The procedure used for the present measure-
ments is as follows: the collimated beam of He is
turned on and the signal count is integrated for 10
sec for each electron-beam angle from 12' to 156'
in 12' increments for selected incident and secon-
dary-electron energy. In addition, a measure-
ment is also made at O'. The measurements are
repeated with the gas beam off to obtain the back-
ground count. The difference between the two sig-
nals is the DDCS of secondary electrons ejected
from the He beam.

The correction of the final data for volume scat-
tering effects in this experiment is the same as
for the elastic scattering, which is measured (be-
cause the interaction volume is the same for both
cases). First, a system pressure equal to that of
the interaction region with the He beam on is esta-
blished by displacing the capillary from the inter-
action region. Then the angular dependence of the
volume-scattered component of the beam is mea-
sured. At 90' (the minimum contribution) this
component is (88+ 1)'%%uo of the signaj, found when the
capillary tube is in the interaction region. An un-
certainty due to the (88+ 1)% in the volume correc-
tion is +2%%uo.

III. EXPERIMENTAL RESULTS

The DDCS have been measured at four incident
energies, 50, 100, 200, and 300 eV. The energy
range of the secondary electrons is from 1.0 eV to
,'(E, -I), with a—n emphasis on the low-energy side
(&10 eV) and the angular range from 6' to 156'.

Six sets of data for the low-energy secondary
electrons and four sets for the rest have been taken
and averaged to produce final results for each in-
cident energy. The results have been calibrated
among themselves and have been placed on an
absolute scale using the total ionization cross sec-
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tion of He at 100 eV incident energy measured by
Smith. ' The results are tabulated in Table I, II,
III, and IV for the four incident energies, respec-
tively.

The statistical uncertainty in data points for
secondary energies less than 3 eV is + 8% and
that for other energies is less than + 8%. A 10%%up

uncertainty in the calibration among the secondary-
electron energies for an incident energy and a 10/0
uncertainty in the interenergy calibration are con-
tained in the final results. There is an estimated
a 5%%ug uncertainty in the transmission of the elec-
trons through the detector system. An estimated
2% uncertainty in the attenuation factor are used
for the experiment. The resultant uncertainty
(rms) for the results is thus a 17%.

Figure 2 shows the DDCS at several secondary
energies for a 50-eV incident energy along with
the results of Opal et al. and the theoretical re-
sults of Bell and Kingston. The present results
disagree with those of Opal et al. , both in value
and shape. The results of Opal et al. are smaller
than the present results by 40%% near 90', and by
more than 100% in the extreme angles. Their re-
sults at the extreme angles may be due to the over-
correction of the volume effect, as Rudd and
DuBois' pointed out. The results of the theoretical
calculation of Bell and Kingston confirm that the
Born approximation is not suitable to apply in this
low-energy region.

Figure 3 shows the DDCS at several secondary
energies for a 200-eV incident energy beam, along
with the experimental results of Opal et al. and
Rudd and DuBois and the calculation of Bell and
Kingston. As shown in Fig. 3, there is a strong
forward peak below 15' for all energies (the same
is true for 300-eV incident energy, but not for
50 and 100-eV incident energy), as other investi-
gators" have seen. The DDCS at 200 eV have, in
general, flatter angular distributions than those at
50 eV incident. Also there is another peak in the
DDCS between 45' and 70' which is due to the con-
servation of energy and momentum of the colliding
system. The peak begins to appear at the secon-
dary-electron energy of 3.0 eV. It moves to higher
angles, reaching a maximum angle at 40 eV, then
returning to smaller angles as the energy goes
higher. The maximum point of the peak approxi-
mately follows the conservation laws.

The relative shape of the Opal et al. results
agrees weQ with the present results near 90',
however, again there is a disagreement at the ex-
treme angles for all secondary-electron energies.
Moreover, the magnitude of the DDCS of Opal
et al. are larger than the present result by 30%
near 90', and smaller at the extreme angles. The
agreement between the present result and that of

Rudd and DuBois is good for the backward scatter-
ing at all secondary-electron energies. The agree-
ment becomes better as the secondary-electron
energy increases, except near an angle of 130 .
Comparison with the results of theoretical calcula-
tions by Bell and Kingston using the Born approxi-
mation show quite good agreement between 60' and
120, but not at the extreme angles. The calcula-
tion does not produce the sharp forward peak below
15 . These facts indicate that the Born approxima-
tion is still not as suitable as expected.

