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Normalized differential cross sections (DCS's) for the electron impact excitation of the lowest three singlet
(a', a,co), and lowest five triplet (A, B,W, B',C) valence electronic states of N2, and of the two (3scr )
Rydberg states (E,a") have been determined at seven incident electron energies ranging from 10 to 50
eV. These DCS's were obtained for the scattering-angle range 5' to 138' by analyzing electron energy-loss

spectra in N, at a number of fixed scattering angles within that range. These data, which are the first that
cover such a large incident energy and scattering-angle range for such a wide va. iety of final target states,
show that each of the DCS's for the ten final target states falls into one of four classes. Since the initial
molecular target state is a singlet, and none of the final states studied here!s dipole allowed, these four
classes are determined according to whether the final target state is triplet, singlet, parity-unfavored, or
Rydberg in character. The DCS's for all the final target states change rapidly in shape as the incident
electron energy is varied. Theoretical DCS s obtained from first-order perturbation models (Born-Ochkur
and Ochkur-Rudge) agree poorly with the measured DCS's.

I. INTRODUCTION

Differential cross sections (DCS's) for elastic'
or inelastic electron-atom (molecule) scattering
events contain a great deal of information on the
physics of the electron-target interaction. For
example, individual partial-wave contributions
for the elastic scattering process can be obtained
from the elastic DCS. For inelastic scattering,
quantitative estimates of the contributions from
direct, exchange, direct-polarization, etc. , ex-
citation mechanisms can similarly (in principle)
be determined. Because of this rich information
content in the DCS's, one of the best tests for any
theoretical description of a scattering process is
its ability to reproduce the magnitude and shape of
the angular distributions, at all incident particle
energies and all scattering angles. ln addition to
the role of the DCS in providing information on the
fundamental physics of the interaction of various
particles, it now appears that DCS's for inelastic
electron-atom (molecule) processes are also need-
ed (as well as the customary integral cross sec-
tions) in order to account properly for the behavior
oi electrons in gaseous media (e,g. , inelastic mo-
mentum transfer, etc.).

For electron-atom inelastic scattering, accurate
differential cross sections are just now being de-
termined experimentally, although integral and
total cross sections for selected excitation pro-
cesses have been available for many years for
some species. Absolute DCS's for excitation of

the 2s and 2p states of atomic hydrogen at low in-
cident electron energies have recently been re-
ported' and provide an excellent test" of numer-
ous theories of electron-hydrogen scattering. Sim-
ilarly, absolute DCS's over a range of incident
electron energies and scattering angles have re-
cently been reported ' for the n =2 and 3 states of
helium. As in the case of atomic hydrogen, these
data now serve as reference data to which theories
can be compared. ' Although available DCS data for
excitation of atomic hydrogen include only the n =2
states, the most complete theories appear to be
working reasonably well for this particular target.
However, for excitation of the ~ =3 states in heli-
um, published theoretical results do not agree very
well with experiment, "and this discrepancy has
emphasized the need for improvements in the scat-
tering theory for incident-electron energies above
the ionization threshold.

Data have recently been reported' "on the DCS's
for excitation of complex atomic targets including
Cu, Zn, Bi, and Pb, over a limited range of in-
cident electron energies. ln the case of Cu, the
theory that has been applied" to treat elastic and
inelastic scattering has been only partially suc-
cessful and indicates a need for improved theories
to treat atomic targets with complex electronic
structure.

For inelastic electron-molecule collisions at
low and intermediate incident electron energies,
there is even less DCS information available than
for electron-atom scattering. One of the first
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measurements was carried out by Trajmar et al. ,
who reported" DCS's for excitation of the lowest
sigma triplet state (b 'Z„") in molecular hydrogen
(at five incident electron energies) and compared
the results to the predictions" of a first-order ex-
change (Ochkur-Budge) theory. Trajmar et al."
reported DCS's for excitation of the a 'g, and b 'Z„'

states of O„at seven incident electron energies
from 4 to 45 eV, and scattering angles from 10 to
90 . Linder and Schmidt'~ subsequently reported
DCS's for the same two states from threshold to
7 eV and for scattering angles to 130'. Finally,
Finn and Doering" have recently reported DCS's
for excitation of the a 'II, state of N, over the angu-
lar range 0-90; and for 14 incident electron en-
ergies from 13 to 100 eV.

It should be noted that except for the data of Lin-
der and Schmidt" at low incident electron energies,
previous measurements obtained DCS's only out to
scattering angles of 90' so that information about
large-angle scattering in inelastic scattering has
not been available. All other studies of inelastic
electron-molecule scattering have been confined
to high incident electron energies, small scatter-
ing angles, or both. Lassettre and Skerbele" were
pioneers in collecting and interpreting small mo-
mentum-transfer data in terms of the dipole spec-
trum of the target. Although these data reveal a
great deal about optical and generalized oscillator
strengths and the range of validity of the Born ap-
proximation, they contain relatively little infor-
mation about optically forbidden transitions, and
DCS's for optically allowed and forbidden transi-
tions at low and intermediate electron energies.

Theoretical descriptions of inelastic electron-
molecule scattering have been limited to those
obtained with first-order theories because of the
severe mathematical complexities associated with
the application of improved theories to targets
without spherical symmetry. Furthermore, the
accuracy of these first-order" theories has been
tested primarily against integral cross sections
and has been found to be good in some cases and

poor in others. However, what appears to be fair-
ly good agreement between theory and experiment
for integral cross sections" will be shown below
to be poor agreement when comparing DCS's. This
fact was illustrated by Julienne and Krauss" when

they compared results from a first-order theory
to experiment" for excitation of the a '4, state of
0,. In this case, the theoretical DCS at 10 eV has
an entirely different shape than the experimental
DCS but, because of the sin0 weighting of the DCS,
the resulting integral cross sections differed by
less than a factor of 2. The only other reported'
comparison between theory and experiment for
nonresonant inelastic scattering is for the excita-

tion of the b 'Z„" state of H, . In this case, theoreti-
cal and experimental resu1ts are in fairly good
agreement for incident electron energies of 35 eV
and greater. The reason that DCS's predicted from
a first-order theory should be reasonably good for
transitions in H2 but not for similar ones in 0, is
not c1ear without a reexamination of the details of
those two cases. However, a detailed comparison
between the measured DCS's for excitation of the
states of N, and those predicted by first-order
theories (in the last section of this paper) support
the conclusions drawn by Julienne and Krauss. "

Except for off-resonance DCS's for excitation"
of the lowest two excited states in 0, and those for
excitation" of the a 'II, state of N„ there is no
complete set of DCS's for any molecule that in-
cludes a large range of incident electron energies
and/or many excited states of different symmetry.

This paper reports DCS's for excitation of the
lowest six triplet and the lowest four singlet states
of N, for seven inc ident elec tron energies from 10
to 50 eV. The following paper" presents integral
cross sections for excitation of the same final
states and compares them to both theory and ex-
perimental results obtained by different methods.
The third paper in this series" reports DCS's and
integral cross sections for excitation of nine sing-
let and triplet states in the range 12.5-14.2 eV
above the molecular ground state.

II. EXPERIMENTAL

The measurements reported in this series
of papers on the differential and integral
cross sections were carried out over a period of
four years using two electron-impact spectrom-
eters of different design.

The older instrument" used hemispherical elec-
trostatic energy selectors as the monochromator
and analyzer in combination with simple-aperture
1enses. For this instrument a typical energy reso-
lution was 0.10 eV full width at half maximum
(FWHM), and the angu1ar range extended from
-30' to +90'. The overall electron-detection ef-
ficiency was dependent, to some extent, on the
kinetic energy of the electrons after scattering.
/or this reason, measurements using this spec-
trometer were limited to incident energies g ~20
eV, where the instrumental energy dependence was
small relative to the statistical errors of the inten-
sity measurements. The target gas was contained
in a static gas chamber. The gas pressure and the
incident electron beam current were monitored
during the accumulation of an electron energy-loss
spectrum to ensure identical experimental con-
ditions for the recording of the whole spectrum.
The incident electron energy scale was not cali-
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spectra are small" relative to the instrumental
resolution and can reasonably be neglected. With
these assumptions, the analysis technique is de-
veloped along the lines given earlier, "with some
modification as indicated below.

