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Measurement of absolute differential cross sections for the vibrational excitation
of molecular nitrogen by electron impact in the 2Pg shape resonance region

Christopher J. Sweeney* and Tong W. Shyn
Space Physics Research Laboratory, University of Michigan, Ann Arbor, Michigan 48109-2143

~Received 7 August 1996; revised manuscript received 30 April 1997!

By means of a crossed-beam technique, we have conducted measurements of absolute differential cross
sections for the vibrational excitation of the electronic ground state of N2 by electron impact. The2Pg shape
resonance region was treated, with the impact energies being those of the resonance’s first four elastic scat-
tering peaks—approximately 1.9, 2.1, 2.4, and 2.6 eV. The scattering angles covered were from 12° through
156°, in 12° increments. Absolute integrated-excitation cross sections were computed from the differential
cross sections. Our results show the expected strongD-wave character, and are compared with the recent
results of others, both experimental and theoretical.@S1050-2947~97!06608-0#

PACS number~s!: 34.80.Gs
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I. INTRODUCTION

Although collision resonances have been of keen inte
in nuclear physics for more than half a century now@1#, they
have only more recently shown their worth in atomic a
molecular physics@2,3#. Here they have become particular
valuable for probing the structure of normally vacant ele
tronic orbitals, and are additionally of central importance
the quantum theory of collision processes@4#. A variety of
atomic and molecular collision resonances have been dis
ered in the past two or three decades, and of the elect
molecule resonances in particular, the one arising in
e2-N2 collision system at impact energies in the vicinity
2.3 eV has received by far the most attention. This sh
resonance, whose symmetry is2Pg , is formed by the addi-
tion of a pg electron to neutral molecular nitrogen in i
groundX1Sg

1 electronic state. The resonance is particula
well known for its role in enhancing the likelihood fo
nuclear-vibrational excitation of the neutral molecule duri
collisions with electrons, which is what we shall discu
here.

Besides its importance in atomic and molecular phys
this resonantly enhanced electron collision process has
cial implications in aeronomy, geophysics, and planetary
ence. In the atmospheres of the Earth and also of sev
other planets and their moons, the collision cross sectio
magnitudes determine in part energy deposition rates,
affecting atmospheric thermal structure@5–9#. For the Earth,
this is particularly relevant with respect to secondary el
trons in theF region of the ionosphere@10–12#. The e2-
N2 resonance is furthermore of critical technological imp
tance, playing a central role in gas discharge processes
as the one that drives the CO2-N2 laser@13,14#. We see that
there is thus much justification for the substantial attent
this resonance has received over the years in both pure
applied branches of science.

*Also at Department of Physics, University of Michigan, An
Arbor, MI 48109-1120, and Comprehensive Studies Program, U
versity of Michigan, Ann Arbor, MI 48109-1003.
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Since the pioneering experiments of Ramsauer and K
lath in the early 1930s there have been numerous meas
ments of many different aspects of this resonance@15#. Over
the years a number of review articles detailing these effo
have appeared, and as a result a good picture of what
happened experimentally up until about a decade ago is
available.~See, e.g., Ref.@16#.! We will therefore limit our
discussion to only the most recent measurements. Thes
clude the treatment of Brungeret al., who determined the
cross sections for excitation of the first four vibrational sta
@17#. They covered the impact energies 2.1, 2.4, and 3.0
and employed the angular range from 10° through 9
Brennanet al. also recently performed vibrational-excitatio
measurements on N2 @18#. They obtained differential cros
sections for excitation of the first few vibrational levels
1.5-, 2.1-, 3.0-, and 5.0-eV impact, and covered the sca
ing angle range from 5° to 130°. Their results compare r
sonably well with other experimental results. In some cas
however, they found serious discrepancies among their c
sections and those predicted by theorists. They indicated
these discrepancies could easily have arisen from smal
rors in energy calibration, as the cross sections are predi
to vary quite wildly with impact energy. The most up-to-da
and extensive studies of this resonant scattering proces
due to Sunet al., who measured cross sections for elas
scattering and excitation of the first vibrational level, in a
dition to computing them theoretically@19#. They further-
more established a protocol for comparing the cross sect
that is independent of impact energy calibration. Their m
surements and predictions agree remarkably well, but un
tunately they did not measure cross sections for excitatio
higher vibrational levels, and were limited in their expe
ments to scattering angles of 130° and lower.

