PHYSICAL REVIEW A

VOLUME 35, NUMBER 2

Secondary-electron-production cross sections for electron-impact ionization
of molecular nitrogen

R. R. Goruganthu, W. G. Wilson, and R. A. Bonham
Department of Chemistry, Indiana University, Bloomington, Indiana 47405
(Received 28 April 1986)

Measurements of the double-differential cross section (DDCS), as a function of the ejected energy,
angle, and primary energy for electron-impact ionization of molecular nitrogen are reported at in-
cident energies of 200, 500, 1000, and 2000 eV. The ejection angle was varied from 30° to 150° in
steps of 15°. The cross sections were obtained by use of a crossed-beam apparatus with an effusive
gas source and a pulsed electron beam. Scattered and ejected electrons were energy analyzed by
time-of-flight analysis from below 2 €V to the primary energy. The relative measurements were
placed on an absolute scale by matching the experimental elastic differential cross sections to abso-
lute measurements at each primary energy. Comparisons of the DDCS with previous reported
values revealed significant differences. The DDCS were fitted to a Legendre polynomial expansion
as a function of the ejection angle. Platzman plot analysis was carried out on the energy distribu-
tions determined from the fit coefficients. The total ionization cross sections at these primary ener-
gies were deduced from this plot. An autoionization feature at 2.3 eV was observed for the first
time in measurements of this nature and has been assigned as due to a Rydberg state converging to
the B 22 ionic state which decays to the X 23+ ground state of N,*. An analysis of the autoioni-
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zation lines observed in the present work in the range 0.4—2.5 eV is also presented.

1. INTRODUCTION

In an earlier paper! we presented the cross-section dif-
ferential in ejected energy and angle for electron-impact
ionization of helium in the primary electron energy range
of 200—2000 eV. Since nifrogen is the most abundant at-
mospheric gas, measurements of differential ionization
cross sections are of particular interest and have been
studied extensively?~7 in the past two decades. In light of
the disagreements in the shape of the angular distributions
of ejected electrons from molecular nitrogen among the
previously reported measurements, it is necessary to un-
dertake a remeasurement with better accuracy.

The earliest measurements of the double-differential
cross section (DDCS), d%c/dWdQ, as a function of the
ejected energy W, angle 6, and primary energy 7, for N,
were made by Mohr and Nicoll? in 1934 in the primary
energy range 20—300 eV and the angular range of 15° to
155°. Since then there have not been.any reported mea-
surements of these quantities until those of Opal, Beaty,
and Peterson® (OBP) in 1972. Their primary energies
were from 50 to 2000 eV and covered the angular range
30° to 150°. Problems with their angular distributions at
very small and very large angles have been pointed out by
a number of authors.*~® DuBois and Rudd* have mea-
sured the DDCS in the angular range of 10° to 150° for
100—500-eV primary electrons using a static gas cell.
These authors have pointed out reasons for the discrepan-
cy between their angular distributions of the DDCS and
those of OBP. The angular resolution in the OBP experi-
ment was 10° and they considered their gas beam source
to be uncollimated. Based on these factors DuBois and
Rudd have suggested a correction factor of the type
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a +(1—a)sin@ with @=0.10. Unfortunately the experi-
ment of DuBois and Rudd suffered from spurious struc-
ture in the forward angles and transmission problems for
low-energy (< 10 eV) secondary electrons.® Oda’ has re-
ported the DDCS for 500-eV primary electrons and later
Oda, Nishimura, and Ossawa® have reported measure-
ments covering the primary energy range 100—1000 eV
and ejection angles from 5° to 140°. Their lowest ejected
energy was 10 eV.

Kim®—1° has pointed out that the single-differential and
the total ionization cross sections are extremely useful in
understanding the systematics of the ionization process.
Most previous measurements are deficient in that the
DDCS data for ejected electrons with low energies, which
contribute significantly to the total ionization cross sec-
tion, were not measured. However, Shyn11 has reported
measurements of the DDCS for ejected energies W down
to 1 eV for primary electron energies 7 from 50 to 400 eV
in the angular range of 12° to 156°. This experiment em-
ployed a crossed-beam method. As in a previous experi-
ment on the measurement of the DDCS for helium!? their
results exhibited a peak for low-energy ejected electrons in
the forward direction similar to that reported by DuBois

* and Rudd.*

None of the measurements reported since OBP (Ref. 3)
have covered a wide enough range of primary energies to
make systematic checks®~1° and hence are not optimal for
use in applications related to radiation chemistry, biology,
or plasma physics.!* In this paper we present measure-
ments of the DDCS for primary electrons of energy 200,
500, 1000, and 2000 eV in the angular range 30°—150° us-
ing a crossed-beam apparatus with time-of-flight energy
analysis for scattered and ejected electrons together with
systematic checks on the measured cross sections.
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II. EXPERIMENTAL METHOD

The details of the apparatus were given in an earlier
publication.! A schematic of the apparatus used is given
in Fig. 1. The apparatus consisted of a pulsed electron
beam obtained by sweeping an electron beam produced
from a commercially available electron gun across a skim-
mer with an aperture 1 mm in diameter. The electron
pulse intersects at a right angle an effusive gas beam pro-
duced by passing gas through a hypodermic needle. The
scattering angle was variable from 30° to 150° by using the
second drift region shown in Fig. 1. The first drift region
was only used to monitor the unscattered electrons.

The energy analysis of the electron spectrum is obtained
using standard time-of-flight (TOF) techniques. The scat-
tered and secondary electrons are allowed to drift for 432
mm in the field-free region between the scattering center
and a graphite-coated copper grid (94% optical transmis-
sion) located 6 mm in front of the surface of the electron
detector, which consisted of two microchannel plates
(MCP) arranged in a chevron configuration. The elec-
trons were accelerated by 253 V between a graphite-coated
copper grid and the front surface of the MCP. The rela-
tive efficiency of this detector (grid and MCP combina-
tion) for electrons was measured to within 2%.!* The an-
gular acceptance of 1.5° of the detector was determined by
an aperture of 2 mm diameter at a distance of 74 mm
from the scattering center. The magnetic field around the
apparatus was reduced to less than 1 mG by use of a
Helmholtz coil pair and u-metal shields. The electronics
used in this experiment were the same as used in Ref. 1.

