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Doubly differential cross sections of secondary electrons ejected from CO, by electron impact have been
measured by means of a crossed-beam method. The incident energies used were 50, 100, 200, and 400 eV.
The energy range 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 agree with the results of Rapp and Englander-Golden for the total ionization cross sections and with
that of Opal et al. for the singly differential cross sections. The doubly differential cross sections show
larger values at extreme angles and smaller values near 90° than those of Opal et al.

I. INTRODUCTION

Ionization of atoms and molecules by electron
impact is one of the most important physical pro-
cesses in atomic physics and the ionization cross
sections are very important quantities used in
other areas of study (planetary atmospheres,
plasma physics, radiation physics, etc.).

Ionization of CO, by electron impact has been
studied by a few authors, primarily to find the
total and dissociative ionization cross sections.
Rapp and Englander-Golden! have measured the
total cross sections for ionization including dis-
sociative ionization (production of O*, C*, and
CO"%). They have used an ionization tube with an
incident electron beam in the energy from thres-
hold to 1000 eV. Crowe and McConkey? reported
the angular distribution of CO; and dissociative
ions produced from CO, by electron impact for
incident energies from threshold to 300 eV. The
angular range in these measurements were be-
tween 45 and 135°. Mirk and Hille® have mea-
sured the single and double ionization cross sec-
tion of CO, by electron impact from threshold
up to 180 eV. Other studies reporting partial
cross section measurements for the various ions
from CO, by electron impact include those of
Peresse and Tuffin? and of Adamczyk et al.®

The only measurement of doubly differential
cross sections (DDCS) (d%/dE d in angle and
energy) of secondary electrons ejected from CO,,
however, has been made by Opal ef al.¢ An inci-
dent energy of 500 eV was used. The energy
range and angular range of the secondary elec-
trons measured were from 30 to 150° and from
4 to 205 eV, respectively.

This paper, which is the second in a series pre-
senting results of an extensive study” of secondary
electrons ejected from atmospheric gases by

electron impact, presents the results of an ex-~
perimental study in which the DDCS of secondary
electrons ejected from CO, by electron impact
have been measured using a crossed-beam meth-
od. Incident energies of 50, 100, 200, and 400
eV have been used. The energy and angular range
of the secondary electrons measured were from
one-half of the difference between the incident
energy and ionization potential down to 1.0 eV

and from 12 to 156°, respectively. The present
results include all the dissociative ionization pro-
cesses in addition to the direction ionization of
CO, (CO;, COZ*, etc.).

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 detailed descriptions can be
found elsewhere.’"® The pumping speed for CO,
was improved by utilizing a cryogenic pump (liq-
uid nitrogen) which reduced the background pres-
sure considerably. A brief description of the ap-
paratus is as follows: a rotatable electron beam
interacts at 90° with a neutral beam collimated
by a fused capillary array. Secondary electrons
ejected from the neutral beam are detected in a
detector system after energy analysis. The typical
electron beam current from the electron beam
monochrometer is 10~7 A with an energy half-
width of 0.2-eV and a divergence angle of +2°.
The detector system has an acceptance angle of
+4°. The resultant angular resolution of the
present experiment is estimated to be +4°.

The vacuum enclosure is pumped by a turbo-
molecular pump and a cryogenic pump down to
pressure of 107° Torr without baking the system.
With the neutral beam of CO, on, the background
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pressure rose to 1X 107® Torr and the density of
the beam in the interaction region was estimated
to be greater than the background density by a
factor of 30. At the background pressure of 1

%X 107¢ Torr the attenuation of ejected electrons
from the interaction region to the detector,
mainly due to the elastic scattering, has been
calculated to be less than 10°2%,.

The magnetic fields in the plane of measure-
ment are compensated by three sets of Helmholz
coils and have been measured to be less than
20 mG in all directions.

The absolute energy scale was determined fre-
quently to within 0.05 eV using the He resonance
at 19.35 eV.

The ejected electrons were detected by the de-
tector system without the use of any electron lens
system (lens systems were turned off) in order
to ensure a constant transmission of the analyzer
against energy. The transmission of the analyzer
has been measured to be constant within 5% down
to an electron energy of 2.0 eV.

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

The correction of the final data for volume scat-
tering effects (effective path length) which come
from the background density (static gas target)
has been made. At 90° (the minimum contribu-
tion), this component is 3+ 1% of the total signal.

III. EXPERIMENTAL RESULTS

The DDCS of secondary electrons were mea-
sured at four incident energies, 50, 100, 200,
and 400 eV.