Just as with the experiments, theoretical treatments of
resonance began in the 1930s@20,21#. Plenty of additional
theoretical treatments have been conducted since then,
the scientific literature is replete with accounts of the
Again, complete discussions of these are available e
where, so we limit our discussion to the most recent on
~See, e.g., Ref.@22#.! For the most part the results of th
theoretical calculations were compared with measured t

i-
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56 1385MEASUREMENT OF ABSOLUTE DIFFERENTIAL CROSS . . .
cross sections. However, calculations like those of Weat
ford and Temkin@12# have emphasized differential cross se
tions. Their results agree well with the recent experimen
results of Brungeret al. @17# and Brennanet al. @18# with
regard to angular shape, but tend to predict magnitu
greater than those determined by these experiments. We
erford and Temkin emphasized the fact that the cross
tions’ magnitudes vary extremely rapidly with impact ener
in the 2Pg resonance region, and suggested that this was
origin of the discrepancy, as did Sunet al.

As a result of the many studies, substantial progress
been made in understanding the nature of this resona
However, information is still lacking with regard to excita
tion of higher vibrational levels, especially in the bac
scattering region. Such data are important as they repre
conditions of relatively high momentum transfer, and allo
the calculation of integrated cross sections from the differ
tial ones without extensive extrapolation. The dearth of th
data is what motivated our research. In this article we pres
the results of measurements of absolute differential cr
sections for excitation of the first few vibrational levels
molecular nitrogen’s ground electronic state by electron
pact in the2Pg shape resonance region. Our measureme
were performed by a crossed-beam technique, and cov
the scattering angle range from 12° to 156°, in 12° inc
ments. The impact energies we employed match those o
first four peaks in the elastic scattering resonanc
approximately 1.9, 2.1, 2.4, and 2.6 eV. Absolute integra
vibrational-excitation cross sections were computed from

FIG. 1. Schematic overview of the vacuum enclosure along w
our apparatus’s principal subsystems.E denotes the electron-beam
source,D the scattered-electron detector,F the fused-capillary ar-
ray, andR the flow regulator for the molecular beam. Molecul
nitrogen enters at the point labelledN. The entrances to the uppe
and lower turbomolecular pumps are indicated byU andL, respec-
tively. Portraying the crossed electron and molecular beams are
crossed arrows near the center of the diagram. For simplicity,
Helmholtz coils surrounding the vacuum system are not shown
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differential cross sections. Our results show the expec
strongD-wave character, and are compared with the rec
results of others, both experimental and theoretical.

II. EXPERIMENT

The apparatus we use to conduct our electron-atom
electron-molecule collision experiments is of the cross
beam type. We shall provide here only a rudimentary
count of it, as detailed accounts can be found elsewhere@23–
25#. Its key subsystems—the neutral-molecular-beam sou
the collimated, monoenergetic electron-beam source, and
scattered-electron detector—along with its typical operat
conditions and our experimental procedures, are describe
this section.

A. Vacuum system and molecular-beam source

Housing the key subsystems is a vacuum enclosure
shown schematically in Fig. 1. The enclosure is divided in
upper and lower chambers, which are pumped differentia
by turbomolecular pumps backed by mechanical rot

h

he
e

FIG. 2. Schematic overview of the collimated, monoenerge
electron-beam source and scattered-electron detector. In the
able electron-beam source located near the center of the diag
the electron gun is labelledEG, its focusing electrodeFE, and its
filamentW. The two lens systems of the electron-beam source
denotedL1 andL2. Labelling its energy selector’s grids, inner, an
outer plates are the symbolsGS, Pi , and Po , respectively. The
entire electron-beam source can be rotated about the mole
beam denotedI in the fashion shown by the curved arrow. Th
molecular beam is directed into the plane of the page. For
scattered-electron detector shown near the top of the diagramB
indicates the entrance baffle, andGA, Pi , andPo , its cylindrical
energy analyzer’s grids, inner and outer plates, respectively.L3 and
L4 label the detector’s two lens systems, while HSA and EM in
cate its hemispherical energy analyzer and Channeltron elec
multiplier, respectively. The symbolF is used to denote the two
Faraday cups in our apparatus, which are used to monitor the
dent electron beam’s strength.
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1386 56CHRISTOPHER J. SWEENEY AND TONG W. SHYN
pumps. Three mutually perpendicular sets of Helmholtz c
surround the vacuum enclosure and attenuate magn
fields, including the Earth’s, to less than 20 mG in any
rection within the interaction region. The proximity of ou
detector to the interaction region limits the maximum spu
ous angular deviation imparted to a scattered electron
these fields to less than 2°. This is negligible in comparis
to our other experimental sources of uncertainty.