The rotationally averaged DCS for excitation of
vibrational level v' of electronic state n' at in-
cident energy E and scattering angle 9 is denoted
by a„.„.(E, 8). The scattered-electron current at
energy loss 9' for an "ideal" measuring system of
nearly perfect resolution is related to the total
number of electronic transitions N, containing
M(n') vibrational bands, by

V(n')
I (E, 8, W') = Q g C (I,p, Q, E, cr}g„.„(E,8)

n'=o v'=o

&&g„i„(w' —W„.„i), (

where I (E, 8, W'} is the number of scattered e]ec-
trons per second per steradian at impact energy Z,
scattering angle 6, and energy loss 5 ' from a tar-
get gas of density p. The natural line shape of the
n"v" n'v' -transition is characterized byg, „,(W'
—W„,„,). The quantity C is a complicated function
that depends on the density distribution of the target
gas (p}, the incident electron beam current (Io)
distribution, the solid angle of the various scatter-
ing volume elements within the target beam at the
detector (Q), the detector efficiency (I:), and, to
some extent, on the variation of the DCS within the
detector solid angle. This quantity (C) is kept
constant at fixed E and 0 and cancels out whenever
intensity ra~&0+ from the same energy-loss spec-
trum are used, as long as the dependence of C on
the DCS can be neglected. In the analysis of these
data, this latter assumption has been made, be-
cause model calculations indicate that no signifi-
cant error is introduced by variations of the DCS's
studied in this work.

In practice, energy-loss spectra are affected by
resolution properties of the experimental appara-
tus such that the actual signal 8 is given by

+B(E,8, W, p, I()),

where I'(W' —W) is a function which characterizes
the effective resolution of the measuring device,
and B denotes a. background contribution to the
measured signal. In the work reported here, the
natural line shape is sufficiently narrower than
the line shape produced by the analyzer thatg„, „,
can be approximated as a 5 function in W' space.
Equations (1) and (2) can then be combined and the
integration over 8" done immediately to give

N(n')

S(Z, e, W) =C g a„,„,(Z, 8)l (W„,„,—W)
tl'=0 v'=0

+B(E,8, W, p, I ) .

Within the framework of the Born-Oppenheimer
nuclear-electronic mass-separation approxima-
tion, the relative vibrational intensities are in-
dependent of incident energy and scattering angle
so that 0„,„, can be written as

(x„,„,(Z, 8) =a„,(z, 8) q„.„:, (4)

where q„,„„is the Franck-Condon factor and g„,
'now contains all the information concerning the
angular dependence and absolute value of the DCS
for a given electronic transition. Substituting Eq.
(4) into Eq. (3), the scattered intensity becomes

N e ~')

s(z, e, w) =c ()„,(E, e) q„,„„z(w„... -w)
fi =0 v'=0

+B(z, 8, W, p, I() ) .

One notes that because of the unknown factor C
which appears in the above equations, the g„, ob-
tained for one incident energy cannot be directly
compared to those measured at a different incident
energy. The absolute calibration of these DCS's
obtained at different incident energies will be dis-
cussed in Sec. IIID.

During the time required to accumulate a spec-
trum, I, and p remain constant and, in all cases
encountered, the background was well represented
by the form

g =Q (S~-S)

is minimized, where 0 is the number of data points
and S is as defined in Eq. (5). The canonical equa-
tions to be solved are obtained from (7) as

Bc :0p 6 =&p e ~ e pN
8 ~l

=0, i=1, . . . , L
BQq

B(Z, e, W) = pa,. (E, e)I,. (W),
j=l

where the 5,. are known functions of the energy
loss, and the coefficients a, (E, 8} are to be de-
termined by the analysis procedure.

The quantities X„,(E, 8) =- C o„,(E, 8) and a, (E, 8}
were determined for a given resolution in each
spectrum from Eqs. (5) and (6) by requiring that
the difference between the measured and calculated
spectra, be a minimum in a least-squares sense.
That is, if S„(E,8, W) is the measured signal, then
the quantity
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FIG. 5. A second example of the spectral decomposi-
tion of N2 electron energy-loss data (20 eV, 70') taken
on the older instrument. This measured spectrum
(upper curve) covers nearly the entire energy-loss region
analyzed in this work and contains all the vibrational
levels I. Ref. 17(a)] of the nine lowest electronic states
studied. Only the two vibrational levels associated with
the a" state do not appear in this spectral range. Vibra-
tional levels of some of the electronic states are indicat-
ed in the figure by the vertical lines whose heights are
proportional to the appropriate Franck-Condon factor for
excitation from the ground state. As is the case in Fig.
4, the structure in the difference spectrum is believed
due to an asymmetric line shape and a strong back-
ground.

and the indispensability of a computer technique
to accurately determine the DCS for each elec-
tronic state. Comparison of the calculated spec-
trum with the data, and examination of the differ-
ence spectrum, leads to the conclusion that the
analysis technique generally does very well in fit-
ting the spectrum. None of the N, data analyzed
showed any indication that the Born-Oppenheimer
approximation was breaking down for electron-
impact excitation of N, .

The results shown in Figs. 4 and 5 were obtained
in j.972 but the DCS values obtained from the un-
folding procedure were so surprising that it was
not certain that they could be believed. Because
the QCS values obtained were much larger than
expected, it was thought that perhaps the numeri-
cal techniques u ed to deconvolute the spectra
were introducing spurious values for certain elec-
tronic states (such as the W'h„, w 'a„B' 'Z„, and
a' "g„states) for which no individual vibrational
levels could be seen in the data (from the older
instrument). Construction of the newer machine
described above was completed at about that time,
and it was decided to take additional N, spectra at
higher resolution in order to check the DCS results
and to extend the angular coverage from 90 to 138
deg. Examples of the spectra taken with the newer
instrument are shown in Fig. 2 and the deconvolu-
tion of selected spectra at the same energy is
shown in Fig. 6. Comparisons of Figs. 4 and 6
emphasizes the increased resolution and much
lower background' of the data obtained with the
newer instrument and the increased transparency
of the data in terms of identifying vibrational levels
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FIG. 6. Examples of
the spectral decomposi-
tion of N2 electron energy-
loss spectra (20.6 eV;
40, 60', 115 ) taken on
the newer instrument.
Certain vibrational
levels of some of the
electronic states that
can be readily identified
in the spectra are shown
in the figure by the
ver tical lines. The
higher resolution in
these data allowed
the first identification
of peaks in the spectra
associated with the B',
a', ~, and ~~ s~a~es.
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from the various electronic states. The data shown
in Fig. 6 represented the first identification" of the
W, w, B', and a' states in electron energy-loss
spectra and, in addition, verified that the decon-
volution of the spectra from the older machine
was, in fact, correct.

In more detail, the computer analysis procedure
involved choosing one particular inelastic feature
containing little or no contribution from more than
one vibr ational level

t usually C 'II„(u' = 0) or
A 'Z„'(v' =6)] as a reference peak and accurately
determining its location in each energy-loss spec-
trum by minimizing the rms for small variations
of its channel location in the digitized spectrum.
The reference peak determined in this fashion was
always within one or two channels of that calculat-
ed from spectroscopic data and the location of the
elastic peak. The elastic-peak location was taken
as the zero energy-loss channel, even though
there is a slight angle- and energy-dependent de-
viation of the elastic peak from the zero energy-
loss value as a result of momentum transfer to
the target. The largest value of this shift (at E =50
eV and 8 = 138') is 0.005 eV and can therefore be
neglected for the present data. The above proced-
ure determined the energy-loss axis in each spec-
trum to within an accuracy of one-half the energy-
loss step size used to collect the data (either 0.002
or 0.004 eV, depending on the spectrum). The
nonlinear parameter, the instrumental FTHM,
was then varied and the "best" deconvolution of a
spectrum was assumed to have been found when
the rms was minimized. The computer technique
included the search procedures described above
which were repeated until the process converged.
Contributions from vibrational levels of each elec-
tronic state that appeared in each spectrum were
then summed and, if necessary, renormalized (if
the spectrum did not cover all vibrational levels)
for a given state to provide the total contribution
from each electronic state to that particular en-
ergy-loss spectrum.

The above procedure resulted in the relative
contribution of each electronic state to an energy-
loss spectrum at a particular incident electron
energy and scattering angle. From the assump-. .

tions used in the theory of the analysis techniques,
Eqs. (4) and (5), these relative contributions are
just the relative DCS vaLues for excitation of the
electronic states at that incident energy and scat-
tering angle. These relative DCS's were made
absolute in the manner described in Sec. IIID.

D. Normalization of the DCS's

By determining the inelastic/elastic ratio for one
particular inelastic feature for each energy-loss

10

4A O
lO

E

I

10

IO 0 20 40 60 80 100 l20 (40 l60 l 80
Scat ter ing Ang le (deg)

FIG. 7. Differential cross sections (DCS s) for elastic
scattering of electrons by N2 at five incident electron
energies. Values for incident energies of 12.5 and 17 eV
were interpolated from the data at higher and lower
energies reported in Ref. 1.

spectrum analyzed, and using known absolute
elastic DCS's, all the relative inelastic DCS's were
placed on an absolute scale. Since each energy-
loss spectrum corresponds to one particular in-
cident energy and scattering angle, absolute elas-
tic DCS's were needed for the same incident en-
ergy and scattering angle as used for the inelastic
data. The required absolute elastic DCS's were
either taken directly (for 10, 15, 20, and 50 eV)
from the recent measurements of Srivastava et
al. ' or interpolated (for 12.5 and 17 eV) from the
elastic DCS's measured above and below the spec-
ific energy of interest.