The procedure for data collection was identical to the
one used for helium.! A time-of-flight spectrum S of
electrons of all energies, scattered and ejected, was mea-
sured for a time period #, at a constant angle for a select-
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ed primary energy. The gas flow was then diverted into a
tube, located 6 cm from the scattering center, to repro-
duce the background pressure (~42 uTorr). A back-
ground spectrum S;, was taken for a duration z,. The
background spectrum was then multiplied by ¢;/z, and

‘subtracted from S. We denote this difference by Ig.

This background subtraction was done for all angles and
primary energies presented. The procedure for placing
the spectra measured at different angles for a selected pri-
mary energy on a relative scale by use of short time scans
is presented in Ref. 1 and was employed here. In these
measurements the total photon yield from fluorescence
was found to be isotropically distributed and was used as
a check on the relative scale normalization. The photon
yield was higher than in the case of helium.

The conversion from the background-subtracted TOF
spectrum I, to the DDCS was carried out by use of the
relation

do I
1
awaa VO = s owmemaw zan ¢ M

where dW /dt is a function of the flight length L and
flight time ¢ given by dW/dt = —(m/e)L*/t3, n(W) is
the relative detector efficiency, e(W) is the fractional at-
tenuation of the scattered electron current of energy W by
the rest gas, and ¢ is a proportionality constant. The at-
tenuation correction was modeled by use of Beer’s law and
for W>4 eV was typically less than 6%. At 2 eV it was
~12%. The total cross sections for N, needed in the es-
timation of €(W) were taken from Refs. 15 and 16. The
total cross sections needed at 1 and 2 keV were estimated
frolr7n the data in Ref. 16 by use of the Bethe-Born formu-
la.
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FIG. 1.

Schematic view of the pulsed electron beam time-of-flight apparatus. The second drift tube moves in a horizontal plane

about the scattering center and the electron beam direction is 69.8 deg with respect to the rotation axis. CFTD stands for constant
fraction timing discriminator; STOP and START are the stop and start inputs to the time to amplitude converter, TAC; MCPHA is a

multichannel pulse-height analyzer and AMP stands for amplifier.
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FIG. 2. A typical time-of-flight spectrum obtained using
1000-eV electrons incident on molecular nitrogen at a scattering
angle of 150 deg. The lower horizontal scale is given in channel
numbers which are linearly related to time of flight and the
upper horizontal scale shows the scattering energy in eV. The
low-energy portion of the spectrum is replotted after multiplica-
tion by a factor of 10 to show the 1.6 eV autoionization line.

In Fig. 2 a typical TOF spectrum obtained at 150°
scattering angle and 1000-eV primary energy is shown.
Notice the intense narrow peak centered at the primary
energy due mainly to elastic electron scattering. This
peak will be referred to as the elastic line and appears to
have an energy width of about 250 eV (at 1000 eV) due to
the time per channel width used. To the right of this peak
there is another peak corresponding to a flight time of
~ 1.5 ns due to photons. To the left of the elastic line, a
feature due to (KLL) Auger electrons'® at around 362 eV
and a broad peak with some discernible structure due to
autoionization lines at ~7 and 9 eV can be seen. A prom-
inent peak of 0.05 eV energy width at 1.6 eV is also due to
autoionization. Details on the origin of these autoionizing
features will be discussed in Sec. IV.

A primary energy was selected and the measurements
were made at different angles of ejection. Because of the
finite time per channel width used (1.6 ns) and the full
width at half maximum (FWHM) of the electron pulse (1
ns) the “elastic line” contains both true elastic events and
inelastic energy-loss events within the effective energy
resolution of the experiment. The elastic line intensity
was corrected at each 6 for inelastic scattering by use of
the procedure outlined in Ref. 1. By use of Eq. (1) the rel-
ative DDCS at each angle was determined after placing
the spectra at different angles on the same relative scale.
The relative corrected elastic DCS’s were normalized to
selected absolute measurements to place the measurements
on an absolute scale. This was carried out at each pri-
mary energy.

The estimated uncertainties in the present DDCS’s are
essentially the same as those presented in Ref. 1. For con-
venience a summary of the estimated errors is presented in
Table I for N,. The present DDCS error estimates do not

TABLE 1. Percentage error estimates for the DDCS.

Electron Magnetic Overall®®

energy field percentage
(eV) 8(dt /dW) 8(e(W)) effect error

2 1.6 4.6 2.8 —10,+ 13

4 1.7 2.4 2.0 —10, + 12

6 1.8 2.0 1.6 —10, + 12

8 1.8 2.0 1.4 —10, 4+ 12

10 1.8 2.1 1.3 —10, + 11

16 2.0 2.3 1.0 —10, + 11

20 2.1 2.4 0.9 —10, + 11

40 2.5 2.1 0.6 —10, + 10

50 2.8 2.0 0.6 —10, + 10

2The other energy-independent errors are 8(At)=0.5% and
8(n(W))=2%. Relative scale error is 6%, the normalization
error is 6%, and the count rate error is 3%.

®All the errors are added quadratically except the magnetic field
effect which decreases the DDCS. This error was included
asymmetrically.

include allowance for possible transmission loss at low
ejected energy. The transmission loss varies smoothly
from onset at less than 4 eV to complete cutoff at less
than 0.4 eV. Our results in this range are expected to be
lower bounds to the true values.

III. RESULTS AND DISCUSSION

The results of the DDCS for different primary energies
are presented in four parts. Comparisons with the present
normalized elastic DCS and total ionization cross section
at each primary energy with other measurements are
presented.

A. 200-eV primary electrons

The experiments were carried out at ejection angles
from 30° to 150° in steps of 15°. The experiment was re-
peated at ejection angles of 45°, 60°, and 135°. The present

TABLE II. The estimated values for the percentage of inelas-
tic scattering contributing to the “elastic” line intensity at dif-
ferent angles, 6, and primary energies, 7.