Molecular nitrogen is allowed to flow into the vacuu
enclosure from a commercial storage cylinder. Both the fl
rate and flow pressure of the N2 are controlled by a regulator
The tubing that carries the molecular nitrogen to the inter
tion region enters the upper chamber and terminates
fused-capillary array located at the junction between the
chambers. The array provides a downwardly directed m
lecular beam in the lower chamber, where the electr
molecule collisions occur. The molecular beam’s angular
vergence is no more than65° full width at half maximum
~FWHM!.

B. Electron-beam source and scattered-electron detector

Located near the top of the lower chamber are
electron-beam source and scattered-electron detector.
occupy a horizontal plane perpendicular to the axis of
molecular beam, as shown schematically in Fig. 2. T
electron-beam source is rotatable continuously from290 to
160°. It is composed of an electron gun based on a tung
filament, a 127° cylindrical energy selector, two electr
lens systems, and both vertical and horizontal beam de
tors. This subsystem is capable of producing an elec
beam of current exceeding 1028 A. The beam’s angular di-
vergence profile is very nearly Gaussian in character and
a FWHM no more than63°.

Fixed to the lower chamber’s wall is the scattere
electron detector. Comprising this detector are a 127° cy
drical and a hemispherical energy analyzer in tandem,

FIG. 3. Typical intensity vs energy spectrum for the elastic sc
tering of electrons by molecular nitrogen in the2Pg shape reso-
nance region. The scattering angle was 96°.
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electron lens systems, and a Channeltron electron multip
Such a dual analyzer arrangement provides a signal-to-n
ratio more than 100 times greater than that of our previ
single analyzer system@26#. The detector subtends a sol
angle of about 531024 sr.

Now the net energy resolution profile of our apparatus
the convolution of the energy profile of the electron bea
with the response profile of the electron detector. For
present measurements this net profile was very nearly Ga
ian in form, and was set to about 80 meV FWHM. Note th
while such an energy resolution allows us to see disti
vibrational excitations in our electron energy-loss spectra
does not allow us to discern individual rotational excitation
All our results are therefore rotationally inelastic.

C. Operating procedures and sample measured spectra

Before any measurements are made, the resonant el
scattering peak positions are established by measureme
the resonantly enhanced elastic scattering of electrons
molecular nitrogen in the2Pg region. For all our measure
ments this was done at a scattering angle of 96°. A typ
elastic spectrum resulting from this process is provided
Fig. 3. The four pronounced maxima in the diagram—at
proximately 1.9, 2.1, 2.4, and 2.6 eV—represent the ener
where the elastic resonant scattering is at its most inte
They were impact energies we subsequently used for
vibrational-excitation experiments, and for convenience
will use these numbers to label the impact energies we
ployed in the balance of this article. Note, however, th
these energies are only approximate. What is important h
is that they correspond to the elastic scattering peaks
specified scattering angle, in accord with the protocol est
lished by Sunet al. @19#. The specification of the angle i

t-

FIG. 4. Typical electron energy-loss spectrum for the vibratio
excitation of molecular nitrogen’s electronic ground state by el
tron impact. 2.4 eV was the impact energy, while the scatter
angle was 72°. The elastic scattering peak is leftmost, and proc
ing to the right are the peaks corresponding to excitation of the
five vibrational levels. Note the change in scale by a factor of 4.5
the right-hand side of the figure.
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56 1387MEASUREMENT OF ABSOLUTE DIFFERENTIAL CROSS . . .
critical, because as Rohr has shown the energies of the r
nant peaks change with angle@27#.