The elastic DCS's used in this work to convert
the relative inelastic DCS's into absolute DCS's
are shown in Fig. 7 and tabulated in Table I. The
elastic DCS's are believed to be accurate to about
15% and are presented here, along with the in-
elastic/elastic calibration, so that improved in-
elastic DCS's can be obtained from the present
data should better elastic DCS's become available
in the future. Peak heights for C 'li„(v' = 0) and/or
A 'Z„'(v' =6), which contain little or no contribution
from other transitions, were determined from all
the spectra and converted to an intensity for ex-
citing the entire electronic state by dividing by the
appropriate Franck-Condon factor. The quantities
determined at each scattering angle and incident
energy were divided by the appropriate elastic-
scattering intensity to give the inelastic/elastic
ratios shown in Figs. 8 and 9. At 10-eV incident
electron energy the C state is not excited (thresh-
old 11.032 eV), and at 12.5 eV the intensity of the
t" state in the inelastic spectra could not be ac-
curately determined. A 'Z„' elastic ratios were
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TABLE I. Differential cross sections (cm /sr), elastic. The notation N-n means N x10 ".
Energy {eV)

Angle
(deg) 10 12.5 15.0 17.0 20.0 30.0 50.0

0 0.259 —15 0.343 —15
10 0.251- 15 0.316-15
20 0.233 —15 0.271 —15
30 0.210 —15 0.224 —15
40 . 0.178 —15 0.174 —15
50 0.141—15 0.130—15
60 0.108 —15 0.965 —16
70 0.752 —16 0.647 —16
80 0.505 —16 0.433 —16
90 0.363 —16 0.322 —16

100 0.450 —15 0.433 —16
110 0.501 —16 0.508 —16
120 0.622 —16 0.650 —16
130 0.772 —16 0.832 —16
140 0.942 —16 0.105 —15
150 0.108 —15 0.124 —15
160 0.118—15 0.139—15
170 0.122 —15 0.148 —15
180 0.123 —15 0.152 —15

0.411—15
0.366 —15
0.296 —15
0.226 —15
0.160 —15
0.113—15
0.802 —16
0.506 —16
0.341 —16
0.266 —16
0.396 —16
0.491 —16
0.647 —16
0.852 —16
0.110—15
0.133 —15
0.152 —15
0.167 —15
0.173 —15

0.530 —15
0.422 —15
0.313—15
0.225 —15
0.150 —15
0.102 —15
0.691—16
0.432 —16
0.291 —16
0.235 —16
0.356 —16
0.475 —16
0.644 —16
0.853 —16
0.109—15
0 ~ 129—15
0.144 —15
0.157 —15
0.162 —15

0.644- 15
0.473 —15
0.327 —15
0.222 —15
0.139—15
0.895 —16
0.573 —16
0.352 —16
0.236 —16
0.201 —16
0.312 —16
0.453 —16
0.634- 16
0.845 —16
0.106—15
0.123 —15
0.135—15
0.144- 15
0.150 —15

0.863 —15
0.582 —15
0.361—15
0,201 —15

' 0.104-15
0.602 —16
0.361—16
0.211—16
0.151—16
0.125 —16
0.164- 16
0.236 —16
0.381 —16
0.622 —16
0.983 —16
0.144 —15
0.194 —15
0.233 —15
0.161—15

0.119—14
0.640 —15
0.311—15
0.146 —15
0.658 —16
0.329 —16
0.192 —16
0.114-16
0.914—17
0.676 —17
0.877 —17
0.155 —16
0.265 —16
0.430 —16
0.649 —16
0.905 —16
0.118—15
0.139—15
0.148 —15

therefore used with the absolute elastic DCS's to
normalize the relative DCS's at these energies.
At the other energies, the C. ll„elastic ratios
were used with the absolute elastic DCS's to nor-

IO

Np

malize the relative inelastic DCS's. The peak in
the inelastic/elastic ra&io that appears in Figs. 8
and 9 at all energies considered in this work near
90' scattering angle is due primarily to a mini-
mum in the elastic DCS's near 90 as shown in
Fig. 7. Data obtained with both the old and the new
instruments were used to construct Figs. 8 and 9,

IO
-I

IO

V

C$

hJ

N IO

IO

V

D
UJ

CD

IO

I040
I

20
I I I I I

40 60 80 IOO 120 l40
Scattering Angle, deg

FIG. 8. Ratio of the DCS for excitation of the g state
to that for elastic scattering as a function of the scatter-
ing angle for two incident electron energies. The error
bars shown represent the combined error in determining
the inelastic and elastic peak intensities in the energy-
loss spectra. The peak in this ratio is due primarily to
the minima in the elastic DCS near 90 scattering angle.

420 eV
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FIG. 9. Ratio of the DCS for excitation of the C state
to that for elastic scattering for five incident electron
energies. See Fig. 8 for additional details.
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and there was generally excellent agreement in the
inelastic ratios obtained from the two instruments
wherever they overlapped. Straight lines have
been drawn to connect the data points since only
the values of the ratio at the data points shown
were used to construct the DCS. The error bars
shown, generally about 25%, represent a con-
servative estimate of the error in the inelastic/
elastic ratio and includes consideration of both
the accuracy and the precision of the measure-
ments.

E. Error analysis

The computational technique used to analyze the
data (Sec. IIIA) was designed to include a deter-
mination of the uncertainty (expressed as a, stan-
dard deviation) in the value derived for each elec-
tronic state used in the deconvolution of the en-
ergy-loss spectrum. Because of the least-squares
basis of this computational technique, the uncer-
tainty associated with each electronic state is a
measure of how sensitive the deconvolution of
the entire energy-loss spectrum is to a variation

,in the strength of the DCS for that particular elec-
tronic state. In more qualitative terms, the un-
certainty in the contribution from a particular
electronic state to a given energy-loss spectrum
will generally be much larger for a state for which
no vibrational levels are visible (in the spectrum)
than for a state whose vibrational levels dominate
the spectrum. Since errors in both the inelastic/
elastic ratio and the elastic DCS are almost the
same for all scattering angles, the deconvolution
error discussed above is of primary importance in
accurately determining the shaPes of each inelastic
DCS. In the following section, where the inelastic
DCS's are discussed, the error bars shown in the
figures are only the deconvolution errors and do
not include contributions from the errors in the
inelastic/elastic ratio or in the magnitude of the
elastic DCS.

IV. RESULTS

The number of electron energy-loss spectra re-
quired to cover the angular region sufficiently to
yield an accurate DCS at each incident electron
energy results in an amount of data which is far
too large to be included here in its entirety. A
few representative examples of the ele'ctron en-
ergy-loss spectra from both the old and new in-
struments have been included here, but space
limitations do not allow the other spectra to be
shown. For similar reasons, figures showing
the derived DCS values and error bars at the mea-
sured angles are also given here only for 10-,
12.5-, 20-, and 50-eV incident electron energies,

rather than for all seven incident energies studied.
As many of these figures as possible have been
included in order to illustrate how the shapes of
the DCS's have been obtained from the data points.
These figures also serve to illustrate how the
DCS's for excitation of certain of the electronic
states are more accurately determined than for
others as a result of some inelastic features being
relatively weak in all the energy-loss spectra.
The N, electron energy-loss and DCS data not
presented here are being collected together and
will appear as a monograph" in the near future.
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FIG. 10. DCS's for excitation of the A, B, W, and a
states of N2 at 10-eV incident electron energy illustrating
how the DCS curves were drawn through the data. Error
bars are shown only if larger than the data-point symbols.
As discussed in the text, the larger the error bar, the
more weakly present is that particular state in the data
at that specific scattering angle. Smooth curves have
been drawn through the data points wherever possible,
but in some cases the "most reasonable" curve does not
pass directly through those data points with large error
bars. The dashed portion of each curve denotes the
regions of extrapolation to scattering angles of 0 and 180'.
These four electronic states are the only ones that could
be obtained from the energy-loss data at 10-eV incident
energy.

