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Doubly differential cross sections of secondary electrons ejected from H, by electron impact have been measured
by a crossed-beam method. The incident energies used were 25, 40, 60, 100, 150, and 250 eV. The energy and
angular range of secondary electrons measured were from one half of the difference between incident energy and
ionization potential to 1.0 eV and from 12° to 156°, respectively. The present results do not agree with those of
DuBois and Rudd for slow secondary electrons ( < 20 eV) ejected by 100-eV primary electrons. The present data lead
to total ionization cross sections within 10% of other measurements.

1. INTRODUCTION

Total ionization cross sections of H, by electron
impact have been measured by several investiga-
tors (Tate and Smith,! Harrison,? Rapp and Eng-
lander-Golden,® and Schram ef al.?) from thresh-
old energy to 30 keV. However, the doubly dif-
ferential cross sections (DDCS) of secondary elec-
trons ejected from H, by electron impact have
been measured only at two incident energies; 100
eV (DuBois and Rudd®) and 500 eV (Opal et al.®).
In these DDCS measurements, the lowest second-
ary-electron energy attained was 4 eV.

The hydrogen molecule is the simplest molecule
to study theoretically as well as experimentally.

It is also an important molecule in the applied
fields of study such as planetary atmospheres
(Jupiter and Saturn) and chemical physics.

This paper presents the results of extensive
measurements of secondary electrons ejected
from H, by electron impact at six incident ener-
gies between 25 and 250 eV. The angular and
energy range of secondary electrons measured
were from 12° to 156° and from half of the dif-
ference between the incident energy and ionization
potential to 1.0 eV, respectively. A crossed-beam
method was used. The present results do not dis-
tinguish different modes of ionization, e.g., single
ionization, double ionization, and dissociative
ionization events.

II. APPARATUS AND PROCEDURE

The apparatus used for the present measure-
ments is the same as that used previously’'® for
the measurements of DDCS of secondary electrons
ejected from He and CO,, and detailed descrip-
tions can be found in Ref. 7. A brief description
of the apparatus is as follows: A rotatable elec-
tron beam in a horizontal plane interacts at 90°

bl

with a vertically collimated neutral beam. Sec-
ondary electrons ejected from the neutral beam
were detected in a detector system fixed at the
vacuum wall after energy analysis. When the
neutral beam of H, was on, the background pres-
sure rose to 4x107° torr and the density of the
beam in the interaction region was estimated to
be three times larger than the background density.

Compensation of the stray magnetic fields in
the plane of the measurements was accomplished
with three orthogonal Helmholtz coils down to less
than 10 mG in all directions. The absolute energy
scale was determined frequently to within 0.05 eV
using the He resonance at 19.3 eV.

The procedure used for the present measure-
ments was the same as the previous measurements
of He and CO,. The collimated H, beam was turned
on and at a given incident energy the signal was
integrated for 10 sec at each secondary-electron
energy and each scattering angle from 12°to 156°
in 12° increments. The measurements were re-
peated with the neutral beam off to obtain the back-
ground counts. The difference between the two
signals yields the DDCS of secondary electrons
ejected from the H, beam.

The correction of the final data for the pathlength
effect due to the background density has been made
(details of the correction can be found elsewhere®).
The contribution of the background density to the
total signal has been measured at 90° to 38 +2%.

III. EXPERIMENTAL RESULTS

The DDCS of secondary electrons have been
measured at the incident energies of 25, 40, 60,
100, 150, and 250 eV. The results have been
calibrated among themselves by normalizing the
scattered signal against the incident current and
target gas density for each incident and secondary
electron energy and scattering angle. The nor-
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malized results have been placed on an absolute
scale using the elastic scattering cross sections
of H, at 40 eV measured by Shyn and Sharp.'® The
H, elastic cross section has been normalized to
the experimentally determined cross section® for
He, which has been normalized to that calculated
by Nesbet!! at 10 eV.

The statistical uncertainty of the data points was
less than 4% except for low secondary-electron
energies (<3 eV) at small angles (<24°). The upper
limit of the uncertainty in the data points at 12°
was estimated to be 15%. There is 8% uncertainty
in the intersecondary electron energy calibration
and 7% in the interincident energy calibration.