The vibrational-excitation measurements were perform
slightly differently. Here the energy of the electron beam w
fixed, while the energy acceptance window of the detec
was swept over the energy-loss region of interest. This p
cess was repeated over the prescribed range of scatt
angles and impact energies. The results are energy-loss
tra like that shown in Fig. 4, which is for an impact energy
2.4 eV and a scattering angle of 72°. Dots denote actual
points, while the solid curve indicates a fit to them. T
leftmost peak in the figure represents elastic scattering.
ceeding to the right, the next peaks represent excitation
the nitrogen molecule to its first through fifth excited vibr
tional levels. Curiously, some of the higher vibrational lev
have excitation intensities comparable the lower ones. T
effect has been observed before, and ignited much of
interest in the electron-molecular nitrogen collision proce

III. DATA ANALYSIS

To extract collision cross sections from our measu
spectra, we employed a process similar to the one we
cently used to analyze data for the Schumann-Runge
tinuum of molecular oxygen@28#. The procedure involved
first the correction of our raw spectra for the effects of d
tection efficiency with respect to energy loss. The result
corrected spectra were next analyzed using numerical le
squares techniques. Parameters resulting from this ana
were then employed to calculate absolute differential cr
sections, and the latter were used to numerically comp
absolute integrated cross sections. In this section we c
the details of this entire process, and also indicate the un
tainty present in our results.

TABLE I. Uncertainties~in %! for the present measurements

E ~eV!

1.9 2.1 2.4 2.6
Source
of uncertainty

Raw data 615 612 612 610
Scattered-electron 610 610 610 610
detector efficiency
Elastic cross sections 614 614 614 614

Total 623 621 621 620
so-
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A. Correction for detection efficiency

Before any reliable cross sections could be extracted fr
our spectra, it was essential that these spectra be corre
for the detector’s sensitivity to scattered electrons with
spect to their energies. To this end, we measured the en
spectra of secondary electrons ejected by electron impac
helium in the region a few eV above the ionization thresho
The yield of secondary electrons in this region is known
be quite nearly constant with respect to impact energy@29–
31#, so any deviation from constancy in the helium spec
would be a direct manifestation of changing detection e
ciency with respect to energy. These spectra were foun
vary smoothly with energy, and the detector’s efficiency w
quantitatively characterized by fitting a third-order polyn
mial to them by the numerical techniques to be describ
shortly. Higher-order terms in the polynomial showed the
selves to be consistently superfluous and were thus omi
The polynomial determined in this way was subsequen
used to correct our measured molecular nitrogen spectra
detection efficiency.

B. Implementation of least-squares analysis

We employed numerical least-squares techniques to
tract physical information from our corrected spectra. F
this purpose, we constructed model spectra of the form

s~r,S0 ,u,Ei ,El !5rS0G~u!(
j 50

N

f j~Ei2El !I j~u,Ei !

1B~Ei2El !. ~1!

Heres is the scattered electron signal strength, whiler is the
density of the gaseous target sample in the interaction reg
S0 the signal strength of the incident electron beam,u the
scattering angle,Ei the incident electron beam’s energy, an
El the energy lost by a scattered electron. The factorG(u)
accounts for differences in scattering volume with respec
angle. For thej th of the N vibrational levels present in a
given spectrum,f j is the normalized Gaussian excitation lin
shape, whileI j accounts for the excitation intensity assoc
ated with this line shape.B represents background contribu
tions, and in our analysis was chosen to be of the quadr
polynomial form
onic
ns are
ed
TABLE II. Absolute cross sections for the vibrational excitation of molecular nitrogen’s electr
ground state by electron impact at 1.9-eV impact energy. The units for the differential cross sectio
10218 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
12 24 36 48 60 72 84 96 108 120 132 144 156 168s i

v

1 66.2 32.5 21.6 15.0 15.5 17.7 17.6 14.7 11.3 10.1 13.5 20.7 31.3~45.0! 233
2 44.1 27.3 14.6 8.30 7.31 7.46 7.42 5.96 4.19 3.30 3.99 6.61 12.2~21.5! 112
3 22.0 13.7 5.45 2.62 2.05 1.90 1.89 1.59 1.01 0.734 0.943 1.82 2.80~4.00! 36.4
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TABLE III. Absolute cross sections for the vibrational excitation of molecular nitrogen’s electr
ground state by electron impact at 2.1-eV impact energy. The units for the differential cross sectio
10218 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
12 24 36 48 60 72 84 96 108 120 132 144 156 168s i

