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We measured total relative differential cross sections for electron collisions with molecular nitrogen. Results
are presented between 6'—80 with 500-eV electrons and 2'—90' with 1-keV electrons. Theoretical calcula-

tions were also done utilizing partial waves for elastic channel and the Born approximation for the total
inelastic cross section. In both cases use was made of Hartree-Fock-Clementi wave functions. The agreement

between our theoretical and experimental results is analyzed, demonstrating the possibility of determining

molecular-structure parameters at 1 keV.

I. INTRODUCTION

Since 1927 much effort has been made to mea-
sure differential cross sections (DCS) for scat-
tering of low-' " (below several hundred eV) and
high-energy" (above 15 keV) electrons from
atoms and molecules in the gas phase. Although
most of the low-energy work found in the literature
is concerned with electron impact spectroscopy
and assignments of energy levels, those above
15 keV (especially between 40 and 60 keV) are
mainly directed to determine the molecular pa-
rameters through gas-phase electron diffraction.

In spite of the great interest of investigators in

these two limits of energy, practically no work" "
can be found in the interval between 1 and 15 keV,
which in further discussion we shall refer to as the
medium-energy range. Although electrons with
medium energy participate in many natural phe-
nomena, and therefore some data. in this range
can eventually help to clarify some points
of interest, " our initial interest is to determine
the validity of some approximations, "used in gas-
phase electron diffraction for high-energy elec-
trons, when applied to the lower portion of the
medium-energy range; these data are especially
important for a better understanding of intramo-
lecular multiple scattering" "and its possible
implications for the determination of molecular
parameters by gas-phase electron diffraction.

In the following parts of this work we will de-
scribe our apparatus and the theoretical calcula-
tions used to interpret our measurements of the
total (elastic plus inelastic) differential cross
section (TDCS) for the nitrogen molecule with
electrons of 500 eV and 1 keV.

II. EXPERIMENTAL

A schematic representation of the apparatus
utilized in this work for the measurements of

the TDCS reported here is seen in Fig. 1. It
consists basically of a scattering chamber con-
structed of a nonmagnetic aluminum alloy coupled
to a Varian VHS-6 diffusion pump and a 1397
Welch mechanical pump. The main body of the
chamber is a cylinder 60 cm in diameter and
30 cm high, one flange in each side. The pump-
ing system is separated from the scattering cham-
ber by a cryosphere which can hold 9 liters of
liquid nitrogen. In addition to these pumps one
cryopump located in the upper flange contributes
to the pumping speed of the system. With this
arrangement we are able to reach pressures of
the order of 10 ' Torr in a few hours.

Attached to the bottom flange of the scattering
chamber is an Ortec 3701Bpositioning mechan-
ism"; this mechanism is provided with two arms
which can be positioned independently of each
other. One of the arms is used to support the
electron gun. Passing through the center of rota-
tion of the arms, a movable shaft is used to posi-
tion the gas nozzle in the center of scattering.
This positioning mechanism is capable of mea-
suring the absolute scattering angle with 0.1'ac-
curacy and 0.05 of relative error within the an-
gular range of 0-360 . Although this accuracy
can be improved" by one order of magnitude,
we did not use this capability for our measure-
ments.

In most previous experiments of this kind, the
measurements have been restricted to large
angles because scattering volumes were defined
by the electron beam and by the acceptance cone
of the detector. Since the scattering volume is
a function of the scattering angle under these con-
ditions, the usual procedure is to apply a simple
"sine correction factor" to compensate for this
effect for angles larger than 30 . Uncertainties
in the scattering volume can be avoided when the
scattering volume is defined by the intersection of
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an electron beam with the gas jet and is completely
contained within the acceptance cone of the detec-
tion system. Our crossed-beam apparatus was
therefore constructed to take advantage of this
feature.

The electron gun" used is a modified version of
SE-3K/5Ufor operationbetween 500 eVand 1.5 keV.
This type of gun uses an Einzel lens and two pairs
of deflectors which can be used to facilitate the
alignment of the primary beam. The current of
the primary beam is normally adjusted to 1 p.A,
in which case we obtain a beam of about 0.5 mm
diameter measured with a phosphorescent screen.
The gun is encapsulated with a tube of Pyrex and
310 stainless steel and the entire assembly is
mounted in one arm of the positioning mechanism.
Thus, the e gun can be rotated around the scatter-
ing center and the scattering angle read directly
with the help of the proper scale.

The electron gun is operated with highly stable
high-voltage power and filament supplies. ' No

fluctuation with time can be noticed in the primary
beam current measured in the Faraday cup utili-
zing a Keithly model 602 electrometer, indicating
a highly regulated beam current with fluctuation
certainly below 2%.

The primary electron beam scatters from a jet
of gas introduced in the system through a nozzle
in the center of scattering. The nozzle is a stain-
less-steel tube pointed in an arrow with an internal
diameter of about 0.25 mm and has an aspect
ratio (length/diameter) =100.

Before reaching the nozzle the gas from a cyl-
inder is expanded inside an evacuated 40-liter
ballast tank where the gas pressure is maintained
at about 6 Torr. Prior to the injection of gas, the
tank is evacuated to 10 ' Torr. The operation is
repeated several times until we can be sure of
the absence of contaminants. This was always
checked with a residual-gas analyzer (Veeco"
SPI-10) attached to the bottom flange of the vacuum
chamber.

The scattered electrons were detected with a
high-gain Bendix Channeltron Photomultiplier
BX-7500 modified to detect electrons directly.
The entrance aperture of the channeltron was
positively biased in order to repel low-energy
positive ions and to accelerate electrons which
had suffered large energy losses owing to colli-
sions. It is important to note that, since the
detector yield is sensitive to the energy of the
incoming electrons, this procedure also helps to
keep the channeltron working with an approximately
constant efficiency.