Percentage of inelastic scattering

6 T (eV)

(deg) 200 500 1000 2000
30 2 18 18 14
45 2 15 9 12
60 2 14 7 6
75 2 15 6 7
90 2 15 7 8

105 2 17 6 9
120 2 19 8 11
135 2 15 5 13
150 2 16 6 12
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TABLE III. Comparison of the present elastic DCS for 200 eV “electrons with other results. All
values are in units of 10~!? cm?/sr. The scattering angle is denoted by 6. The values enclosed in square

brackets are interpolated results.

0 Present Shyn DuBois Jansen Herrmann
(deg) results & Carignan® & Rudd® et al. et al.¢
30 440.0 456.0 409.0 440.0 410.0
45 160.0 176.0 170.0
60 96.0 96.0 100.0 - 98.0
75 60.0 56.0
90 46.5 [43.0] 46.0 43.5
105 53.0 [45.4]
120 55.0 48.0 51.0 49.1
135 54.0 48.5

150 57.0 [51.0] 50.0

2Reference 20.
YReference 21.
‘Reference 19.

9Note that the normalization adopted by the authors of Ref. 22 (Table II) has been used.

relative elastic DCS was normalized by the procedure dis-
cussed in Ref. 1. The method involves finding an average
scale factor by matching the relative DCS to the selected
absolute elastic DCS, usually at two or three angles, to
minimize the scaling error. For normalization of the
200-eV results we selected the absolute measurements by
Jansen et al.'® at 30 and 45 deg. At 200-eV primary ener-
gy, the energy resolution in the present experiment is 20
eV. This insures a small correction for the inelastic con-
tribution. Our estimation procedure! for the inelastic con-
tribution to the “elastic” line was employed for all angles
and the correction was found to be 2% independent of an-
gle. These estimated percentage corrections for this and
other primary energies are summarized in Table II. The
present normalized elastic DCS was compared to the mea-
surements by Shyn and Carignan,”® DuBois and Rudd?!
and with the scaled relative measurements by Herrmann
et al.?* in Table II1.

Table III shows fair agreement between the present re-
sults and those by DuBois and Rudd?! in both shape and
magnitude. A shallow minimum in the elastic DCS
occurring around 90 degrees in the data by Dubois and
Rudd?! is also observed in the present experiment. The
relative measurements by Herrmann et al.??> are normal-
ized to the 50 deg measurement of Jansen et al.'® There
is again fair agreement between these results and those of
the present experiment.

The absolute DDCS at 2, 4, 6, 8, 10, 20, and 40 eV
ejected energies are given in Fig. 3 along with the mea-
surements by Shyn!' and OBP.} The present measure-
ments are denoted by circles, the results of Shyn are
shown by squares and the OBP results by X’s. The solid
line is a least-square fit to the expansion

d% &
dwdQ ~— 2

n=0

A,P,(cosB) , (2)

where P, is the nth-order Legendre polynomial, 6 is the
scattering or ejection angle, and the A4,’s are constants to

be determined by least squares and are functions of the
primary T and ejected W energies.

Notice the large increase in the DDCS in the forward
direction starting from about 45 deg ejection angle in
Shyn’s data. The present results do not show this
behavior. It is of interest to note that at 6 greater than 80
deg, the data of Shyn tend to look similar to the present
results. The agreement in shape of the angular distribu-
tions between these two experiments gets better with in-
creasing ejected energy. At W=40 eV the agreement in
shape extends to lower ejection angle. As the forward
peak in Shyn’s data becomes less prominent at higher
ejected energies, their data tend to agree better at lower
scattering angles with the present results.

The forward peak in Shyn’s data for N, is more prom-
inent than for He and extends to higher ejection angles.
In this case our data conclusively rules out the existence
of forward peaking .in our angular range of observation.
In the case of helium! our results were merely suggestive
of the absence of a forward peaking.

The angular distributions of the DDCS by OBP are
more strongly angle dependent than the present results.
At small and large angles of ejection OBP data are lower
than the present results. At ejected energies of 6, 8, and
10 eV OBP results show an enhanced binary-peak-like
structure centered at lower ejection angles than the same
peak in the present results. By 20 eV the shift has largely
disappeared. At 40 ¢V the OBP results are in good agree-
ment with the present results except at the extreme angles.
Note that the OBP data may be flawed at small and large
angles due to lack of consideration of the proper electron
and gas beam geometries as pointed out by DuBois and
Rudd:*

The DDCS were integrated over the ejection angles to
obtain the single-differential cross section (SDCS),
do/dW. This integration when carried out using the fit-
ted form of the DDCS given by Eq. (2) gives

do

E‘W_/:47TAO s (3)
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with A4, being the zeroth-order coefficient in Eq. (2). The
SDCS is converted into a Y function by dividing it by the
Rutherford cross section. Unlike the case of helium,
molecular nitrogen has five different ionization energies
leading to the formation of N,*. These are?* 15.6, 16.9,
18.7, 37.3, and 409.5 eV. For 200-eV primary electrons

— (a) ]
r —
—
~ o [ 1
w g -
>~ T ]
I
= ]
N -
a -
[$) -
o ~Ff ]
N - ]
IS i ]
n | ]
O o
. Q 2 - .
A ]
0 4|0 elu 1;0 ;u
ANGLE OF EJECTION (deg)
! (b) 1
- ]
’% + 4
i ]
N :
g - ]
L . j
o - i
I
l2 ) | ]
m - +
O T ]
A - i
Q o —~
3 _ . | ] X | ]
0 40 80 120 160

"ANGLE OF EJECTION (deg)

the last ionization channel is closed. Hence for nitrogen
there are a variety of ways to define the necessary Ruther-
ford cross section. A discussion of these possibilities has
been given by Kim.!” Here we take the lowest ionization
energy in defining the Rutherford cross section. The for-
mula for Y which is a function of the energy loss, E
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FIG. 3. Absolute DDCS for N, at a primary energy of 200 eV. The circles denote the present measurement. The squares
represent the results of Shyn; the X’s represent the results of OBP; the solid line is a fit to an expansion in Legendre polynomials us-

ing the present data. The measurements at 2, 4, 6, 8, 10, 20, and 40 eV ejected energy are designated by a,b, . . .

, g, respectively.
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(= W + 15.6 €V), and primary energy T is given as

Y(E,T)=(do/dW)/(dog /dE) ,

where
dog 4may® E?
dE =~ T R?’