v

1 71.0 40.3 21.4 15.6 12.4 16.1 19.3 16.0 11.2 10.5 13.1 16.5 30.0~46.0! 234
2 21.3 15.2 7.65 6.47 6.40 7.66 9.72 9.80 7.69 7.92 11.0 13.2 20.1~35.0! 129
3 16.0 9.94 8.48 7.80 7.39 8.32 9.35 8.95 7.60 6.37 7.65 9.93 15.0~20.0! 112
4 13.0 9.96 6.45 4.79 3.74 3.62 3.94 3.68 3.08 4.17 6.87 10.1 14.8~18.0! 73.3
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j850

2

aj8
~Ei2El !

j8, ~2!

where the set ofaj8
are free parameters. Higher-order term

in this polynomial proved themselves superfluous, and w
thus omitted.

The model spectra were fit to the corrected spectra
numerical least-squares analysis. During this process,
factors r, S0, and G(u) were dispensed with, since the
cancel out in a separate normalization procedure, which
shall discuss shortly.~Such factors are already accounted
in the elastic cross sections used for normalization; see,
Ref. @23# for a complete discussion of their determinati
and values.! The algorithm we used for the least-squar
analysis was the nonlinear Levenberg-Marquardt steep
descents method@32#. While other, more sophisticated leas
squares fitting algorithms, such as simulated-annea
@33,34# and neural-network@35# approaches are available
such sophistication was not necessary to model the wel
solved excitation peaks present in our molecular nitrog
data. Source code for the fitting program was written
double precision arithmetic in theFORTRAN90computer lan-
guage. The program was run on the same computer we
to accumulate and store data. The program’s output was
relative intensities of both the elastic and vibration
excitation line shapes and also their FWHMs.

C. Determination of absolute cross sections

With the intensities and FWHMs of the line shapes
hand, we calculated absolute differential cross sections
do this, we exploited the fact that cross sections scale as
re
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e
r
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s
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ed
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areas under the excitation line shapes. Recalling that th
line shapes were Gaussian, and that the area under a G
ian is proportional to the product of its maximum height a
its FWHM, we were able to relate inelastic and elastic cro
sections as

S ds

dV D
inel

5
I inelD inel

I elasDelas
S ds

dV D
elas

, ~3!

where the symbolsI and D correspond to the maximum
magnitude and FWHM, respectively.~Note that in the
present case the FWHMs are essentially equal and thus
fectively cancel.! Absolute values for the differential cros
sections were generated from this equation and the abso
elastic differential cross sections measured previously by
of us and a collaborator@36#.

Absolute integrated-excitation cross sections, deno
s i , were calculated from the absolute-differential cross s
tions via the trapezoid rule. This required that we extrapol
our results to both 0° and 180°, which we did in a sem
exponential manner. Due to the smallness of the factor su
in the formula

s i5E dwdu sinuS ds

dV D , ~4!

at these angles, negligible uncertainty was introduced
our results.

D. Propagation of uncertainty

The various sources of uncertainty in our measureme
include the raw data~statistical uncertainty!, the detector ef-
onic
ns are
ed
TABLE IV. Absolute cross sections for the vibrational excitation of molecular nitrogen’s electr
ground state by electron impact at 2.4-eV impact energy. The units for the differential cross sectio
10218 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
12 24 36 48 60 72 84 96 108 120 132 144 156 168s i

v

1 53.4 27.7 16.6 11.9 12.5 13.8 14.3 14.0 12.6 14.1 19.1 21.0 32.0~48.0! 220
2 26.7 20.2 12.5 10.5 11.8 12.9 12.6 11.1 8.53 7.36 8.84 9.61 12.5~17.0! 145
3 17.9 10.2 6.25 4.02 3.42 3.14 2.84 2.57 2.17 2.56 3.47 5.21 6.30~9.00! 52.9
4 6.73 3.74 2.31 2.14 2.56 3.15 3.70 4.11 3.80 3.43 3.37 4.01 5.01~6.20! 44.2
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TABLE V. Absolute cross sections for the vibrational excitation of molecular nitrogen’s electr
ground state by electron impact at 2.6-eV impact energy. The units for the differential cross sectio
10218 cm2/sr, while those for the integrated cross sections are 10218 cm2. Parentheses enclose extrapolat
values.