A. DCS's at fixed incident electron energy

Figures 10-13 show the DCS data points and
uncertainties as obtained from the electron en-
ergy-loss spectra (at 10, 12.5, 20, and 50 eV) at
various scattering angles and illustrate how smooth
curves have been drawn through the data points to
obtain the DCS's. In all these figures, an error
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for the a '9, state at 10 eV, shown in Fig. 10, mhich
is considerably more uncertain at the large scat-
tering angles than the DCS's for the other states
determined at 10 eV because of the large error bar
associated with the 138 data point.

The DCS's shomn in Figs. 10-13mere extra-
polated to scattering angles of 0 and 180'by dram-
ing smooth curves through the data points. Par-
ticular attention mas paid to DCS's at small scat-
tering angles because of their relationship to the
generalized oscillator strength. The DCS's for
the various electronic states, as a function of the
incident electron energy, approach 0 scattering
angle in such a variety of ways that it was found
essential to have data at 5' in order to estimate
DCS's at 0 . Electron energy-loss spectra from
both instruments were used to construct the DCS's
and, in the few cases where the results from the
two sets of data disagreed, a preference toward
the data from the new instrument was employed in
drawing the DCS's.

IO B. DCS's as a function of the incident electron energy

1. States with triplet character
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FIG, 11. Same as Fig. 10, but for an incident electron
energy of 12.5 e U and for the A, B, +', a, B', and ~
states. See Fig. 10 for additional details.

bar is shown only when larger than the symbol
used to denote the data point. In some cases, the
smooth DCS curve has been drawn somewhat arbi-
trarily because of large error bars on certain
data points. As a result of this procedure, the
uncertainty in the shape of the DCS for certain
electronic states at certain incident energies may
be somewhat greater than the average uncertainty
in the other DCS's. An example of this is the DCS

Figures 14-17 show the DCS's for excitation of
theA 'Z„', B 'll, IV b, , and C 'll„states at the
seven different incident electron energies studied
in this mork. These four states are characterized
by DCS's that generally increase as the scattering
angle increases, which distinguishes them from
the DCS's for the other states studied. For each
of these four states there are one or more energies
for mhich the DCS does not strictly increase mono-
tonically but, generally speaking, the DCS's for these
states have a small forward scattering component
and a large backscattering component. The most
notable exception to this behavior is the DCS for
excitation of the 5 '~„at 10 eV which appears to
have a weak backscattering component. The cause
for this different shape is not clear but is perhaps
due to a combination of the ~ symmetry of the final
state and the fact that the incident electron energy
is close to the excitation threshold.

The DCS's for excitation of the A Q+ state all
demonstrate a, peculiarity for which there is pres-
ently no clear explanation. That is, as seen in
Fig. 14, the DCS's all shorn a dip at a scattering
angle near 115 . Additional energy-loss data were
taken around 115' at a few selected incident ener-
gies to be sure the appearance of the dip was not
instrumental in origin. All the data indicate that
the dip is a. genuine property of the A Q„' state
and does not appear in any of the other DCS's
studied in this work (except possibly the Q 'll„
state at 15 eV). An explanation for this dip that
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FIG. 14. DCS's for excitation of the A state for seven
incident electron energies. The curves shown in this
figure were obtained by drawing smooth curves through
data points as illustrated in Figs. 10-13. The data
points and error bars have been omitted for purposes of
clarity.

comes to mind is that it is related to a broad reso-
nance process involving the A state. Recent mea-
surements" have identified a core-excited shape
resonance, with theA. state as the parent, which
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FIG. 16. DCS's for excitation of the &state for seven
incident electron energies. See Fig. 14 for additional
details.

has an effect on A -state excitation cross sections.
The aspect of the present results that is difficult
to explain is that the dip shown in Fig. 14 is pres-
ent for inciderit electron energies from 12.5 to at
least 50 eV, while the resonance observed by Maz-
eau et al."extends only over the 9-11-eV region.
For this reason, this observed narrow resonance
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FIG. 15. DCS's for excitation of the B state for seven
incident electron energies. See Fig. 14 for additional
details.

FIG. 17. DCS"s for excitation of the C state for five
incident electron energies. See Fig. 14 for additional
details.
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TABLE H. Differential cross sections (cln /sr), A 3Z'„. N—n means N && 10~.

Angle
(deg) 10 12.5 15.0

Energy (eV)

17.0 20.0 30.0 50.0

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.168 —18
0.330 —18
0.545 —18
0.754 —18
0.954 —18
0.108 —17
0.117—17
0.124 —17
0.127 —17
0.124.—17
0.117—17
0.107 —17
0.102 —17
0.995 —18
0.987 —18
0.987 —18
0.102 —17
0.105 —17
0.109—17

0.203 —18
0.373 —18
0.621 —18
0.813 —18
0.915—18
0.110—17
0.138 —17
0.167 —.17
0.192 —17
0.137 —17
0.113—17
0.108 —17
0.113—17
0.135—17
0.172 —17
0.218 —17
0.260 —17
0.284 —17
0.294 —17

0.122 —17
0.883 —18
0.698 —18
0.649- 18
0.712 —18
0.897 —18
0.114—17
0.141—17
0.168 —17
0.191—17
0.189—17
0.182 —17
0.189—17
0.215 —17
0.253 —17
0.290 —17
0.322 —17
0.342 —17
0.344 —17

0.569 —18
0.588 —18
0.617 —18
0.664 —18
0.759 —18
0.949 —18
0.131—17
0.165 —17
0.186 —17
0.185—17
0.157 —17
0.120 —17
0.132 —17
0.213 —17
0.323 —17
0.408 —17
0.493 —17
0.569- 17
0.645 —17

0.653—
0.957—
0.140—
0.197—
0.280.—
0.397—
0.548—
0.733—
0.898—
0.102-
0.102—
0.992—
0.125—
0.224-
0.350—
0.490—
0.642—
0.759—
0.855—

19 0.132—18
19 0.147 —18
18 0.154 —18
18 0.159—18
18 0.167 —18
18 0.182 —18
18 0.225 —18
18 0.301—18
18 0.409 —18
17 0.506 —18
17 0.518 —18
18 0.498 —18
17 0.602 —18
17 0.108 —17
17 0.169—17
17 0.226 —17
17 0.277 —17
17 0.320 —17
17 0.345 —17

0.430 —19
0.512 —19
0.612 —19
0.740 —19
0.896 —19
0.111—18
0.137 —18
0.165 —18
0.192 —18
0.216 —18
0.208 —18
0.194—18
0.244- 18
0.525 —18
0.103—17
0.158 —17
0.215- 17
0.260 —17
0.283 —17

is most likely not responsible for all the charac-
teristics of the dip observed around 115 scatter-
ing angle.

The DCS's for excitation of the B'll„W'a„, and
C 'H„possess no particularly striking characteris-
tics that persist at all incident energies other than
the trend toward backscattering discussed above.

The DCS for excitation of the W state at 10 eV
appears to have an anomalously small backscatter-
ing component, and there appears to be a dip in the
DCS for excitation of the Q state near 115 at 15-
eV incident energy, but these effects do not appear
to be present at other incident electron energies.
Another interesting property that the DCS's for the

TABLE III. Differential cross section (cm'/sr), 83'. N- n means N x 10

Angle
(deg} 10 12.5 15.0

Energy {eV)

17.0 20.0 30.0 50.0

0 0.152 —18
10 0.273 —18
20 0.465 —18
30 0.682 —18
40 0.930 —18
50 0.114—17
60 0.137 —17
'70 0 ~ 162 —17
80 0.185 —17
90 . 0.210 —17

100 0.234 —17
110 0.257 —17
120 0.263 —17
130 0.245 —17
140 0.221 —17
150 0.193—17
160 - 0.167 —17
170 0.143 —17
180 0.120 —17

0.169—18
0.271 —18
0.452 —18
0.666 —18
0.949 —18
0.133 —17
0.177 —17
0.226 —17
0.271 —17
0.299 —17
0.317 —17
0.324 —17
0.323 —, 17
0.314 —17
0.298 —17
0.280 —17
0.260 —17
0.239-17
0.218 —17

0.268 —18
0.296 —18
0.350 —18
0.467 —18
0.655 —18
0.854 —18
0.111—17
0.132 —17
0.157 —17
0.185 —17
0.236 —17
0.313—17
0.347 —17
0.319—17
0.262 —17
0.205 —17
0.157 —17
0.114—17
0.854 —18

0.180 —18
0.436 —18
0.759 —18
0.996 —18
0.1].6 —17
0.125 —17
0.133—17
0.134—3.7
0.133—17
0.136—17
0.148 —17
0.169—17
0.195—17
0.220 —17
0.245 —17
0.262 —17
0.27 5 —17
0.273 —17
0.261 —17

0.128 —18
0.286 —18
0.438 —18
0.543 —18
0.584 —18
0.600 —18
0.609 —18
0.642 —18
0.703 —18
0.840 —18
0.114—17
0.145 —17
0.177 —17
0.209 —17
0.244 —17
0.274 —17
0.307 —17
0.344 —17
0.385 —17

0.137 —18
0.169—18
0.198 —18
0.221 —18
0.243 —18
0.261 —18
0.293 —18
0.345 —18
0.417 —18
0.530 —18
0.690 —18
0.915—18
0.123 —17
0.170—17
0.231—17
0.285 —17
0.339—17
0.385 — 7
0.409 —17

0.567 —19
0.695 —19
0.859 —18
0.112—18
0.122 —18
0.137 —18
0.153—18
0.174 —18
0.196—18
0.224 —18
0.261 —18
0.314—18
0,388 —18
0.489 —18
0.621 —18
0.795 —18
0.987 —18
0.118 —17
0.136—17
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TABLE IV. Differential cross sections (cm /sr), S'3&„.N-n means N x 10 ".