16

14

12
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35 SECONDARY-ELECTRON-PRODUCTION CROSS SECTIONS FOR . . . 545
o ; (e) ] B " (f)
_ ER
> 2t ]
[}
N\ x
] Sr X .
z -
4 o ] 7 .
N
o 8t 3
. =
n Lr ]
] @
A .t ]
Q o
T w | X .
x - X
0 :0 ;0 1J20 ;o - 0 40 80 120 150‘
ANGLE OF EJECTION (deg) ANGLE OF EJECTION (deg)
o [ (9)

0

m X ful -
oo X
X -
40 ) 80 120 160
ANGLE OF EJECTION (deg)

(Continued). FIG. 3.

In Eq. (4) ag is the Bohr radius and R is the Rydberg unit
of energy. A plot of Y versus R /E, called the Platzman
plot, for all the primary energies is given in Fig. 4.
At 200-eV primary energy the extrapolated value for Y,
ignoring the fast rising tail, for large ejected energies is
@) approaching a value of about 10. This limiting value
represents the effective number of target electrons in-
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volved in the ionization process. The obvious features due
to autoionization and shape resonances in the Platzman
plot are discussed in Sec. IV.

The Y curve is bounded by the two limits, X,
[=2R /(T + 15.6)] and X, (=R/15.6) corresponding to
the ejected electron energies of (T —15.6)/2 and O eV.
These limits are indicated by vertical boundaries in Fig. 4.

For 200-eV primary energy, the Y values just below X,
rise very rapidly as evident from Fig. 4. This rise is due
primarily to exchange effects between the scattered and
ejected electrons. To compute the total ionization cross
section, 0., the Y curve was extrapolated, where neces-
sary, on either side of the broad peak by fitting the experi-
mental points to a curve of the type

y=—-2
b +(R/E)

with a=2 (—2) for left (right) portions of the experimen-
tal curve. The fitted curves are also shown in Fig. 4. The
extrapolated values read off from the fitted curve were

(5)
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FIG. 4. Platzman plot of the single differential cross section
expressed as Y (E,T) vs R/E where R is the Rydberg unit of
energy, E is the energy loss (W + 15.6 eV), and T is the pri-
mary energy. See Eq. (4) and the associated text for a definition
of Y. The right and left boundaries of Y correspond to ejected
electron energies of zero and (T —15.6)/2 eV, respectively.
Note the features due to autoionization and shape resonances.
The energies corresponding to the vertical lines which mark
features explained in the text are shown. The measurements at
200, 500, 1000, and 2000 eV incident energy are plotted from
bottom to top in the graph.

used from X, to 0.115 and from 0.773 to X, along with
the experimental values in the intermediate region to in-
tegrate Y between the kinematic limits X; and X,. The
total ionization cross section oj,, is calculated using the
formula '

X
O T =4mad | | [P Y(E,T)d(R/E) . (©)

The constants in Eq. (5) for the low-energy side of the Y
plot were determined by least squares in the R /E range
0.550—0.653. The error due to other choices of determin-
ing the parameters, such as use of the region above 0.653
would lead to a 3% uncertainty in o;,,. For 200-eV pri-
mary energy only the extrapolated values on the low-
energy side were used as the experimental points cover the
rest of the region. At other primary energies the extrapo-
lated values on both high- and low-ejected-energy regions
were employed.

The o;,, derived from the present experiment is shown
in Table IV along with the values for other primary ener-
gies. At 200 eV electron energy there is excellent agree-
ment between the present measurement and that by Rapp
and Englander-Golden.?* The results of OBP (Ref. 3, p.
214, Table I) and Shyn (Ref. 11, Fig. 6) are also in agree-
ment with the present result.

B. 500-eV primary electrons

At this impact energy the experiment was carried out at
scattering angles in the range of 30° to 150° in steps of 15°.
The experiment was repeated at 90°. The relative elastic
DCS determined from the TOF spectra were normalized
against the values reported by Bromberg at 45°, 60°, and
90°. The present normalized elastic DCS is compared to
the measurements by Bromberg,”® Kambara and
Kuchitsu,?® Dubois and Rudd,?! Herrmann et al.,?? and
Jansen et al.'® in Table V. In the overlapping region the
present measurements are in excellent agreement with
those by Bromberg.?®> The results of Kambara and

‘Kuchitsu?® are larger at backward angles than the present
g

measurements. The measurements by DuBois and Rudd?!
are in good agreement with the present values. The values
by Herrmann et al.,?? if normalized to Bromberg’s results
at 90 deg, agree with the present measurements.

The present DDCS’s for W=2, 4, 10, 20, and 40 €V are
presented in Fig. 5. The circles, triangles, and crosses
(X’s) denote the present experiment, results of DuBois
and Rudd,* and those by OBP (Ref. 3), respectively. The
solid line is a fit to an expansion of the DDCS in Legen-
dre polynomials. At 2 eV ejected energy there are no ex-
perimental values for comparison. The 2-eV data appear
to suffer from transmission problems as can be guessed
from the Y plot in Fig. 4. At 4 eV the differences be-
tween the present measurement and those by OBP are the
same as they were for 4 eV at 200-eV primary energy.
This trend continues up to about 10 eV. At W=20 eV
the OBP results are in agreement with the present results
except at the extreme angles of 30 and 150 deg. Further,
in the backward angles of ejection the OBP results tend to
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TABLE IV. Comparison of the total ionization cross section, oo, Obtained in the present experiment with literature values. The

primary energy, T, is given in eV and o, is in units of 10~!® cm?.

Oion (1071 cm?)
Primary energy (eV)

Measurement 200 500 1000 2000
This experiment 2.42+0.24 1.42+0.14 0.88+0.09 ) 0.52+0.05
Rapp and Englander-Golden?® 2.27+0.16 1.45+0.10 0.92+0.06
OBP°® 2.43+0.61 1.42+0.36 0.83+0.21 0.46+0.12
DuBois and Rudd° 1.21+0.18
Shyn? 2.5+0.45

2Reference 24.
"Reference 3.
“Reference 4.
dReference 11.

TABLE V. Comparison of the present elastic DCS for 500 eV electrons with other results. All values are in units of 10~'° cm?/sr.
The scattering angle is denoted by 6. The values enclosed in square brackets are interpolated results.