The normalization process of the present results
to the elastic scattering cross sections of H, at

40 eV including the uncertainty in He elastic cross
sections contains 10% uncertainty. The pathlength
correction has 2% uncertainty except at 12° and
the transmission has 5% uncertainty. Thus, the
resultant uncertainty of the present results is
+16%. i

Absolute cross sections for the six incident en-
ergies studied are shown in Tables I-VI. As noted
earlier, the present results contain the contribu-
tions from dissociative ionization, single ioniza-
tion, and double ionization.

Figure 1 shows a three-dimensional perspective
diagram of secondary electrons ejected from H,
by 40-eV electron impact. The angular distribu-
tion tends to be symmetric about 90° with a strong
forward and backward scattered component at
low secondary energies (<5 eV). At higher ener-
gies, the backward scattered component dimin-
ishes much faster than the forward scattered com-
ponent.

Figure 2 shows a three-dimensional perspective
diagram of secondary electrons ejected from H,
by 250-eV electron impact. The angular distribu-
tions are slightly peaked toward forward scat-
tering for secondary energies below 5 eV. Above
5 eV, the forward peak remains stronger as the
secondary energy increases and a secondary max-
imum begins to emerge. This peak in DDCS near
60° is due to the conservation of energy and mo-
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FIG. 1. Three-dimensional plot of secondary electrons
ejected from H, by 40-eV incident electrons as functions
of ejection angle 6 and secondary energy E,.

mentum of the colliding system. It is commonly
referred to as the binary collision peak. The peak
moves toward large angles, reaching a maximum
angle near 10 eV, then returns to smaller angles
as the secondary-electron energy increases as
expected. This peak is clearly observable above
40-eV incident energy.

Figure 3 compares the angular distribution at
the secondary-electron energy of 4 and 35 eV for
100-eV incident electrons, along with the results
of DuBois and Rudd.® The agreement between the
present results and the measurements by DuBois
and Rudd for low secondary energy (4 eV) is poor,
particularly in shape. Agreement is much better
for the secondary energy of 35 eV.

At present there is no reliable theory for the
angular distribution of the secondary electrons
from molecules valid for the intermediate inci-

TABLE 1. DDCS (d25/dQ dE) of secondary electrons ejected from H, by 25-eV electron impact (in units of 107%° cm?/
sreV). (The numbers in parentheses represent extrapolated data points.)

0° Ag/AE
Es(e\x 12 - 24 36 48 60 72 84 96 108 120 132 144 156 168 (10718 cm?/eV)
1.0 141.6 71.9 59.6 33.4 22.8 21.0 24.5 22.8 24.6 35.1 49.1 59.6 73.6 ( 96.4) 9.69
2.0 90.4 45.1 40.9 28.3 29.6 27.6 29.6 31.9 42.8 47.0 56,5 74.7 94.0 (117.3) 9.94
3.0 74.7 51.4 28.2 26.8 22.6 25.1 26.4 27.1 29.3 36.3 51.1 70.1 86.7 (112.3) 8.80
4.0 96.8 63.0 35.0 29.4 22.0 24.3 -23.6 25.2 27.0 30.7 43.7 57.2 69.3 ( 83.8) 8.32
4.8 105.1 62.6 32.2 31.4 21.7 22.0 22.8 23.5 25.2 29.3 38.4 55.4 75.8 (100.3) 8.50
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FIG. 3. Comparison of secondary-electron angular
distributions. Circles represent electron-impact data
by DuBois and Rudd (Ref. 5). All data are from the
incident energy by 100 eV. Filled circles at §=168
are extrapolated data from our measurements. (a)
Secondary-electron energy at 4 eV and (b) secondary-
electron energy at 35 eV.

ward and backward angles not covered by the ex-
periment. Extrapolated data at 9=168° are pre-
sented in parentheses in Tables I-VI. Fortunately,
the angular distributions at #=0° and 180° are not
needed because sing in dQ =2 sindd g vanishes
there. Also, because of the sing factor, do/dE,
from different experiments will disagree only when
their angular distributions disagree around 6~90°.
Figure 3(a) is such an example. On the other hand,
the example shown in Fig. 3(b) will lead to similar
do/dE,.

Figure 4 shows our do/dE at E; =100 eV, along
with those of DuBois and Rudd.® There is good
agreement between the present results and those
of DuBois and Rudd above 25-eV secondary en-
ergies. Below 25 eV, their values are smaller
than the present results by as much as 50% be-
cause their angular distributions are smaller than
those reported here.