u ~deg!
12 24 36 48 60 72 84 96 108 120 132 144 156 168s i

v

1 ~40.0! 25.5 17.6 13.2 13.7 14.4 15.3 13.9 13.4 13.3 20.8 35.0 43.6~59.0! 242
2 ~14.0! 12.7 9.92 8.06 8.39 8.64 8.50 7.26 6.43 6.22 7.20 12.2 19.9~27.0! 117
3 ~7.00! 5.02 3.08 2.48 2.78 3.11 3.59 3.56 3.07 2.68 3.18 3.46 4.50~5.80! 42.5
4 ~4.70! 3.53 3.09 2.59 3.07 3.65 4.06 3.80 3.87 2.77 3.10 3.44 4.44~5.50! 44.0
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ficiency, and the elastic cross sections used for normal
tion. As these sources are independent of each other,
values were added in quadrature to provide the net un
tainty. Values for these sources of uncertainty, along with
net uncertainties at each impact energy, are provided
Table I.

IV. DISCUSSION OF RESULTS

In its groundX1Pg
1 electronic state, the neutral nitroge

molecule has the electronic configuration@37#

~sg1s!2~su1s!2~sg2s!2~su2s!2~pu2p!4~sg2p!2.

During an electron collision, the2Pg resonance~which is
the ground electronic state of the negative molecular ni
gen ion! is formed if the impinging electron falls into th
energetically lowest vacant orbital, which haspg 2p sym-
metry in the separated-atom scheme, and 3d pg symmetry in
the united-atom scheme. This resonance has a lifetim
approximately the period of one nuclear vibration, and m
decay by autoionization, thus completing the collision p
cess. The ejected electron needs to penetrate anl 52 angular
momentum barrier to escape the N2 core during autoioniza-
tion, so we expect the electron’s angular distribution to
D wave in character@3#. The energy profile of the resonanc

FIG. 5. Absolute differential cross sections for the vibration
excitation of molecular nitrogen by electron impact at 1.9-eV i
pact energy.
a-
eir
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e

exhibits multiple maxima, which arise from interference b
tween the outgoing and reflected nuclear quantum states
ing the collision; these peaks therefore correspond to
nuclear-vibrational levels of the negative molecular nitrog
ion only approximately@38#. Our measurements were pe
formed at impact energies where resonant elastic scatte
into 96° exhibits its peaks—at approximately 1.9, 2.1, 2
and 2.6 eV.

As we see from the absolute numerical values for
cross sections presented in Tables II, III, IV, and V, and th
graphical depictions in Figs. 5 and 6, strongD-wave charac-
ter is in fact present. Figure 5 displays the differential cro
sections for excitation of the first three vibrational levels
N2 at 1.9-eV impact. Here the forward scattering is a lit
stronger than the backward scattering, indicating the subs
tial presence of both direct and resonant components to
scattering process. This is especially noticeable for the e
tation of the third vibrational level. For the two local minim
present in the angular distributions, the lower one mo
from about 50° to about 75° as the vibrational quantu
number increases, while the upper one remains at a ne
constant location of about 120°. The magnitudes of the cr
sections follow the usual pattern, with thev51 results being
the largest, and thev53 results being the smallest.

Displayed in Fig. 6 are the differential cross sections
the lowest four vibrational levels at 2.4-eV impact. The tw

l
-

FIG. 6. Absolute differential cross sections for the vibration
excitation of molecular nitrogen by electron impact at 2.4-eV i
pact energy.
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relative minima in this case hover around 45° and 100°
the vibrational quantum number increases, with the low
minimum nearly disappearing in the presence of the str
forward scattering for excitation of the third vibration
level. Here the cross sections for excitation of the first a
second vibrational levels are of almost equal magnitude
middle angles, while the cross sections for excitation of
fourth vibrational level exceed those for excitation of t
third at high angles.