[ Present Kambara Dubois Jansen Herrmann
(deg) results - Bromberg® & Kuchitsu® & Rudd°® et al.d et al.®
30 292.0 285.0 285.0 278.0 286.0 281.0
45 84.0 85.0 82.0 87.0 82.1
60 41.3 40.9 41.2 40.0 - 38.8
75 232 [23.7] [24.5] [23.7] 22.0
90 14.5 14.8 16.0 14.7 13.5
105 11.2 [11.8] [13.4] [12.2] [10.7]
120 8.4 ) 11.1 9.4 8.4
135 7.9 [10.5] [8.3] 7.2

150 7.6 10.0 8.2

*Reference 25.
PReference 26. The relative measurements are normalized at 30° to the results given in Ref. 25.
‘Reference 21.
" dReference 19.
“Note that the normalization adopted by the authors of Ref. 22 (Table II) has been used.

TABLE VI. Comparison of the present experimental elastic DCS for 1000 eV electrons with litera-
ture values. The scattering angle is denoted by 6. All values are in units of 10~!° cm?/sr.

6 Present : Jansen Herrmann
(deg) experiment Theory? et al.® ' et al.®
30 119.0 141.0 133.0+8.0 121.0
45 36.3 40.5 37.8+2.3 35.1
60 13.5 15.1 12.5
75 7.8 [8.4] : : 6.7
90 4.80 5.2 4.06
105 3.40 [3.61] [2.81]
120 2.58 2.72 . 2.18
135 2.19 . 2.34 1.87

150 1.96 1.99

2Calculation based on the independent atom model using partial-wave amplitudes given in Ref. 28.
"Reference 19.
“Note that the normalization adopted by the authors of Ref. 22 (Table II) has been used.
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fall much faster than the present results. At 40 eV the
agreement between these two experiments shows further
improvement except at the extreme angles. At 10 eV the
DuBois and Rudd results are in agreement in shape in the
backward angles, however, at angles below ~80° they do
not decrease as the present results do but continue to in-

crease suggesting the existence of a forward peak. At 4 -

eV their results do not show any regularity in the angular
distribution. At 20 and 40 eV of ejected energy the Du-
Bois and Rudd results are in excellent agreement with
ours. The estimated accuracy in their measurement was
+15% and they indicated that their low-ejected-energy
cross sections might be unreliable.

The total ionization cross section deduced from the
present measurement is given in Table IV along with com-
parisons with other values. Again, the present result is in
-agreement with other values.

C. 1000-eV primary electrons

The experiment was carried out at this primary energy
in the angular range of 30° to 150° in steps of 15°. The ex--
periment was repeated at scattering angles of 60°, 90°, and
150°. The relative elastic DCS was normalized to the ab-
solute measurements by Jansen et al. at 30° and 45°. The
normalized elastic DCS is presented in Table VI and the
values are compared to those given in the literature. The
relative measurements of Herrmann et al.?? were normal-
ized as indicated in Ref. 22. These measurements are
10% lower than the present measurements for 6> 60°.
The elastic DCS was computed in the independent-atom
model?” (IAM) using the partial-wave amplitudes of Fink

and Ingram?® and values are also given in the table for
comparison. The agreement between this theory and the
present experiment is good.

The DDCS at this primary energy was measured by
OBP (Ref. 3) and by Oda et al.” The latter authors did
not give any numerical values and there appear to be
some?’ typographical errors in the text. Figure 2 in their
paper gives a perspective diagram of the DDCS as a func-
tion of angle and energy. Because of the difficulty in ob-
taining reliable values from such a graph no comparisons
of the present data with that by Oda et al. were attempt-
ed. In Fig. 6 the present DDCS measurements at ejected
energies of 2, 4, 10, 20, and 40 eV are presented. The cir-
cles in these figures are the present measurements while
the X’s are the data by OBP. The solid line is a least-
square fit to an expansion in Legendre polynomials of the
DDCS. At W=4 eV the OBP results for ejection angles
greater than 50° are in fair agreement with the present re-
sults. However, the OBP results below about 50 deg drop
below ours. The present results are generally higher by
about 10% than the OBP results. At W=10 eV the OBP
results are lower than the present measurements at 30° and
150°. The discrepancy is greater at 30° than at 150°. At
other angles, the agreement is quite good. With increas-
ing ejected energy the disagreement at 30° and 150° contin-
ues with the DDCS at 150° lying lower than the 30° mea-
surement. This suggests that the DDCS at a constant an-
gle as a function of ejected energy for the present experi-
ment is different from that by OBP. Again at W=20 and
40 eV the agreement between the present experiment and
OBP’s is quite good except at the extreme angles of ejec-
tion.

The total ionization cross section oj,, at this primary
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energy is calculated and is given in Table IV. The present
result is in good agreement with that of Rapp and
Englander-Golden?* and OBP.

D. 2000-eV primary electrons

At this primary energy the experiment was carried out
in the angular range of 30° to 150° in steps of 15°. The ex-
periment was repeated once at 90° and twice at 135°. The
whole experiment was repeated once more a year later.
The newer experiment was done only at 30°, 45°, 60°, 90°,
120°, and 150° of scattering angle with one repeated mea-
surement at 30° and 90° and two at 60°. The reproducibili-
ty of the experiment was excellent (£6%) except at the
lower ejected electron energies (W <4 eV). Altogether
there were 22 independent data sets obtained at this pri-
mary energy.

The relative elastic DCS was normalized to the data of
Jansen et al.'® at 30° and 45°. The present normalized
elastic DCS and IAM elastic DCS are presented in Table
VII along with the measurements by Jansen et al. The
IAM values are in excellent agreement with the absolute
measurements of Jansen et al. at 30° and 45° and are in
quite good agreement with the present values at all angles.