The acceptance angle is limited by two apertures
of 200 and 300 p, m placed before the detector and
separated 60 mm from each other. The pulses
produced by the channeltron are then preamplified,
amplified, discriminated, and finally counted
utilizing a SEN" 312-100-MHz timer-sealer. The
detector and the apertures are mounted in an
X-Y positioning mechanism attached to the wall
of the chamber. The largest component of Earth' s
magnetic field in our laboratory is about 250 mG.
This was compensated by use of three pairs of
Helmholtz coils defining a cube with a side of one
meter. The residual magnetic field in the scatter-
ing region was then kept below 10 mG.

The gas sample (research grade, 99.99%%up Ng was
taken directly from a cylinder furnished by White
Martins.

Before the experiment, the residual pressure
inside the chamber was (3-5) X10 ' Torr and
during the experiments the gas pressure was
maintained at 2& 10 ' Torr.

The most common sources of experimental
errors are the following: fluctuation of the pri-
mary electron beam current, pressure fluctuation,
uncertainty in the scattering angle, scattering from
the delocalized gas, and backscattering from the
gas nozzle and other parts inside the vacuum
chamber.

Use of a very stable and well-regulated filament
and power supplies reduced considerably the fluc-
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do /dQ (A /sr)
Angle
(deg)

1 keV
Theory Expt.

500 eV
Theory Expt.

2

4
6
8

10
12
14
15
16
18
20
25
30
35
40
45
50
55
60
70
80
90

82.39
27.11
13.70
7.557
4.260
2.499
1.587

1.106
0.8293
0.6456
0.3450
0.1733
0.0953
0.0649
0.0477
0.0334
0 ~ 0233
0.0178
0.0120
0.0078
0.0059

78.5
30.1
14.7
7.64
3.77
2.61
1.66

1.12
0.844
0.626
0.318
0.155
0.0989
0.0662
0.0485
0.0346
0.0259
0.0193
0.0103
0.0056
0.0038

9.101
5 ~ 956
3.943

2.661
1.856
1.352
0 ~ 7429
0.4779
0.3137
0.2014
0.1301
0.0905
0.0704
0.0590
0.0414
0.0272
0.0204

2.84

1.27

0.449

0.204

0.100

0.0617
0.0445

TABLE I. Theoretical [ Eq. (1)] and experimental val-
ues (this work) for total (elastic plus inelastic) differen-
tial cross section for 1-keV and 500-eU electrons scat-
tered by N2.

ionization-gauge controller used to measure the
pressure inside the scattering chamber. We
estimate that this procedure reduces the error
to less than 1%. Although mechanical imperfec-
tions of our positioning mechanism do not con-
tribute more than 0.05' error, we estimate our
total error in the measurement of the scattering
angle to be about 0.1 over the entire range of
our measurements.

Although most of the above-mentioned factors
appear to contribute very little to the uncertainty
of the TDCS, the contribution from the delocalized
gas does not seem to be so small. Part of this
effect was compensated by measurement of the
TDCS at the same pressure and introducing the
gas sample through another nozzle located inside
the vacuum chamber but far from the scattering
center. This background caused by the delocalized
gas was never more than 1(F/p of the measurement,
with electrons scattering from the gas jet intro-
duced through the nozzle in the center of scatter-
ing. Although the background intensity caused
by delocalized gas and parts inside the chamber
varied from 2 to 1(PO of the TDCS at one particular
angle, we estimate our total average error to be
about 5/0. The measured values of the TDCS for
1-keV and 500-eV electrons scattered by N, are
shown in Table I.

tuation of the beam current to a level certainly
below 0.5% during the experiment. The flcutua. tion
of the sample pressure was kept to a minimum
(0.5/„) by monitoring the voltage fluctuation in
the ion gauge meter (NRC563-SK and Varian
IG-10) with a precision digital voltmeter. In
this manner we could observe and control fluctua-
tions otherwise too fast to be observed with the
meter normally supplied with the Varian IG-10

III. THEORY

The independent atom model" (IAM) for scatter-
ing of high-energy electrons by molecules has
been used for many years to interpret results
obtained in gas-phase electron diffraction (GED).
Throughout our calculations use was made of the
IAM, and therefore the TDS do/dQ for a homo-
nuclear diatomic molecule is given by the following
equation:

sr„. QOS

f (6) = . g (2l + 1)(e' '& —1)P, (cos6).
2ik

(2)

Values of the phase shifts 5, for 500-eV and
1-keV electrons scattered by nitrogen atoms were

In Eq. (1), ao= 0.5291 A, s = (4s/A)sin(6/2) is the
momentum transfer, L;& is the amplitude of vibra-
tion, "and r„=r~(0) -al,', (1.5+ 1.08.a'I', „), where a
is the anharmonicity, " taken as a= 1.9 A '. S(s)
is the atomic x-ray incoherent factor, and its
values were taken from existing tables. "

~ f (6) ~' is the elastic atomic partial-wave scatter-
ing intensity where f(6) is defined"'0 by

I

computed from Schrodinger's equation for the
process:

g'(r)+[0'+2V(r) —I(l+ )Ir/']p, (r) =0. (3)

In this equation V(r) is the scattering potential
and k= 2w/A. ; X is the wavelength of the incident
electrons and V(r) is defined by

Z ' p(r')
V(r) = ——+ I —,dr',r „/r-r'f (4)

where Z is the nuclear charge of the target atom
and p(r) is the diagonal of the first-order electron-
density matrix" defined as
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