We compare our 2.1-eV impact differential cross sectio
for excitation of the first vibrational level with those me
sured by Brungeret al. @17# and Brennanet al. @18#, and
with those calculated by Weatherford and Temkin@12# in
Fig. 7. All the cross sections compare resonably well. O
results are generally intermediate in magnitude relative to
other experimental ones. Weatherford and Temkin’s ca
lated cross sections lie below ours at low and middle ang
but are in good agreement with ours at high angles. T
suggests that the calculated direct component is less tha
measured one. Differences among the cross sections ma

FIG. 8. Comparison of absolute differential cross sections
excitation of the first vibrational level of molecular nitrogen b
electron impact at 2.4-eV impact energy.

FIG. 7. Comparison of absolute differential cross sections
excitation of the first vibrational level of molecular nitrogen b
electron impact at 2.1-eV impact energy.
s
r
g

d
at
e

s

r
e
-

s,
is
the
be

attributable chiefly to small differences in impact energy
none of the cross sections were determined at exactly 2.1
impact, and ours were the only ones measured in accord
with the protocol of Sunet al. With much of the available
data and calculations not following this protocol both he
and in several of the following paragraphs, this sort of co
parison was unfortunately the only one possible.

Our v51 excitation differential excitation cross section
are compared with the very recent results of Sunet al. in Fig.
8. The two results are generally of the same order of mag
tude, but discrepancies clearly exist. While both results sh
strong D-wave character, this character is somewhat m
pronounced in the cross sections of Sunet al.Theirs is much
closer to a pureD wave, showing more substantial minima
the neighborhoods of 60° and 120°. One would also be
to strongly suspect that our cross sections represent the
of substantially higher backscattering, though this cannot
inferred for sure, as their cross-section measurements w
not performed at angles any higher than 130°. Such desc

r

FIG. 9. Comparison of absolute differential cross sections
excitation of the fourth vibrational level of molecular nitrogen b
electron impact at 2.4-eV impact energy.

FIG. 10. Comparison of absolute integrated cross sections
excitation of the first vibrational level of molecular nitrogen b
electron impact.
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ancies are likely to stem from the combination of tw
sources. First, the elastic cross sections used for norma
tion purposes were not the same. Secondly, the scatte
angles used for determination of the elastic resonance p
tions were not the same. We use
96°, while they used 60°. As we indicated before, this
critical as Rohr has shown that these positions vary w
angle.

In Fig. 9, we compare our 2.4-eV impact cross sectio
for excitation of the fourth vibrational level with those o
Brungeret al. @17#. Their cross sections have a much stro
ger forward component than ours, and possess what ma
a local minimum at about 80°, while our cross sections h
local minima around 45° and 120°.

Figure 10 shows our absolute integrated cross section
excitation of the first vibrational level along with the resu
of Wong ~see the article by Dube´ and Herzenberg for furthe
discussion of Wong’s results@39#!, of Schulz@14#, of Jung
et al. @40#, and of Brennanet al. @18#. Our result is lower

FIG. 11. Comparison of absolute integrated cross sections
excitation of the second vibrational level of molecular nitrogen
electron impact.
-
,

A

e

a-
ng
si-

s
h

s

-
be
e

or

than Wong’s at 1.9-eV impact, but agrees well with that
Brennan et al. at 2.1-eV impact. We are in accord wit
Wong at 2.4-eV impact, and with Schulz at 2.6-eV impa
Our cross section is lower than Wong’s at this latter imp
energy, however.

In Fig. 11 we compare our integrated cross sections
excitation of the second vibrational level with those
Wong, of Schulz, and of Brennanet al. There is striking
agreement between us and the latter researchers at 2.
impact, while our cross section at 2.6-eV impact compa
well with Wong’s at this energy. At other energies, thoug
agreement is not as good. As Brennanet al.and Weatherford
and Temkin have indicated, these discrepancies may we
due to slight differences in impact energy.

V. CONCLUSION

Using a crossed-beam technique, we have measured
solute differential cross sections for the vibrational excitat
of molecular nitrogen by electron impact in the2Pg shape
resonance region. The scattering angles covered were
12° through 156° in 12° increments, while the impact en
gies used were those of the first four elastic scattering re
nant peaks—approximately 1.9, 2.1, 2.4, and 2.6 eV. T
expected dominantD-wave character was observed in th
absolute differential cross sections. Our results extend
experimentally obtained cross sections to higher-lying vib
tional states and into the backward scattering region.
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