Angle
(deg) 10 12.5 15.0

Energy (eV)

17.0 20.0 30.0 50.0

0 0.754 —19
10 0.102 —18
20 0.160 —18
30 0.297 —18
40 0.465- 18

. 50 0.529 —18
60 0.569 —18
70 0.602 —18
80 0.61.8 —18
90 0.634 —18

100 0.646 —18
110 0.642 —18
120 0.602 —18
130 0.465 —18
140 0.329 —18
150 0.213 —18
160 0.128 —18
170 0.730 —19
180 0.401 —19

0.192 —18
0.294 —18
0.441 —18
0.655 —18
0.938 —18
0.129 —17
0.169—17
0.215 —17
0.243 —17
0.241 —17
0.224 —17
0.211—17
0.207 —17
0.210 —17
0.215 —17
0.225 —17
0.237 —17
0.249 —17
0.263 —17

0.107 —17
0.934 —18
0.854 —18
0.840 —18
0.925 —18
0.111—17
0.134—17
0.164 —17
0.202 —17
0.245 —17
0.299 —17
0.362 —17
0.424 —17
0.478 —17
0.518 —17
0.547 —17
0.552 —17
0.529 —17
0.484 —17

0.607 —18
0.977 —18
0.131—17
0.143 —17
0.147 —17
0.152 —17
0.159—17
0.173—17
0.194—17
0.228 —17
0.266 —17
0.313—17
0.384 —17
0.470 —17
0.569 —17
0.664 —17
0.759 —17
0.844 —17
0,902 —17

0.607 —18
0.578 —18
0.518 —18
0.453 —18
0.420 —18
0.438 —18
0.502 —18
0.619—18
0.81.7 —18
0.112—17
0.168 —17
0.245 —17
0.333 —17
0.420 —17
0.508 —17
0.595 —17
0.677 —17
0.770 —17
0.863 —17

0.803 —19
0.102 —18
0.128 —18
0.159—18
0.195—18
0.233 —18
0.282 —18
0.341 —18
0.417 —18
0.506 —18
0.634 —18
0.803 —18
0.102 —17
0.130—17
0.162 —17
0.199—17
0.236 —17
0.271 —17
0.301—17

0.238 —19
0.402 —19
0.621 —19
0.841 —19
0.996 —19
0.110—18
0.124 —18
0.146 —18
0.176 —18
0.215 —18
0.254 —18
0.293 —18
0.334 —18
0.379—18
0.430 —18
0.480 —18
0.539 —18
0.603 —18
0.676 —18

A. , B, and W states share is a generally weak for-
ward scattering at the lower incident energies that
increases as the incident energy increases. Al-
though this trend appears to be followed fairly mell
for these states, it is not a dominant effect and
appears to have some exceptions as noted in Fig.
16 for the g state at 15 and 50 eV. Tabulated

DCS's for the A. , B, 5, and C states are given
in Tables II-V respectively.

2. Stutes with Z character

The only rigorous selection rule for inelastic
electron-molecule scattering presently knomn is

TABLE V. Differential cross sections (cm /sr), C30„. N-n means N x10~.

Angle
~ (deg) 15.0 17.0

Energy (ev)

20.0 30.0 50.0

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.712 —18
0.994 —18
0.128 —17
0.158 —17
0.188 —17
0.219 —17
0.248 —17
0.285 —17
0.316—17
0.333 —17
0.322 —17
0.305 —17
0.330 —17
0.396 —17
0.453 —17
0.481 —17
0.495 —17
0.507 —17
0.507 —17

0.626 —18
0.740 —18
0.844 —18
0.949 —18
0.102 —17
0.112—17
0.123 —17
0.140 —17
0.161—1.7
0.180 —17
0.199—17
0.210 —17
0.219 —17
0.226 —17
0.228 —17
0.231 —17
0.235 —17
0.235 —17
0.234 —17

0.315—18
0.397 —18
0.490 —18
0.595 —18
0.700 —18
0.794- 18
0.863 —18
0.910—18
0.957 —18
0.105—17
0.121—17
0.155—17
0.190—17
0.212- 17
0.230 —17
0.245 —17
0.257 —17
0.267- 1.7
0.277 —17

0.225 —18
0.281 —18
0.285 —18
0.289 —18
0.293 —18
0.305 —18
0.321-18
0.349 -18
0.393 —1.8
0.466 —18
0.586 —18
0.731 —18
0.867 —18
0.987 —18
0.108 —17
0.112—17
0.112—17
0.108 —1.7
0.104-17

0.165—18
0.152 —18
0.137 —1.8
0.126 —18
0.118—18
0.114-18
0.119—18
0.137 —18
0.166 —18
0.215 —1.8
0.259 —18
0.291.—18
0.303 —18
0.302 —18
0.286 —18
0.257 —18
0.224- 18
0.190—18
0.155 —18
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FIG. 18. DCS's for excitation of the B' state for six
incident electron energies. The extrapolated portions of
the curves that may be uncertain are shown by the short-
dashed lines. See Fig. 14 for additional details.

that the DCS for a Z'-p transition is identically
zero at 0' and 180' scattering angles. This selec-
tion rule was discovered during the analysis" of
electron energy-loss data in 02 (for the g

FIG. 19. DOS's for excitation of the a' state for five
incident electron energies. See Figs. 14 and 18 for
additional details.

transition) and was later proven theoretically'4 to
apply to all linear molecules. The only case for
which this selection rule has been observed pre-
viously is the ('Z, -'Z') excitation in 02, and in
that case, the DCS's did not extend beyond 90 .

Figures 18 and 19 show the DCS's for excitation
ot' the ~' M, and a' 'g„states of N, for a number
of different incident electron energies. Both sets
of DCS's demonstrate a dramatic fall-off at small

TABLE VI. Differential cross sections (cm /sr), B' &„. K-n means N x10

Angle
(deg) 12.5 15.0

Energy (eV)

17.0 20.0 30.0 50.0

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.113—19
0.237 —18
0.463 —18
0.621 —18
0.689 —18
0.734 —18
0.813 —18
0.949 —18
0.103—17
0.926 —18
0.734 —18
0.520 —18
0.350 —18
0.260 —18
0.192—18
0.135-18
0.791-19
0.339—19
0,113—19

0.285 —20
0.157 —18
0.313—18
0.484 —18
0.626 —18
0.755 —18
0.840 —18
0.789 —18
0.774- 18
0.940 —18
0.115—17
0.137 —17
0.151—17
0.159—17
0.157 —17
0.134—17
0.854- 18
0.342 —18
0.285 —20

0.949 —21
0.361 —19
0.797 —19
0.125 —18
0.152 —18
0.166 —18
0.190-18
0.232 —18
0.318 —18
0.503 —18
0.977 —18
0.148 —17
0.175—17
0.171—17
0.144 —17
0.103—17
0.569 —18
0.218 —18
0.949 —21

0.117—20
0.117—20
0.117—20
0.233 —20
0.187 —19
0.490 —19
0.817 —19
0.107 —18
0.135—18
0.198—18
0.496 —18
0.852 —18
0.106 —17
0.104-17
0.852 —18
0.560- 18
0.233 —18
0.537 —19
0.117—20

0.803 —21
0.377 —18
0.498 —18
0.425 —18
0.289 —18
0.193—18
0.152 —18
0.132 —18
0.127 —18
0.137 —18
0.193—18
0.317 —18
0.522- 18
0.558 —18
0.578 —18
0.522 —18
0.385- 18
0.201 —18
0.803 —21

0.914—21
0.731—18
0.347 —18
0.256- 18
0.914—19
0.612 —19
0.494 —19
0.466 —19
0.503 —19
0.594 —19
0.841 —19
0.137—18
0.228 —18
0.297 —18
0.302 —18
0.219—18
0.123—18
0.457 —19
0.914-21
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TABI E VII. Differential cross sections (cm /sr), a' Z„. N —n means N & 10