The DDCS at 2, 4, 10, 20, and 40 eV of ejected energy
are shown in Fig. 7 with the present results denoted by
circles. Comparisons are made with the values reported
by OBP (indicated by X’s). The solid line in these figures
is the result from a least-squares fit to a Legendre polyno-
mial expansion of the DDCS. Transmission losses of as
much as 50% were detected in the earlier experiments at 2
eV ejected energy. The low-transmission results are not
shown in Fig. 7(a). At 4 eV the excellent reproducibility
of all the measurements taken over a period of one year
can be noted. The OBP data are lower than the present

values at most angles, especially at 30° and 45°. The
difference in the angular shapes between these two mea-
surements at this primary energy is quite similar to that at
1000 eV. At 10 eV ejected energy there is good agreement
between the present results and those by OBP at all angles
of ejection except at 30° and 150°. This agreement is
present for W=20 and 40 eV as well. As in the case of
1000-eV primary energy, the DDCS at 30 deg of OBP
seems to agree better for higher ejected energy while the
150 deg data continue to be low.

TABLE VII. Comparison of the present experimental elastic
DCS for 2000 eV electrons with literature values. The scatter-
ing angle is denoted by 6. All values are in units of 10~
cm?/sr.

6 Present Jansen
(deg) experiment Theory* et al.®

30 45.0 46.8 45.1+3.2
45 11.3 11.80 12.0+8.4
60 4.37 4.58
75 2.16 2.25
90 : 1.35 1.33

105 0.88 0.92

120 0.63 ‘ 0.66

135 0.51 0.53

150 0.406 0.442

#Calculation based on the independent atom model using
partial-wave amplitudes supplied by Fink. (Unpublished results
for atomic nitrogen. Values at other incident energies can be
found in Ref. 28.)

"Reference 19.
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The total ionization cross section is calculated and is
given in Table IV. There is excellent agreement between
the present measurement and the value deduced from the
data of Ref. 3.

IV. AN ANALYSIS
OF SPECTROSCOPIC FEATURES

A. The region above 2 eV

In the Platzman plot (Fig. 4), for all the primary ener-
gies a number of features are clearly discernable. To facil-
itate the assignment of these features we have plotted the
available partial channel photoionization cross sections
after the suggestions of Kim!? as

E'2 dfj(E])
Fw=3 -~ _ S Frw), (7)
? E; dE; 7 J

where the summation is over the different orbitals of the
target molecule, E =W 4 15.6 eV and E;=W +1I; with
I; the ionization potential of the jth channel. As the par-
tial oscillator strength for ionization df; /dE; is given as a
function of energy transfer (photon energy) the thresholds
for all partial channel cross sections are translated to have
a common origin at W=0 before the summation. In
Figs. 8 and 9 we display the respective results for the syn-
chrotron light source measurements of Woodruff and

Marr®® and Plummer ef al.’' The X?3}, A2, and’

B23} ion channels are shown separately as well as
summed using Eq. (7). Their overall scale is adjusted for
comparison with our 2000-eV data (top curve in each
case). Two other sets of data for separate channel pho-
toionization cross sections exist. These are the results of
Samson et al.’? and Hammnet ez al.,?® not shown, which

display general overall agreement in shape but the paucity
of experimental points in the former study and lack of en-
ergy resolution in the latter did not permit determination
of the detail obtained in our study. All show the broad
feature at 12.7 eV and the peak at 7.1 eV. It should be

40 T T T T T T
30 + 4
(.
10 + .:-".‘ ‘ 4
i 1 L 1 e e

R/E
FIG. 8. The curves are from top to bottom: the Y(E,2000)
function from this work, F (W) constructed from the photoioni-
zation data of Woodruff and Marr using Eq. (7) and scaled by
the factor 0.9, F;(W) for the 4 photoionization channel scaled
by the factor 1.2, F;(W) for the X photoionization channel, and
F;(W) for the B photoionization channel. All F;(W) curves are
derived from the data of Woodruff and Marr and are on the
same relative scale (the scaling factors 0.9 and 1.2 were used

only to separate the curves when plotted).
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FIG. 9. The curves are from top to bottom: the Y (E,2000)
function from this work, F (W) constructed from the photoioni-
zation data of Plummer et al. using Eq. (7) and scaled by the
factor 1.2, F;(W) for the 4 photoionization channel scaled by
the factor 1.2, F;(W) for the X photoionization channel, and
'F;(W) for the B photoionization channel. All F;(W) curves are
derived from the data of Plummer et al. and are on the same
relative scale (the scaling factor of 1.2 was used only to separate
the curves when plotted).

kept in mind that only the studies of Woodruff and
Marr®® and Samson et al.3! were carried out at the magic
electron ejection angle of ~54° while the other studies
were carried out at 90°. In comparing the synchrotron
studies with our work we have assumed that all features
observed in these studies are real and not experimental ar-
tifacts or noise. In our own work it should be emphasized
that the Y plot is the result of summing over 15 different
angle-resolved spectra. Any random noise would be
washed out in such a process hence we believe that all the
structural features lying above the noise envelope of the
data are real.

We note first that there seems to be a good correspon-
dence between the features in the work of Plummer
et al.’! and Woodruff and Marr®® if allowance is made
- for the difference in ejection angles used in the two stud-
ies. A second observation is that there seems to be a
strong correlation between features observed in one chan-
nel and those in another. This would appear to be an ex-
ample of channel coupling effects in the exit channels as
observed previously in the case of SF¢ by Dehmer et al.*
We also note that some features are slightly shifted in en-
ergy between the electron and synchrotron data. Assum-
ing that both energy scales are correct, this could be due

to contributions from nondipole allowed processes altering _

the slope of the Y function in our case.
The assignments of the main features are as follows.
The structure in the peak at 14.6 eV comes about equally

from the X 22+ and A4 1, channels with the 12.7-eV
peak coming malnly from the X 22+ channel. The
feature at 8.7 eV comes from the X 22+ channel with evi-
dence for some A 21, channel partlclpatlon The 7.1-eV
peak is due to a feature in the A *II, channel with some
contribution from the X 22+ channel The feature at ~5
eV seems to be coming from the B23} channel. The
feature at 3.4 eV does not appear in the Woodruff and
Marr® data but can be seen only in the X 22, channel of
the data of Plummer et al.3! The feature at 2 3 eV seems
to come from the X 22+ channel with small contribution
from the B23} channel as seen from the Plummer
et al.’! data. The Woodruff and Marr’® data shows a
smaller peak in the B23; channel and a larger peak in
the A4 *I1, channel but they occur midway between the 2.3
and 3.4 eV features in our data. ,

So far we have not discussed the shoulder occurring at
~30 eV. Kim?® has suggested that this is an indication of
the onset of double excited states in N,. Other explana-
tions for this feature have also been advanced.’>3¢ Be-
cause this shoulder is rather well reproduced when form-
ing a Y plot from total photoabsorption cross section data
or small-angle electron-energy-loss spectra®’ It would ap-
pear that it must be due to a structure in either the X 22+
or A1, channel. This observation is not necessarily at
odds w1th Kim’s suggestion since shake-off contributions
can occur in any partial ionization channel.