Figure 4 shows the SDCS in energy for 50-eV
incident energy along with the result of Opal
et al. and that of Grissom et al. Clearly, there
is a disagreement among the three results. The
result of Grissom et al. for 0-1-eV secondary
electrons is almost twice as large as the extra-
polated value of. the present result, while the re-
sult of Opal et al. is half of the value of the pres-
ent results. A noteworthy point is that as the en-
ergy decreases, the SDCS begins to decrease from
about 5 eV. This is contrary to the case of the
higher incident energies (see below).

Figure 5 shows the SDCS at 200-eV incident en-
ergy along with the results of Opal et al. , Rudd
and DuBois, and Grissom et al. The result of
Grissom et al. lies in the apparent trend of the
present results. The results of Opal et al. are
larger than the present results by approximately
40% for all secondary energies. However, the
general shape of SDCS of Opal et al. is in good
agreement with the present results except near
the energy —2(E, -I), where the electron exchange
effect comes in. The results of Rudd and Dubois
do not agree with the present result very well at
high energies.

The results for 100-eV and 300-eV incident en-
ergies have almost the same trend as that for 200-
eV incident energy.

Table V compares the total ionization cross sec-
tions of the present experiment along with the re-
sults of Smith, Opal et al. , and Rudd and DuBois.
As mentioned before, the present results are nor-
malized among the incident energies and secondary-
electron energies, and have been placed on an
absolute scale using the total ionization cross sec-
tion of He at 100 eV measured by Smith. ' Generally
the present results agree very well with that of
Smith; there is fair agreement within uncertainties
among the results of Opal et al. , Rudd and DuBois,
and the present experiment (the exception being the
50-eV incident energy of Opal et al.), even though
significant differences in the DDCS exist among the
three measurements. The sine factor in the calcu-
lation of the total cross sections reduces the effect
of the DDCS on the total cross sections.

Finally, Fig. 6 shows the Platzman plot for
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TABLE I. DDCS(d2o/di)dE) of secondary electrons ejected from He by 50-eV impact energy (in units of 10 20cm2/

ster-eV). (The numbers in parentheses represent extrapolated data points. )

Z, (e 12 24 36 48 60 72 84 96 108 120 132 144 156 168

1.0
2.Q

3.0
4.0
5.0
6.0
8.0

10.0
12.7

83.6 56.6 36.4
42.8 29.8 20.1
35.1 29.7 17.1
36.7 25.9 17.3
48.3 28.4 17.4
43.5 29.2 19.2
41.8 31.8 2Q.7
47.9 35.9 24.2
55.7 36.7 20.6

19.4
20.1
20.3
19.2
21.4
19.2
18.9
19.3
14.Q

13.8
15.1
17.1
17.4
1,8.3
16.0
16.5
15.1
10.8

13.4 12.3
14.5 13.3
17.1 15.2
17.3 15.9
17.1 15.8
14.8 14.5
15.4 15.6
13.4 12.9
9.2 8.4

11.0 11.5
13.9 15.8
17.1 18.2
16.6 18.2
17.1 18.S
14.9 16.5
15.8 18.1
13.4 15.2
8.2 9.0

13.8
18.6
22.7
23.1
24.7
21.3
22.0
18.7
11.1

20.2
23.9
29.5
31.2
32.0
28.0
28.1
24.2
14.6

23.3
30.4
37.2
38.9
38.7
35.5
34.7
28.8
18.2

(27.7)
33.2
43.3
45.6
45.5
40.7
41.6
33.6
22.1

(34.0)
(45.o)
(55.1)
(59.8)
(55.7)
(49.7)
(51.3)
(4o.7)
(27.9)

TABLE II. DDCS(d c/dQ dE) of secondary electrons ejected from He by 100-eV impact energy (in units of 10 0cm2/
ster-eV. (The numbers in parentheses represent extrapolated data points. )

E~ (eV~)8' 12 24 36 48 60 72 84 96 108 120 132 156 168

1.0
2.0
3.0
4.0
5.0
6.0
8.0

10.0
15.0
20.0
25.0
30.0
37.7

170.6
80.3
57.5
31.7
22.0
23.6
16.9
14.1
13.1
13.9
12.6
15.8
18.5

77.2
21.6
20.8
16.2
15.4
16.7
11.7
11.6
13.3.