Angle
(deg) 15.0 17.0

Energy (eV)

20.0 30.0 50.0

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.285 —20
0.228 —18
0.455 —18
0.669 —18
0.854 —18
0.103 —17
0.111- 17
0.982 —18
0.769 —18
0.683 —18
0.755 —18
0.920 —18
0.107 —17
0.104 —17
0.868 —18
0.598 —18
0.285 —18
0.569 —19
0.285 —20

0,949 —21
0.199—18
0.266 —18
0.247 —18
0.223 —18
0.214 —18
0.218 —18
0.235 —18
0.273 —18
0.365 —18
0.626 —18
0.977 —18
0.106- 17
0.854 —18
0.503 —18
0.190 —18
0.531 —19
0.123 —19
0.949 —21

0.117—20
0.373 —19
0.152 —18
0.177 —18
0.154 —18
0.146 —18
0.144 —18
0.149 —18
0.166 —18
0.203 —18
0.303 —18
0.560 —18
0.782 —18
0.852 —18
0.735 —18
0.467 —18
0.175 —18
0.350 —19
0.117—20

0.803 —21
0.281 —18
0.434 18
0.325 —18
0.181—18
0.120 —18
0.987 —19
0.907 —19
0 ~ 947 —19
0.119—18
0,177 18
0.289 —18
0.337 —18
0.301 —18
0.201 —18
0.939 —19
0.321 —19
0.803 —20
0.803 —21

0.914 —21
0.160 —17
0.731 —18
0.297 —18
0.149 —18
0.868 —19
0.640 —19
0.603 —19
0.649 —19
0.758 —19
0.950 —19
0.121 18
0.154 —18
0.178 —18
0.176 —18
0.128 —18
0.612 —19
0.192 19
0.914 21

scattering angles, and these present results are
the first to indicate that the DCS's also fall off at
180'. Inspection of these two figures also reveals
another interesting characteristic of the DCS's.
Namely, as the incident electron energy increases,
the DCS develops a well pronounced double-peaked
shape and the forward-scattering peak increases
while the backscattering peak decreases. The
DCS's for these two states are remarkably similar,
the only apparent differences being that those for
the a' state have a somewhat stronger forward peak
(compared to that for the B' state at the same en-
ergy), while those for the B' state are slightly
more isotropic at the lower energies with a slight-
ly larger. backscattering peak. It is interesting to
note that the cross section for excitation of either
of these states is identically zero in the Born,
Ochkur-Rudge, or equivalent approximation. ' ~'

It is also noted that, due to the double-peaked
nature of the DCS's, an angular momentum analy-
sis of the g'-Z excitation process mill likely be
complicated. Tabulated DCS's for the B' and a'
states are given in Tables VI and VII, respectively.

the DCS's for the sv state are relatively large, it
is still fairly certain that these DCS's are not
&««g~y forward peaked except for energies great-
er than 30 eV. As will be discussed in Sec. IVB1,

ioa

IO'

«u~
E

CO

~ 10

4

IO

3. States with singlet character

Figures 20-22 shorn the DCS's for excitation of
the a'II, and zu '~„states for a number of different
incident electron energies. For incident electron
energies greater than 12.5 eV for the a state, and
30 eV for thewy state, these DCS's are character-
ized by relatively strong forward peaking, particu-
larly for the a state. Although the uncertainties in

N& (a Iig)

IO4 I I I i I I I I

0 20 40 60 80 IOO I 20 I 40 I60 I80
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FIG. 20. DCS's for excitation of the a state for seven
incident electron energies. See Figs. 14 and 18 for
additional details.
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FIG. 22. DCS's for excitation of the ~ state for six
incident electron energies. See Figs. 14 and 18 for addi-
tional details.

a qualitative model for excitation of singlet states
would predict strong forward peaking in the DCS's.

The present DCS results for excitation of the
a '0 state are compared in Fig. 21 with the results
of Finn and Doering, "who obtained DCS's by visu-
al inspection of electron energy-loss data in N, .
The angular measurements of Finn and Doering on-
ly extended to 92' scattering angle and, for lack of
other information, they assumed a constant value
for the DCS's from 92 to 180'. For scattering
angles less than about 40', the results of Finn and
Doering are in good agreement with the present
measurements except at 15 eV. For angles great-
er than 40', Fig. 21 shows that the values of the
DCS's deduced by Finn and Doering are generally
greater than the present results. This is most
likely due to the fact that their data analysis
scheme did not account for the numerous vibra-
tional levels from other electronic states (e.g. ,
a', B', W, ur) that exist in the same energy-loss
region as the a 'lI, state. Since these states have
appreciable excitation cross sections at interme-
diate scattering angles (see Figs. 16, 18, 19, and
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TABLE VIII. Differential cross sections (cm /sr), a'II~. N-n means N &10".

Energy (eV)
Angle
(deg) 10 12.5 15.0 17.0 20.0 30.0 50.0

0 0.168 —18
10 0.277 —17
20 0.417 —18
30 0.557 —18
40 0.682 —18
50 0.569 —18
60 0.369 —18
70 0.325 —18
80 0.301 —18
90 0.285 —18

100 0.237 —18
110 . 0.185 —18
120 0.140 —18
130 0.104 —18
140 0.726 —19
150 0.553 —19
160 0.401 —19
170 0.281 —19
180 0.201 —19

0.113—17
0.192 —17
P.311—17
0.325 —17
0.289 —17
0.234 —17
0.191—17
0.159 —17
0.137 —17
Q. 120 —17
0.112—17
Q. 107 —17
0.983 —18
0.802 —18
0.621 —18
0.474 —18
0.373 —18
0.294 —18
0.237 —18

0.108 —16
0.797 —17
0.555 —17
0.399 —17
0.293 —17
0.228 —17
Q.182 —17
0.154 —17
0.134 —17
0.131 17
0.140 —17
0.145 —17
0.140 —17
0.122 —17
0.996 —18
0.783 —18
0.598 —18
0.427 —18
0.313—18

0.238 —16
0.185 —16
0.130—16
0.826 —17
0.503 —17
0.285 —17
Q.161—17
0.113—17
0.101—17
0.104 —17
0.117—17
0.126 —17
0.127 —17
0.120 —17
0.107 —17
0.854 —18
0.797 —18
0.684 —18
0.531 —18

0.210 —16
0.177 —16
0.129 —16
0.770 —17
0.350 —17
0.131—17
0.747 —18
0.729 —18
0.805 —18
0.992 —18
0.128 —17
0.152 —17
0.155 —17
0.143 —17
0.124 —17
0.105 —17
0.852 —18
0,665 —18
0.513 —18

0.209
0.153
0.939
0.401
0.120
0.779
0.698
0.706
0.747
0.819
0.899
0.101
0.114
0, 127
0.140
0.149
0.154
0.157
0.154

—16
—16
—17
—17
—17
—18
—18
—18
—18
—18
—18
—17
—17
—17
—17
—17
—17
—17
—17

0.457 —16
0.228 —16
P.621 —17
P.113—17
0.494 —18
0.298 —18
0.223 —18
0.186—18
0.176 —18
0.183 —18
0.210 —18
0.260 —18
0.343 —18
0.494 —18
0.731 —18
Q. 102 —17
0.135—17
0.167 —17
0.192 —17

22), their neglect in the data analysis will lead to
an overestimation of the DCS for excitation of the
g 'll, state. The present results also show that,
particularly at the higher incident electron en-
ergies, the DCS's are not constant for scattering
angles greater than 90', as assumed by Finn and
Doering. " The DCS's for excitation of the g and

ze states are tabulated in Tables VIII and IX, re-
spectively.

4. States with Rydberg character

The DCS's for excitation of the g Q' and g" 'g+

(3so ) Rydberg states, shown in Figs. 23 and 24,
contain a peculiar hump near 40' scattering angle,
for incident electron energies at 30 eV and above.
Furthermore, for incident electron energies of
17 eV and greater, the DCS's for excitation of the
E state appear to be strongly forward peaked and

TABLE IX. Differential cross sections (cm /sr), so +. N-n means N && 10 ".