Many mechanisms have been suggested for the oc-
currence of the observed features. A shape resonance at a
photon energy of 28 eV (Ref. 38) could be responsible for
the feature observed at 12.7 eV. It has been suggested
that the three features at 8.7, 7.1, and 4.8 eV are due to
autoionization from Rydbcrg states,®3? converging to the
C?z/} state of N,F, to the X?3}, 4%, and B2
states of N, 7.2 The small feature at 3.4 eV may be due to
a shape resonance discovered in the theoretical calcula-
tions of Hermann* (~3-eV FWHM) in the ionization
channel leading to the formation of the (2m,)~'A4 2II,
state at 20 eV of photon energy. Finally we would like to
suggest that the feature at 2.3 eV may be due to autoioni-
zation from a Rydberg state with an effective principle
quantum number n*=3.92, converging to the B23]
state on N,* which decays to the X >3 (v=0) ground
state of N, 1. Note that this appears to the first observa-
tion of this feature in secondary electron spectra.

B. The region below 2 eV

Some autoionization features below 2 eV are observed
in every spectrum, notably the one at 1.6 eV. For a possi-
ble analysis of these features we recorded the spectra
down to ~0.4 eV of ejected energy at 60° and 90° of ejec-
tion angle using 2000-eV electrons. The spectra were con-
verted to DDCS and were divided by the Rutherford cross
section, dog/dE [see Eq. (4)]. The resultant quantity,
Z(T,W,0) is plotted on a linear W scale from 0.4 to 1.8
eV in Fig. 10 for 6=60°. Assignments of these features
are indicated by line numbers and the key to the line num-
bers is given in Table VIII.

The first five electronic states of N,* are the X 22; s
AY1,, B2}, D 2Hg, and C 22; states, which have elec- -
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tronic energies 15.58, 16.9, 18.73, 22.05, and 23.58 eV,
respectively!® above the ground state of N,. There are
Rydberg states converging to each of these electronic
states of N,*. Any of these Rydberg states having energy
greater than the energy of the ground state of N,* can
lead to autoionization.

The observed Rydberg states converging to the 4 211,
state, called the Worley. series, with energies above 15.58
eV are shown in Table VIII. Similarly there is another
series of Rydberg states converging to the B 23 state of
N,* called the Hopfield series. Other possible autoioniz-
ing states are summarized in Table VIII.

V. CONCLUSIONS

In this paper we have presented the relative measure-
ments of the DDCS for 200, 500, 1000, and 2000 eV pri-
mary electrons which are placed on an absolute scale by
normalizing the elastic intensity at selected angles to abso-
lute measurements. The elastic differential cross sections
at 200, 500, 1000, and 2000 eV in the angular range of 30°
to 150° are also presented.

SECONDARY-ELECTRON-PRODUCTION CROSS SECTIONS FOR . . .

555

The DDCS were fitted to a Legendre polynomial ex-
pansion and from the zeroth-order coefficient the do/dW
were evaluated. For convenience in using the data
presented here the coefficients of the polynomial expan-
sion for a few ejected energies and all the primary energies
are presented in Table IX. ,

The photons resulting from the collisions of electrons
with molecular nitrogen are found to be isotropically dis-
tributed as in the case of helium.! This result served as a
check on the relative intensity scale determination.

The present experiment at 200-eV primary energy is in
disagreement with the results of Shyn!! at ejection angles
below ~80°. The forward peak in his DDCS in this an-
gular range is not present in our experiment. DuBois and
Rudd’s* experiment using 500-eV primary electrons is in
good agreement with the present results except at lower
ejected energies (<10 eV). There are significant differ-
ences between the present angular distributions and those
by OBP (Ref. 3) at all primary energies. However, at
1000- and 2000-eV primary energy the agreement is better
than for the lower energies. If the agreement between our
results for He and the more recent results by Erhardt
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FIG. 10. A plot of the relative intensity Z (T, W,8) as a function of the ejected energy W in the range from 0.4 to 1.8 eV. For a

definition of Z see Sec. IVB. The primary energy was 2000 eV and the scattering angle was 60°.
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et al.® is regarded as a calibration of our technique then
we must regard the disagreement between our results and
earlier measurements for N, as an indication of problems
in the earlier works.

The experimental energy distributions of the ejected
electrons are presented as a Platzman plot. Previously

known shape resonances in photoelectron spectroscopy
and photoabsorption are observed. In addition, features
due to autoionization are observed. It appears that this is
the first time that the autoionization feature at 2.3 eV has
been observed in experiments measuring secondary elec-
tron cross sections. A possible explanation for the origin

TABLE VIII. A summary of the possible and observed autoionization lines in N, with ejected energies in the range ~0.4—2.5 eV.
The number in the square brackets is the energy in eV of the state above the ground-state energy of N,.

Ejected
Autoionizing Ton final energy
state Orbital® Comment state (eV) Line no.
053, (v'=0) 6s0, b X=F (v=0) 0.52 5
[16.12] [15.58]
06 ', (v'=0) 6s0, b X=F (v=0) 0.57 6
[16.15] (v=1) 0.30
0, (v'=1) 550, c X’z; (v=0) 0.49 3
[16.07]
NP1 (v'=1) c X=tF (v=0) 0.63 9
[16.21]
0,°1, (v'=2) c X3=F (v=0 0.66 10
[16.24] (v=1) 0.39 1
o5, (v'=1) 650, c Xz (v=0) 0.77 13
[16.35] (v=1) 0.50 4
NP1 (v'=2) c X3F (v=0 0.86 14
[16.43] (v=1) 0.59 7
IS+ (v'=0) 450, d X3F (v=0 1.57 22
[17.15] (v=1) 1.30 19
(v=2) 1.03 16
(v=3) 0.76 12
A, (v=0) 0.45 2
133 (v'=0) 0g(4s +4d) e Xz (v=0) 1.73 23
[17.31] (v=1) 1.46 20
(v=2) 1.19 18
(v=3) 0.92 15
A1, (v=0) 0.61 8
I+ (v'=0) Ssoy f Xz (v=0) 2.28 26
[17.86] (v=1) 2.01 25
(v=2) 1.74 24
(v=3) 1.47 21
A%, (v=0) 1.16 17
(v=1) 0.92 15
(v=3) 0.68 11

*The designation of the Rydberg orbital is in the united-atom model as in Ref. 41. The rest of the electronic configuration is that for

the ionic state to which the state is converging.