10.7
9.8

12.1
13.1

42.7
18.5
12.8
9.5

11.0
10.3
12 3
13.0
11.4
9.1
7.9
8.0
8.0

30.9
22.4
20.9
19.0
18.0
15.8
17.0
14.6
11.3
S.7
7.1
5.8
5.3

21.7
19.5
19.6
18.1
18.4
16.5
16.8
14.0
10.3
7.9
6.0
5.0
3.8

12.2
19.0
19.8
20.0
19.2
17.0
14.6
13.0
9.4
6.6
4.6
3.6
2.7

10.8
19.3
17.3
19.2
17.9
16.1
12.8
11.7
8.3
5.3
3.6
2.7
2.0

12.2
19.3
18.7
18.9
17.5
15.8
12.4
10.7
7.6

3.0
2.3
1.7

14.7 18.6
21.4 23.5
20.8 22.5
20.4 23.5
17.8 20.6
16.2 18.4
12.4 14.3
10.7 12.0
7.7 8.5
4.3 4.9
3.0 3.3
2.2 2.4
1.5 1.7

23.1
27.4
26.6
25.1
22-.8
21.6
17.2
14.7
9.2
5.9
3.8
2.8
1.9

25.5
31.5
30.8
28.5
26.1
24.5
21.7
17.6
10.8
6.6
4.5
3.1
2.2

(27.4)
33.9
37.6
31.9
30.6
26.3
24.8
20.2
12.3
7.6
5.1
3.6
2.6

(29.4)
(36.5)
(44.4)
(35.5)
(35.4)
(3o.2)
(2s.1)
(22.7)

'

(14.0)
( s.s)
( 6.1)
( 4.0)
( 3.o)

TABLE III. DDCS(d o/df)dE) of secondary electrons, ejected from He by 200-eV impact energy (in units of 10 20cm/
ster-eV). (The numbers in parentheses represent extrapolated data points. )

E, (e 6 12 48 6Q 72 84 96 108 120 132 156 168

1.0
2.0
3.0
4.0
5.0
6.0
8.0

10.0
12.0
15.0
20.0
25.0
30.0
40.0
50.0
60.0
70.0
87.7

261.3
191.5
121.0
131.9
75.8
57.6
29.8
22.4
18.1
19.3
16.0
11.0
11.7
6.5
5.3
3.6
3.3
4.2

140.4
70.3
54.3
35.2
31.9
25.0
17.9
13.6
10.0.
9.3
5.3
4.8
3 4
2.2
1.7
1.5
1.9
3.5

44.2
44.8
22.4
18.5
12.9
10.8
8.2
8.1
8.0
7.2
5.5
4.5
3.2
1.7
1.6
1.2
1.6
2.7

26.4
32.1
18.5
11.1
8.9
8.8
7.9
9.8
8.4
7.7
6.1
5.0
3.6
2.4
1.9
1.5
1.7
2.1

153 89 75 75
12.1 10.S 10.3 9.5
16.1 11.2 10.3. 11.6
13.3 14.1 13.5 12.7
13.7 14.6 13.5 12.5
13,1 14.4 13.6 12.7
12 3 13 5 12 8 11 2
11.4 12.1 10.9 9.5
9.8 10.2 9.1 7.6
8.7 9.2 8.3 6.5
6 8 7 2 6 2 4 7
5.8 6.0 4.9 3.6
4.4 4.6 3.7 2.6
3.0 3.0 2.1 1.3
2.1 1.9 1.3 0.79
1.7 1.4 0.82 0.48
1.6 1.1 0.62 0.32
1.4 0.76 0.36 0.22

8.5
10.6
12.3
11.8
11.7
11.3
9.8
7.9
6.6
5.2
3.6
2.6
1.8
Q. 91
0.43
0.27
Q.21
0.16

10.9
11.7
12.7
12.3
11.8
11.5
9.2
7.8
5.8
4.5
3.0
2.1
1.3
0.75
0.35
0.21
0.18
0.15