To obtain o; from do/dE,, the singly differential
cross section must be extrapolated over the ranges
of E, not covered in an experiment. It is conven-
ient to use the Platzman plot!? for such extrapola-
tions.

In the Platzman plot, the ordinate is the ratio
of do/dE, to the Rutherford cross section and the
abscissa is the inverse of the energy transfer,
E,=E +B. For simplicity, we use only the lowest
ionization potential (B=15.43 eV) in the Platzman
plot. This is equivalent to a simplified assump-
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FIG. 4. Comparison of energy distributions of second-
ary electrons ejected by 100 incident electrons. Circles
are the data from Ref. 5.
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tion that all H,* ions are produced in the ground
state. The Platzman plot offers the following
advantages. (a) The plot clearly illustrates the
qualitative shift in the shape of do/dE, as the in-
cident energy E; is increased. At high E;(>500
eV), the Born approximation predicts'? that the
overall shape of do/dE should resemble the shape
of corresponding photoionization cross sections.
(b) The plot allows easy extrapolation of do/dE
to the values of E, not covered by the experiment.
(c) The area under the Platzman plot bounded be-
tween E,=0 and (E,),,, (including the extrapola-
tions mentioned above) is directly proportional to
0;. The proportionality constant is known, and
g, can be put on an absolute scale, either for com-
parison with other values of g; or, if reliable o;
is available, for normalization of the secondary-
electron distributions.

The Platzman plots of our results are presented
in Fig. 5. The ordinate of Fig. 5, Y(E,), is defined

by
i /(5 @

where the Rutherford cross section is given by

(d‘g;)kuth M(E ) (5)

In Eq. (5), a,=0.529 A is the Bohr radius and R
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FIG. 5. The Platzman plots of the present results at
various incident energies, E;. The abscissa is the in-
verse of the energy transfer E, in rydbergs, and the
ordinate is the ratio of the energy distribution to the
Rutherford cross section. Secondary-electron-energy
scale is on the top. Area under each Platzman plot
bounded by the hatched lines gives the total ionization
cross section o; as explained in the text. Broken curves
were used to obtain ¢; from our data.

=13.6 eV is the Rydberg energy. Equation (5) is an
adaptation of the Rutherford cross section for a
free electron,'? in which E is used instead of the
energy transfer E,. For fast secondary electrons,
E,> B and Eq. (5) will approach the free-electron
Rutherford cross section. Qualitatively, Y(E,)
corresponds to the effective number of electrons
participating in ionizing collisions. Large values
of Y(E,) for slow secondary electrons as E; is
increased, stem from the growing contribution

of the dipole-allowed interaction.

According to the Born approximation, do/dE,
can be qualitatively divided into two parts; the
dipole-allowed part (known as the glancing col-
lision) that should resemble the photoionization
cross section iz shape, and the nondipole part
(known as the knock-on collision) that should re- -
semble in shape the Rutherford (or Mott to ac-
count for the electron-exchange effect) cross sec-
tion.

In Fig. 6 we present our do/dE at E; = 250 eV,
electron-impact data at £, =500 eV by Opal, Bea-
ty, and Peterson,® the Mott cross section'? for
H,, and photoionization cross section by Samson
and Haddad,!* and those by Backx, Wight, and
van der Wiel.!> The data by Backx et al. were
obtained by forward scattering of fast electrons
to simulate photoionization.

Comparison of Figs. 5 and 6(a) with Fig. 6(b)
clearly indicates the increasing contribution from
the dipole interaction at higher E;. The Platzman
plots for E; <50 eV in Fig. 5 also show that do/dE,
is affected very little by the dipole interaction.

To obtain g;, one integrates the area under the
Platzman plot bounded between E, =0 and (E,),,,

(Egdmax do
0;= dE
i -/o‘ dE_, s

_4na?