Table I shows a typical signal-background ratio
of data points for low secondary energies. The
worst ratio was 3 at 1 eV secondary energy with
incident energies at 200 and 400 eV as expected.
The range of the ratio for higher secondary en-
ergies (>5 eV) was from £ to 4. Six sets of data
from the low-energy secondary electrons (<5 eV)
and four sets for the rest have been taken and
averaged to produce final results. The results
have been calibrated among themselves (among
secondary electron energies and among incident
energies) and have been placed on an absolute
scale using the elastic scattering cross sections

TABLE 1. Signal-background ratio of data points for
low secondary energies.

Esb(e\;\E,.a(eV) 50 100 200 400

/2  1/1  1/3 1/3
/1 2/1  1/1 1/1
2/1  3/2 3/2 1/1
3/t  3/2 3/2 1/1
4/1 3/1 2/1 3/2

(S I NEVURN SR

2E;=incident energy.
E =secondary energy.

of CO, at 50 eV measured by Shyn et al.®

The statistical uncertainty of the data points
were less than 4% except for low secondary ener-
gies and at small angle (12°). The largest sta-
tistical uncertainty of data points at 12° (400-eV
incident energy) was estimated to be 20% ap-
proximately, because of the higher background
counts compared to all other angles. There was
uncertainty of 10% in the calibration of the inter-
secondary electron energies and 5% in the inter-
incident energy calibrations. In the normalization
process to the elastic cross section of CO, at 50
eV, an uncertainty has been estimated to be less
than 5%. The volume correction had a 3% un-
certainty. In addition to these statistical uncer-
tainties, there is a systematic uncertainty in the
normalization process of the elastic cross-section
measurements of CO, to that of He which con-
tributed 10% (this has been reported in the previous
paper®). The resultant uncertainty of the present
results is estimated to be 17% except for low
secondary energies. The largest resultant un-
certainty is less than 26% (at 1-eV secondary
energy and 400-eV incident).

The final results are shown in Tables II-V for
the four incident energies, respectively. As noted
previously, the present results contain all the
contributions from the dissociative ionizations
(production of C*, O*, and CO*) in addition to
the direct ionizations (CO;, COZ*, etc.).

Figure 1 shows a three-dimensional-perspective
diagram of secondary electrons ejected from CO,
by electron impact at 50-eV incident energy. Be-
low 6 eV, the distribution is isotropic with the
exception of a strong forward peak at angles less
than 60°. Above 6 eV, the isotropy begins to dis-
appear with backward scattering becoming more
probable relative to the scattering at 90°. At 18
eV, the forward and backward scattering are
nearly symmetrical about 90°.

The forward peak did not come from the elastic
scattering even if the incident electron beam con-
tained some components of low-energy electrons
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FIG. 1. Three-dimensional-perspective diagram of
secondary electrons ejected from CO, by 50-eV electron
impact.

because, as shown in the previous paper® of CO,
elastic scattering measurements, the angular
distributions of elastic scattering cross sections
at low energies (<5 eV) do not have a strong for-
ward peak comparable to the forward peak in the
double differential cross section in the present
measurement. Also, as mentioned in the recent
paper’ for He secondary electron measurements,
the intensity of low-energy electrons, including
the surface secondary electrons produced by the
incident electrons from the metal surfaces exposed
to the incident electron beam (including all the slit
system), has been measured to be less than 1075
of the incident beam intensity. The contribution

to the present measurements, of elastically scat-
tered electrons at low energies has been estimated
to be less than 0.1%.

Other possible sources of systematic error
which cause the strong forward peak have been
considered and no effect found: the pressure ef-
fect on the incident beam intensity; the sensitivity
of the channeltron multiplier to the background
pressure.

The DDCS of secondary electrons with 100- and
200-eV incident energies have a shape and trend
similar to that of 50-eV incident energy.

Figure 2 shows a three-dimensional-perspec-
tive diagram of DDCS of secondary electrons at
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FIG. 2. Three-dimensional-perspective diagram of
secondary electrons ejected from CO, by 400-eV elec-
tron impact.

400-eV incident energy. For secondary energies
less than 10 eV the distribution tends to be iso-
tropic above 60° with a strong forward scattering
at angles less than 60°. A secondary maximum
in the distribution near 60° begins to appear for
energies above 30 eV. This peak is due to the
conservation of energy and momentum of the col-
liding system (CO,+e). The peak is not clearly
observable for secondary electron energies less

~ than 30 eV at any of the incident energies used.

This peak is observed for the 200-eV incident
energy, but not all for 50- and 100-eV incident
energies.