14.7
13.1
14.0
12.8
12.9
11.9
10.2
8.0
6.3
4.8
3.1
2.2
1.4
0.75
0.39
0.26
0.18
0.12

15.1
13.8
16.4
14.3
13.9
13.8
11.2
8.6
6.9
5 4
3.5
2.6
1.6
0.91
Q 44
0.27
0.20
0.13

16.4
19.9
17.5
15.4
15.7
14.9
12 7
10.6
8.1
6.2
4.1
2.9
1.9
1.0
0.51
0.31
0.21
0.12

(17.8)
(17.4)
17.6
16.5
16.6
16.3
13.8
12.1
8.9
7.3
4.8
3.4
2.1
1.1
0.57
0.36
0.25
0.15

(1s.S)
(2o.5)
(18.6)
(17.9)
(17.7)
(1s.2)
(15.3)
(13.9)
(1o.o)
( s.4)
( 5.5)
( 3.8)
( 2.3)
( 1.3)
( o.63)
( o.39)
( o.2s)
( 0.16)
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TABLE V. Total ionization cross sections of He by electron impact (in units of 10 ~ cm .)
Present result Smith Opal et al. Rudd and DuBois

50
100
200
300

2.54 + 0.43
3.54 + 0.60
2.90 ~ 0.49
2.58 + 0.44

2.44
3.54
3.22
2.74

1.36 +0.34
3.37 + 0.84
3.67 6 0.92
3.31+ 0.83

2.96 +0.74
2.34 + 0.59
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FIG. 6. Platzman plot of secondary electrons
ejected from He by 50-, 100-, 200-, and 300-eV
electron impact along w'ith the theoretical results by
Kim (Ref. 9).

0.0

four incident energies. The Platzman plot is a
graphical scheme whereby the ratio Y(E) of the
measured SDCS to the Rutherford cross section
per electron is plotted as a function of the inverse
of the energy transfer, R/E, of the incident elec-
tron to the target particle, where R is the Rydberg
energy and E is the energy transfer (E= E,+I). In
a Platzman plot Y(E) should approach an effective
number of electrons participating in the ionization
process for large E, and Y(E) should resemble
E(df/dE) in shape for small E, where df/dE is the
density of the dipole oscillator strength for ioniza-
tion. A detailed discussion of the plot can be found
elsewhere. '

Agreement between the present results and
Kim's analysis is generally better as the incident
energy increases, since the analysis is based on

the Born approximation. The poor agreement at
very low secondary-electron energies and near
the ,'(E, -—I)energy region may be due in part to
inadequacies in the theory.

IV. SUMMARY

This paper presents the results of doubly dif-
ferential cross-section measurements of secondary
electrons ejected from He by electron impact
utilizing a crossed-beam method. The incident
energies, 50, 100, 2o0, and 300 eV, have been
used and the energy and angular range of the
secondary electrons measured are from one half
of the difference between the incident energy and
ionization potential to 1.0 eV and from 6' to 156',
respectively, with a particular emphasis on the
low-energy secondary electrons. The uncertainty
of the present results is +1V%.

The present results show that there exists a for-
ward peak in the DDCS of low-energy secondary
electrons (& 5 eV) below 30 for the incident ener-
gies 50 and 100 eV and a forward peak below 15
in all DDCS of secondary-electron energies for
200 and 300-eV incident energies as many au-
thors' ' have observed. The forward peak becomes
stronger, in general, as the incident energy in-
creases.

There is a good agreement among the existing
measurements for secondary electrons of high
energies ()20 eV) for all incident energies except
50 eV incident, but not so good agreement for low
secondary energies (&20 eV). For the measure-
ments with 50-eV incident energy, the present re-
sults do not agree with that of Opal et al. in shape,
as well as in magnitude.

As expected, the theoretical calculation based
on the Born approximation does not agree with the
present results, especially for extreme angles.

Finally, the present results shown in the Plotz-
man plot agree, in general, with the theoretical
results of Kim except for the case of 50-eV inci-
dent energy. Also, there are some disagreements
at low energies and near the highest secondary-
electron energies, where the electron exchange ef-
fect comes in strongly.
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