"This is a member of the Worley series converging to the A 2I1, state of N,* (16.70 eV).
“These are the states observed in Ref. 42 by Berkowitz and Chupka. Note that the larger internuclear separation for this state would
only favor excitations to v’>0. It is therefore expected that the lines referred to by comment b are weak. NP1 stands for the first

new progression reported by Ogawa (Ref. 43).

9A member of Hopfield’s Rydberg series converging to the B 25} state of N,* (18.75 eV).
°This is also a Rydberg state converging to the B 23, state of N,*. Here the orbital is described in the separated atom model.
fThis state is the next member of Hopfield’s Rydberg series mentioned in footnote c. This state is not given in Table 4 of Ref. 41 but

it has been observed (Ref. 44).



of this peak has been presented.

The total ionization cross sections are derived from the
present data by use of the Platzman plot and are in excel-
lent agreement with those in Ref. 24. Empirical formulas
were used to extrapolate the Y function of the Platzman
plot to the high- and low-energy limits where necessary.
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An analysis of the observed autoionization lines below
2.0 eV is presented. The agreement between the experi-
ment and the line assignments points to the fact that the
energy scale in the present experiment is accurate.

Finally we wish to point out that Platzman plots at
high incident energies (1—3 keV) can be used to study

TABLE IX. Legendre polynomial fit coefficients, 4,, for selected ejected electron energies, W, and at different primary energies,

T, in units of 10~2° cm?sr~!

denotes the power of 10 by which the number is to be multiplied.

. Both W and T are given in eV. See Eq. (2) in the text for details. The number in square brackets

. (1072 cm?sr—1)

w Ao A, A, A; A, As
(eV)
T=200 eV
2.0 1.08[2] —2.32[1] —1.51[1] ~7.95 7.50[ —1]
40 9.03[1] —4.13 —3.80 —1.81 6.08
6.0 8.15[1] 3.55[—1] —4.57 1.44[ —1] 5.08
8.0 7.04[ 1] 3.22 —3.29 —2.89 4.83
10.0 6.14[1] 3.02 —4.57 —4.20 3.83
159 4.04[1] 5.09 —3.76 —4.66 2.24
20.0 2.77[1] 4.39 —3.24 —4.98 1.06
40.0 8.87 2.94 —1.98[-1] —3.18 —1.27 1.21[ —1]
50.0 6.09 2.48 7.88[—1] —2.19 —1.26 2.88[—1]
T=500 eV
2.0 4.93[1] —1.95[1] —6.56 3.82 4.99
40 4.62[1] —~3.03 —4.60 5.30[ —1] 271
6.0 4.50[1] 1.34 —4.64 2.85[ —2] 3.36
8.0 4.03[1] 2.96 —4.75 —1.10 ) 2.83
10.0 3.57[1] 4.34 —4.84 —1.50 1.71
15.9 2.49[1] 4.29 —4.46 —2.60 1.66
20.0 1.73[1] 3.67 —3.99 —2.93 1.00
40.0 5.57 2.11 —1.86 ~1.97 7.97[—2] 9.80[ —1]
50.0 3.57 1.57 —1.28 —1.55 —2.78[—1] 9.02[ —1]
T=1000 eV
2.0 3.76[1] —~1.03 —4.70 1.97 2.77
4.0 : 3.06[1] 3.32[—1] —3.84 1.67[ —1] 1.19
6.0 2.82[1] 1.01 —4.43. 3.88[—1] 1.28
8.0 2.46[1] 1.47 —4.74 —1.46[ —1] 1.67
10.0 2.20[1] 1.63 —4.73 —349[—1] 1.56
15.9 1.52[1] 1.76 —3.83 —7.37[—1] 1.37
20.0 1.03[1] 1.53 —3.19 —1.11 1.23
40.0 3.33 8.81[—1] —1.57 —8.38[—1] 537[—1] 5.05[—1]
50.0 2.13 6.69[ —1] —~1.06 —723[—1] 3.54[ —1] 501[ —1]
T=2000 eV
2.0 2.09[1] 1.14 —2.49 1.66[ —1] 3.87[—1]
4.0 1.73[1] 9.67[—1] —3.82 —4.87[—1] 1.93[ —2]
6.0 1.61[1] 1.09 —3.92 —3.94[ —-1] —3.27[—1]
8.0 1.43[1] 1.07 —4.05 —4.49[—1] —221[—1]
10.0 1.28[1] 1.11 —3.94 —577[—1] —2.06[—1]
15.9 9.03 8.96[ —1] —325 —6.47[—1] 1.01[—1]
20.0 6.15 7.66[ —1] —2.63 —5.93[—1] 1.65[ —1] 1.03[—1]
40.0 1.97 4.06[ —1] —1.21 —439[—1] 3.14[ —1] 2.14[ —1]

50.0 1.27 2.84[ —1] —8.38[—1] —3.42[—1] 2.90[ —1] 2.33[—1]
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shape resonances and autoionization structure in the ioni-
zation process. Models used to explain the origin of shape
resonances and to make assignments in photo electron
spectroscopy will now have to explain detailed informa-
tion of the type presented here. Note that the demonstrat-
ed energy resolution is less than 8 meV below 1 eV. One
possible extension of the present work is to use low in-
cident electron energy to observe optically forbidden tran-
sitions in the ejected electron (pseudo photoelectron) spec-

trum.
All experimental data has been deposited with the
Physics Auxiliary Service (PAPS).*®
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