Energy (eV)
Angle
(deg) 12.5 15.0 17.0 20.0 30.0 50.0

0
10
20
30
4p
50
60
70
80:
90

100
110
120
13p
14p
15p
160
170
180

0.203 —18
0.542 —18
0.106 —17
0.135—17
0.133—17
0.116—17
0.105 —17
0.983 —18
0.926 —18
0.881 —18
0.847 —18
0.825 —18
0.779 —18
0.666 —18
0.553 —18
0.429 —18
0.316-18
0.237 —18
0,169—18

0.177 —17
0.131—17
0.982 —18
0.783 —18
0.655 —18
0.581 —18
0.567 —18
0.626 —18
0.755 —18
0.854 —18
0.811—18
0.746 —18
0.766 —18
0.814- 18
0.911—18
0.996 —18
0.110—17
0.117—17
0.125 —17

0.166—17
Q.114—17
0.778 —18
0.579 —18
0.465 —18
0.408 —18
0.370 —18
0.351—18
0.389- 18
0.446 —18
0.503 —18
0.560 —18
0.617 —18
0.664- 18
0.683 —18
0.674 —18
0.636 —18
0.579 —18
p.522 —18

0.128 —17
0.572 18
0.338 —18
0.253 —18
0.222 —18
0.210- 18
0.204 —18
0.189—18
0.170—18
0.170—18
0.198 —18
0.251 —18
0.323 —18
0.385 —18
0.436 —18
0.478 —18
0.518 —18
Q.554 —18
0.584 —18

0.297 —18
0.259 —18
0.223 —18
0.185 —18
0.156 —18
0.133—18
0.122 —18
0.119—18
0.120 —18
0.127 —18
0.138 —18
P.154 —18
0.183—18
0.225- 18
0.287 —18
0.369- 18
0.441 —18
0.502 —18
0.538 —18

P.804 —18
0.457 —18
0.178 —18
0.695 —19
0.402 —19
0.283 —19
0.238 —19
0.238 —19
0.256 —19
0.292 —19
0.356 —19
0.448 —19
0.567 —19
0.676 —19
0.786 —19
0.877 —19
0.941 —19
0.101—18
0.106 —18
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Angle
(deg) 15.0 20.0 30.0 50.0

0
10
20
30
40
50
60
70
80
90

100
110
120
13Q
140
150.
16Q
170
180

0.122 —19
0.128 —19
0.140 —19
0.157 —19
0.182 —19
0.219 —19
0.256 —19
0.276-,. 19
0.285 —19
0.285 —19
0.276 —19
0.262 —19
0.245 —19
0.225 —19
0.205 —19
0.185—19
0.168 —19
0.151 19
0.134 —19

0.313—19
0.361 —19
0.380- 19
0.389 —19
0.380 —19
0.351 —19
0.323 —19
0.285 —19
0.266 —19
0.247 —19
0.237 —1.9
0.228 —19
0.218 —19
0.209 —19
0.199—19
0.19Q —19
0.180 —19
0.171—19
P.161—19

0.455 —18
0.303 —18
0.163 —18
0.665 —19
0.292 —19
0.245 —19
0.245 —19
0.257 —19
0.280 —19
0.315 —19
0.362 —19
0.432 —19
0.513 —19
0.607 —19
0.735 —19
0.863 —19
0.980 —19
0 ~ 108 —18
0.117—18

0.594 —18
0.337 —18
0.132 —18
0.682 —19
0.594 —19
0.450 —19
0.345 —19
0.289 —19
0.257 —19
0.241 —19
0.225 —19
0.225 —19
0.225 —19
0.225 —19
0.233 —19
0.233 —19
0.241 —19
0.241 —19
0.249 —19

0.457 —18
0.228 —18
0.274 —19
0.114 19
0.139—1g
0.111—1g
0.658 —20
0.539 —20
0.484 —20
0.457 —20
0.448 —20
0.439 —20
0.439 —20
0.430 —20
0.430 —20
0.420 —20
0.420 —20
0.411—20
0.411—20
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TABLE XI. Differential cross sections (cm /sr), g" Z~. N —n means N && 10 ".

Angle
(deg) 15.0

Energy (eV)

30.0 50.0

0

20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

0.370 —17
0.171—17
0.626 —18
0.370 —18
0.299 —18
0.271 —18
0.256 —18
0 ~ 245 —18
0.231 —18
0.228 —18
0.222 —18
0.219 —18
0.213 —18
0.211 —18
0.208 —18
0.205 —18
0.202 —18
0.199—18
0.196—18

0.142 —17
0.108 —17
0.769 —18
0.474 —18
0.256 —18
0.190-18
0.180 —18
0.187 —18
0.201 —18
0.223 —18
0.237 —18
0.244 —18
0.245 —18
0.240 —18
0.233 —18
0.224 —18
0.213 —18
0.202 —18
0.190—18

a

0.338 —17
0.204 —17
0.126 —17
0.782 —18
0.513 —18
0.350 —18
0.268 —18
0.211 —18
0.187 —18
0.177 —18
0.204 —18
0.260 —18
0.356 —18
0.502 —18
0.735 —18
0.969 —18
0.121 —17
0.141 —17
0.152 —17

0.369 —17
0.136 —17
0.329 —18
0,210 —18
0.224 —18
0.195—18
0.144 —18
0.122 18
0.119—18
0.119—18
0.122 —18
0.131—18
0.141 18
0.154 —18
0.170 —18
0.189 —18
0.211 —18
0.236 —18
0.265 —18

0.731 —17
0.110—17
0.174 —18
0.165- 18
0.196—18
0.155- 18
0.117—18
0.978 —19
0.886 —19
0.795 —19
0.768 —19
0.731 —19
0.704 —19
0.685 —19
0.667 —19
0.649 —19
0.631 —19
0.612 —19
0.594 —19

the DCS"s for the E and a" states at energies of
20 eV' and higher suggests that the difference in
the strength of the singlet and triplet coupling of
the Hydberg electron to the N2(X'Z+) core is rela-
tively weak compared to other factors affecting the
scattering process. This interpretation has a cer-
tain intuitive appeal based on the picture of the
Bydberg electron as very diffuse, and this type of
weak coupling (g„m) in Bydberg states has been
studied in optical spectroscopy. " The DCS's for
excitation of the E and g" states are tabulated in
Tables X and XI, respectively.

V. DISCUSSION OF RESULTS

A. Semiclassical interpretation of the DCS's

A simple, semiclassical picture of the electron-
impact excitation process can be used as a quali-
tative explanation of many of the characteristic
features of the DCS's for excitation of the singlet,
triplet, and Hydberg states of N, and perhaps other
diatomic molecules.

Singlet-singlet excitations

Electron-impact excitation processes in neutral
targets between singlet states are associated with
interaction potentials of various range, ~ according
to whether the transition is allowed by electric-
dipole, magnetic-dipole, electric-quadrupole,
etc. -type terms. These interactions are of longer
range than the exchange interactions and can ac-
count for the observed forward peaking in the DCS's

as follows. Long-range interactions correspond to
large classical impact parameters and therefore
small scattering angles. Since a relatively large
number of the scattering events occur at large
impact parameters, forward scattering will domi-
nate the DCS for singlet-singlet transitions at the
higher incident electron energies. Although no
dipole-allowed transitions are reported here,
DCS's for excitation of three singlet states are
presented which demonstrate this characteristic
at the higher-impact energies. Both previously
published work~ and work to be reported20 show
this effect for states that are dipole-connected to
the ground state.

2. Singlet-triplet excitation

Singlet-triplet (or triplet-singlet) excitation pro-
cesses in low-Z atoms or diatomic molecules
(where l-s coupling dominates) are generally ex-
change scattering in character in which the incident
electron replaces one of the target electrons, which
then becomes the scattered electron. The classi-
cal picture for this process requires that the in-
cident electron penetrate the electron cloud of the
target in order that the exchange of identical par-
ticles occur. The range of impact parameters for
which this penetration can occur (classically) is
relatively small, and therefore DCS's for exchange
excitations mould be expected to have little or no
forward peaking. Figures 14-17 illustrate this
characteristic in that none of these DCS's show
significant forward peaking. This classical picture
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of exchange scattering also allows for a qualitntive
description of the general backward peaking (see
Figs. 14-17) of DCS's for the exchange excitation
processes. That is, the requirement that the in-
cident electron penetrate the electron cloud of the
target means that many of the scattering events
will be "direct hits. " Qne can rationalize that the
electron-electron repulsion then forces the "scat-
tered" electron back in the same general direction
from which the incident electron came.

3. Excitation of Rydberg and Z states

The DCS's for excitation of the E and a" states
are strikingly similar, as seen from Figs. 23 and
24. These states are both formed from the (3o,
-3so ) excitation, for triplet and singlet coupling
to the ¹('g,') core, respectively. The immediate
conclusion to be drawn from the similarity of the
DCS's is that the Rydberg electron is only loosely
spin-coupled to the N',, core, as pointed out above.
The strong forward peaking of the DCS's further
suggests (in the classical model) that the transi-
tions are relatively easily induced by long-range
interactions. This interpretation is consistent with
the view of the Rydberg electron as being diffuse
spatially, weakly coupled to the other bound elec-
trons, and consequently highly polarizable.