Figure 3 shows a typical DDCS of secondary
electrons at a secondary electron energy of 30 eV
for a 400-eV incident energy along with the re-
sults of Opal ef al.® for 500-eV incident energy.
The result of Opal et al. agrees neither in shape
nor in magnitude with the present result. The
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FIG. 3. DDCS, d20/dQdE, of secondary electrons
ejected from CO, by 400-eV electron impact with 30~eV
secondary electron energy. OPB is data of Opal et al.
(Ref. 6) at 500~eV incident.

DDCS near 90° at 500-eV incident energy is
larger than the present result by 35%. It is ex-
pected to be less than the value near 90° at 400-
eV incident. The shape of DDCS of Opal e? al.
has a smaller scattering for the extreme angles
than the present results in spite of the larger
scattering near 90°. This may be partly due to
the overcorrection of the data points in their
measurements, i.e., their data points were cor-
rected as in a volume experiment (static gas ex-
periment) even though a crossed-beam method
was used. It is also noted that the present mea-
surements have an acceptance angle less than 4°
in the detector system compared to that of Opal
et al., which was 15°

Figure 4 shows a singly differential cross sec-
tion (SCDS) at 400-eV incident energy along with
the result of Opal ef al.® at 500-eV incident en-
ergy. There is a good agreement in shape between
the present results and those of Opal et al.° How-
ever, the magnitude of SDCS for a 500-eV incident
beam is expected to be smaller than that of a 400-
eV incident beam. It is noted that there is a peak
near 2-3 eV due to an autoionization state of CO,.
This peak appears for the four incident energies
studied. _

Figure 5 shows a total ionization cross section
of CO, by electron impact (which includes all the
dissociative ionization cross section) along with
the results of Rapp and 'Englander-Golden' and
those of Crowe and McConkey.? The results of
Crowe and McConkey were the pure direct single
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SINGLY DIFFERENTIAL
CROSS SECTION
S
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€ 107k (400eV) ]
[3) —— OPAL et al
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XXXX
10719 . L
100 10! 02
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FIG. 4. SDCS, A0/AE, of secondary electrons ejected
from CO, by 400~eV electron impact along with the re~
sults of Opal et al. (Ref.6) at 500-eV electron impact.

ionization cross section. The difference between

the present results and those of Crowe and Mc~
Conkey shows mainly the contribution from the
dissociative ionizations. Typically, the contribu-
tion of the dissociative ionization is estimated
to be 33% of the direct ionization cross section at
100-eV incident energy. Also it is interesting to
note that the maximum contribution from the dis-
sociative ionization is near 100-eV incident en-
ergy and becomes smaller as the incident energy
increases or decreases from 100 eV.

Finally, Fig. 6 shows a Platzman plot for four
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FIG. 5. Total lonization cross section of CO, by elec-
tron impact along with the results of Rapp and Englander-
Golden (Ref. 7) and of Crowe and McConkey (Ref. 2).
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PLATZMAN PLOT
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FIG. 6. Platzman plot of secondary electrons ejected
from CO, by 50-, 100~, 200~-, and 400-eV electron im~
pact.

incident energies. The Platzman plot checks the
consistency of the experimental data on secondary
electrons by a plot of the ratio Y(E) of the mea-~
sured SDCS to the Rutherford cross section per
electron as a function of the inverse of the energy
transfer R/E of the incident electron to the target
particle (R is the Rydberg constant and E is the
sum of ionization and secondary electron energy).
The shape of the energy distribution for slow sec-
ondary electrons in the Platzman plot resembles
the shape of the corresponding photoionization
cross section. A detailed discussion of the plot
can be found elsewhere.!® There is an obvious
peak in the plot representing an autoionization
process for all incident energies near 2.5-eV
(R/E=~ 0.83) secondary electron energy. This peak

also was shown in photoionization cross sections
measured by Nakata et al.!! near the 760-A wave-
length.

IV. SUMMARY

This paper presents the results of doubly dif-
ferential cross section measurements of secondary
electrons ejected from CO, by electron impact
utilizing a crossed-beam method. The incident
energies used were 50, 100, 200, and 400 eV.
The energy and angular range of the secondary
electrons measured were from one-half the dif-
ference between the incident energy and ionization
potential to 1.0 eV and from 12° to 156°, re-
spectively. The resultant uncertainty of the pres-
ent results is less than +17% except for low sec-
ondary energies (+26%).

The present results show a strong forward peak
in the DDCS of all secondary electrons for all
incident energies and an autoionization peak in
the singly differential cross section near 2.4 eV.

There is a good agreement in shape between
the present results at 400-eV incident energy and
those of Opal et al.® at 500-eV incident in singly
differential cross sections. Significant differences
have been found between the doubly differential
cross sections reported here and those of Opal
et al.b
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