-2 Y e (6)

where x =R/E,, Xmx=R/B, and x,=2R/(E, + B).
Examination of Fig. 6(a) clearly shows the im-
portance of the data for E,<10 eV in order to de-
termine o, accurately. For instance, the experi-
mental data by Opal et al.® should be extrapolated
upward to E,~1.5 eV and then reduced to a small

value at threshold, as indicated by the broken
curve. This leads to o, = 0.59 A2 contrary to their
statement® that their data result in o; =0.40 Az,
The normalization of the data by Opal et al. for
H, should be reduced by one-third to be consistent
with the value ¢, =0.40 A2 measured by Tate and
Smith' and also by Rapp and Englander-Golden.?
The Mott cross section does not include the
dipole interaction, and the difference between the
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FIG. 6. Comparison of secondary-electron energy
distributions and photoionization cross sections of H,.
(a) The Platzman plot of the electron-impact data by
Opal, Beaty, and Peterson (Ref. 6) (circles) at 500-eV
incident energy, and those by the present authors at
250-€V incident energy. Energy transfer of 15.43 eV
is the first ionization potential of H,, corresponding to
the production of zero-kinetic-energy secondaries. The
Mott cross section qualitatively represents that part of
the ionization caused from knock-on (large momentum
transfer) collisions. The broken curve was used in
integrating the data by Opal et al. to obtain the total
jonization cross section. (b) The continuum dipole
oscillator strengths, df/dE,, (E, here is the photon
energy) were derived from the photoionization measure-
ment by Samson and Haddad (Ref. 14), and from the
electron-impact data by Backx, Wight, and van der
Wiel (Ref. 15). The ordinate of (b) represents qualita-
tively the contribution of dipole-allowed interaction;
its shape should be compared to that of the difference
between the electron-impact data and the Mott cross
section in (a).

-electron-impact data in Fig. 6(a) and the Mott
cross section qualitatively represents the con-
tribution from the dipole interaction, whose shape
should resemble that of the plot in Fig. 6(b). In
Figs. 5 and 6(a), the Y(E,) near the maximum
secondary energies increase due to the exchange
interaction, as is also the case for the Mott cross
section. The data by Opal et al. in Fig. 6(a) do
not turn upward because they did not measure
high enough secondary energies.

With the help of the Platzman plot, we extra-
polated and integrated our do/dE, to obtain o;, as
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indicated by the broken curves in Fig. 5. The
results are presented in Table VII and also com-
pared with direct measurements''® of ¢;, as well
as with those from other secondary-electron mea-
surements®'® in Fig. 7. Our o; tends to be ~10%
higher than those from Refs. 1 and 3. Renormali-
zation of our data, however, should be done after
reliable values of o; for H, have been adopted.
Also, in principle, do/dE, at E =0 should be a
finite value—one can extrapolate from the discrete
excitations if the cross sections for all Rydberg
series are known.'® The shape of the photoioniza-
tion data in Fig. 6(b), however, suggests that the
threshold values of do/dE for H, will be small.
Reliable data on do/dE at E =0 for various in-
cident energies such as those measured by Gris-
som, Compton, and Garrett!” for rare gases would
be valuable in the accurate normalization of the
secondary-electron data.

The discrepancy between our og; at E,=100 eV
and that by DuBois and Rudd® is not surprising at
all in view of their low cross sections for slow
secondaries, as shown in Fig. 4. Although we did
not present here the Platzman plot of the data by
DuBois and Rudd, such a plot clearly indicates a
growing tendency of low cross sections for E <25
eV, resulting in the total ionization cross section
of ~0.6 Az,

V. SUMMARY

Doubly differential cross sections of secondary
electrons ejected from H, by electron impact have
been measured utilizing a crossed-beam method in
the incident-energy range from 25 to 250 eV. The
energy and angular range of secondary electrons
measured were from 1.0 eV to one half of the dif-
ference between incident energy and ionization
potential and from 12°to 156°, respectively. The
cross section shows a smooth systematic variation
with both energy and angle. There is a general
trend for strong forward scattering. It is found
that other measurements® of doubly differential
and singly differential cross sections differ with
the present results in magnitudes and systematic

TABLE VII. Total ionization cross section obtained by
integrating the singly differential cross section.

E; (eV) o, (A%
25 0.43
40 0.93
60 1.10
100 0.97
150 0.86
250 0.68
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FIG. 7. Total ionization cross section of H, by
electron impact along with other previous measure-
ments.

behavior. In particular, the singly differential
cross sections by DuBois and Rudd® at 100-eV in-
cident energy are smaller than the present results
by as much as 50% for slow (<25 eV) secondary
electrons. The H, data by Opal, Beaty, and Pe-
terson® should be reduced by one-third to be con-
sistent with the total ionization cross section by
Tate and Smith.! The total ionization cross sec-
tions obtained by integrating our data agree well
(~10%) with those measured directly.!?
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