The DCS's for the g'-Z transitions do not ap-
pear to be easily explained in terms of the classi-
cal picture. This may not be particularly surpris-
ing because the transition is forbidden in any scat-
tering model based on first-order perturbation the-
ory, "~ and a quantum-mechanical description is
necessary in order to explain'4 the behavior of the
DCS at 0' and 180' scattering angles.

It is clear that considerably more experimental
and theoretical work needs to be done on electron-
molecule (atom) scattering before the details of
the excitation process can be understood beyond
the simple qualitative arguments given above. A
detailed theoretical analysis of the DCS's reported
here in terms of the inelastic K-matrix elements
is presently under way" in the hope that more
quantitative information about the inelastic-scat-
tering process will result.

8. Comparison with theory

. As mentioned above, the only calculations that
have been reported in detail for the electron-im-
pact excitation of electronic states in diatomic
molecules are those based on first-order scatter-
ing theories such as Born or Born-Qchkur-Rudge.
The difficult mathematical problems associated
with correctly incorporating the non-central-force
character of the electron-molecule interaction
has, until very recently, limited the theoretical

work to these more simplistic theories. (Work is
now under way to extend the R-matrix method
used recently" to describe electron-atom scatter-
ing, and to apply distorted-wave type theories, "
to the case of electron-molecule scattering. ) Fur-
thermore, the amount of inelastic DCS data pre-
viously available has been so limited that the com-
parisons"'" between theory and experiment were
incomplete. In this section, a detailed comparison
will be made between the present experimental

. DCS s and those predicted by the Born-Qchkur-
Budge" "~' theories. No other theoretical results
have been reported for the inelastic electron scat-
tering by N2 for comparison with the present re-
sults.

The first theoretical efforts to describe the
electronic excitation of simple diatomic mole-
cules~'~' "~' utilized Slater-type orbitals for the
target molecular wave functions. Although Slater
basis functions are very well suited for bound-
state calculations (e.g. , proper cusp and asymp-
totic behavior), the relevant matrix elements that
need to be evaluated in Born-type theories cannot
be done in general using these basis functions.
These matrix elements either need to be approxi-
mated for certain values of the momentum trans-
fer~' or the range of angular momentum coupling
needs to be restricted" "' to small values. How-
ever, the use of Gaussian-type atomic basis func-
tions for the target molecule allows all Born-type
scattering integrals to be evaluated in closed form, as
was first shown by Miller and Krauss. "As a result of
these substantial mathematical simplif ications,
first-order-type scattering theories can now be done
almost as quickly for molecules as for atomic tar-
gets. The results of Chung and Lin, "" who em-
ployed Gaussian-type atomic basis functions, rep-
resent the most extensive application of first-order
scattering theories to the excitation of N, and will
be used for comparison to the present experimental
results.

Although Chung and Lin did not specifically pro-
vide theoretical DCS results, it is possible to re-
cast their published resu1ts, given in terms of the
scaled generalized-oscillator-strength (GOS), in
terms of DCS's so that direct comparisons can be
made to the present results. The relationshipsbe-
tween the scaled GOS [G.„(K)j and the DCS's is
given below, following the notation of Chung and
Lin." For excitation of the singlet states in the
Born-Ochkur first-order model, the DCS can be
expressed in terms of the scaled GOS as (atomic
units)

where K, the scalar momentum transfer, is given
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K' = 2k' —LE 2k' (1 b.E—/k')'i'. cos9
(12)

In deriving Eq. (11), the DCS for specific vibra. -
tional states was summed over all final vibrational
states. The most reasonable definition for the
quantity b,E is the weighted-average energy for ex-
citation of a given electronic state; e.g. ,

hE= 4E v' q„i, (14)

where q„, is the Franck-Condon factor. This is a
reasonable approximation when the incident elec-
tron energy is sufficiently above threshold (E ~20
eV), which is also consistent with the foundation
of the first-order model. The scaled GOS, G,„(K),
differs from the usual definition of the GOS, f,„(K),
in that the defining equation" does not contain
the excitation energy for the transition; i.e.,

f,„(K)=(~) G,„(K).

This definition was chosen so that a quantity could
be obtained that depended only on the Fourier
transform of the transition charge density (not on
the energies of the approximate wave functions)
and so that the sensitivity of the results on vari-
ations in the approximate wave functions could be
isolated.

Figure 25 compares the DCS for excitation of the

a 'II state, obtained in the Born-Qchkur model
[using the G,„(K}values from Ref. 1V(b} and Eqs.
(11)-(14)]with the present results obtained from
experimental data, for incident electron energies
of 20 and 50 eV. The results in Fig. 25 show that
the DCS's predicted by the Born-Qchkur model are
accurate to about a factor of 2 in the angular range
0 to about 20' and are qualitatively accurate out to
about 60'. For larger scattering angles, the Born-
Qchkur results agree poorly with the measured
DCS's. In addition, the Born-Qchkur DCS's have
a node at intermediate scattering angles that is
"artificially" introduced by the scattering mod-
el, '"which renders the theoretical DCS's use-
less for scattering angles greater than about 60'.

Theoretical DCS's for excitation of the triplet
states of N, can also be obtained from the scaled
GOS results of Chung and Lin (b) For these ex
change excitation processes, they employed the
Qchkur-Budge approximation for which

do 3k' K
dn

"&)=
2k (k".,)

'-()
where e is the N, ionization energy (in Ry) and the
other symbols have the same meaning as in Eqs.
(11)-(14). Figures 26-29 show comparisons of
theoretical and measured DCS's for excitation of
theA Q„', ~'6„, C'll„, and Eg; states, respec-
tively, at 20- and 50-eV incident electron energy.
In all cases, the theoretical DCS could not be ob-
tained for all scattering angles at 50 eV because
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FIG. 25. Comparison of the DCS's for excitation of the
a state obtained from the present study with those pre-
dicted by the Born-Ochkur model for incident electron
energies of 20 and 50 eV. See text for discussion.
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FIG. 26. Comparison of the DCS's for excitation of
the A state obtained from the present study with those
predicted by the Ochkur-Rudge model, for incident
electron energies of 20 and 50 eV. See text for discuss-
ion.
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FIG. 27. Same as Fig. 26, but for excitation of the
& state. See text for further discussion.

FIG. 29. Same as Figs. 26-28, but for excitation of
the E state. See text for further discussion.
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G,„(K) had not been calculated for sufficiently large
values of E. These figures show that, in all cases,
the theoretical DCS's are not even in qualitative
agreement with those measured. Furthermore, in
some cases (e.g., A. and C states), the agreement
is poorer at 50 eV than at 20 eV. This fact is sur-
prising because the Ochkur-Budge model is based
on a high-energy approximation so that the agree-
ment should improve, or at least not worsen, as
the incident electron energy increases. Compari-

son at higher incident electron energy could not
be done because the present measurements did not
extend beyond 50 eV.

Although it was suggested earlier' '" that agree-
ment frequently obtained when using integral Born-
Ochkur and Ochkur-Rudge models may only be
fortuitous, the comparison between theory and ex-
periment shown in Figs. 26-2S is a great deal
poorer than expected. Previous comparisons" '"
between first-order theories and experiment have
shown the angular and energy regions of validity
depend a great deal on the symmetries of the initial
and final target states. Of the various theoretical
DCS's considered here, only those for excitation
of the a 'g state show some resemblance to the
experimental results and then only out to about 30'
scattering angle. The reason why first-order ex-
change theories do so poorly in describing the
DCS's for excitation of the N, triplet states, even
at 50-eV incident electron energy, is not clear.
The comparisons presented here indicate that fur-
ther theoretical work is needed on first-order ex-
change theories to learn more about the range of
validity of the scattering model. This is particu-
larly important for the excitation of Bydberg states
and the variations in the theoretical DCS's as a
function of the incident electron energy.

-4
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I I I I I I I

40 60 80 IOO l20 - l40 l60 I 80
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FIG. 28. Same as Figs. 26 and 27, but for excitation
of the & state. See text for further discussion.

C. DCS's as a function of energy and angle

Figure 30 is a composite of perspective plots
for five different DCS's and illustrates the kind
of variation that occurs, as a function of both in-
cident electron energy and scattering angle, de-
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pending on whether the scattering process is elas-
tic or inelastic with pure exchange or direct plus
exchange.

The forward or backward peaking and the rapid
energy variation of the DCS's for the inelastic
processes are evident from this type of figure.
Perspective figures of the other DCS'.s discussed
here, as well as for nine electronic states between
12.5 and 14.2 eV, willbepresented inamonograph"
along with all the data used in this study.
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