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Differential cross sections of electrons elastically (vibrationally) scattered from N, have been measured by
a crossed-beam method. Energy and angular range of the measurements are 1.5 to 400 eV and — 96" to
+ 156°, respectively, with an emphasis on the 7, shape-resonance region. The wide energy range of the
measurements provides the basis for intercomparison of a large suite of similar measurements. The
comparison shows generally good to excellent agreement. The comparison with theoretical calculations is
less satisfactory with significant differences in the magnitudes of the cross sections and only fair agreement
in shape. In the 7, shape-resonance region, the elastic cross sections appear to be one-half of the total cross
sections, approximately. Inelastic cross sections, mainly vibrational excitations, would thus appear to have a
magnitude near that of the elastic cross section suggesting the importance of an independent measurement
of vibrational-excitation cross sections in the region of the 7, resonance.

1. INTRODUCTION

The elastic scattering of electrons from N; has
been studied extensively by many authors since
the early 1930’s. Norman,' Briche,? Aberth
et al.,® Golden,* Bonham and Kennerly,® and
Blaauw et al.® have measured the total scattering
cross sections. Differential elastic-scattering
cross sections (DCS) have been measured by
Kollath,” Arnot,® Bullard and Ma.ssey,9 Mohr and
Nicoll,'® Bromberg,'! Ehrhardt and Willmann,'2
Kambara and Kuchitsu,'® Comer and Read,'* Pav-
lovic et al.,'® Shyn et al.,'® Truhlar et al.,""
DuBois and Rudd,® Jansen et al.,** Finn and Doe-
ring,?® Herrmann et al.,?! and Srivastava et al.”
Table I shows a summary of these DCS experi-
ments and total cross sections for N;. Theoreti-
cal calculations of the total and elastic-scattering
cross sections by various approximations have
been carried out by Stier,”® Fisk,’* Massey and
Bullard,”® Truhlar,?® Wedde and Strand,”” Siegel
et al.,”® Chandra and Temkin,?® and Dubg and
Herzenberg.3® Table II shows a summary of those
theoretical studies.

As shown in Table I, the energy ranges for the
measurements are divided in two regions; one
below 100 eV and the other above 100 eV. There-
fore it is desirable to tie together the two regions
with a single experiment.

The present paper is an extension of our earlier
paper“ on DCS of N;. The energy range has been
extended down to 1.5 eV and up to 400 eV and the
results have been placed on an absolute scale
using the elastic cross section of He at 10 eV cal-
culated by LaBahn and Callaway.31 The angular
range covered was from -96° to +156°.-

The present results cover the two energy re-
gions previously mentioned so that the resonance-
scattering processes below 5 eV are compared
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with the previous measurements and theoretical
calculations by various models and additionally
the present results can be compared with the well-
measured DCS at higher energies. It should be
noted, however, that because of the energy reso-
lution of the present experiments (60 meV), rota-
tional excitations have not been discriminated
against and the final results may be called vibra-
tionally elastic cross sections.

IL. APPARATUS AND PROCEDURES

A detailed description of the apparatus used for
the present measurements can be found else-
where,10:33:%

The procedure used for the present measure-
ments was to integrate the signal for 10 s at each
angle and each energy electrons elastically scat-
tered from a vertically collimated N, beam. The
electronbeam was rotated in a horizontal plane and
the angular range of —=96° to +156° was scanned
in 12° increments. Additional measurements
were made at +6° for impact energies greater
than 70 eV. The measurements were repeated
with the N, beam off to obtain the background
counts. The signal difference between the neutral
beam on and off is the DCS of electrons elastically
scattered from the N, beam. The signal to background
count ratio (the background when the neutral beam
is off) was typically in the order of 100 except for
large angles (>140°) at high energies (>200 eV).

The volume correction (path length) of the final
data due to the background gas density of 2X107
torr has been made. The signal from the back-
ground density has been measured to be (34+1)%
of the total signal at 90° after the neutral beam
was displaced from the interaction region, and
this correction has as uncertainty of +2% in the
final data. As described in detail elsewhere,'®"*
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TABLE I. A summary of DCS and total cross-section measurements on e-N,.

Energy (eV) 6 (deg) Nature of measurement
1. Kollath 1-36 90 absolute
2. Arnot 30-780 10-120 relative
3. Bullard and Massey 7-60 20~-130 relative
4. Mohr and Nicoll 50, 84, and 100 30-160 relative
5. Bromberg 300—~500 2-110 absolute
6. Ehrhardt and Willmann 1.4-3.9 10-110 relative
7. Kanbara and Kuchitsu 50=500 4-150 relative
8. Comer and Read 11.5 40-85 normalized
9. Pavlovic et al. 10-40 30 normalized
10. Shyn et al. 5=30 3-160 relative
11. Truhlar et al. 20 20-80 normalized
12. DuBois and Rudd 24-800 2-150 absolute
13. Jensen et al. 100-3000 5=55 normalized
14. Fion and Doering 13-100 5=90 relative
15. Herrmann et al. 90-1000 3-135 normalized
16. Srivastava et al. 5=75 20-135 normalized
17. Present paper 1.5-400 6~156 normalized
Total cross sections
E (eV)
1. Norman 0.5~400 Total, absolute
2. Aberth et al. 1.5=25 Total, absolute
3. Briiche 1.5-60 Total, absolute
4. Golden 0.3=5.0 Total, absolute
5. Ehrhardt et al. 0.003-30 momentum transfer
6. Blaauw et al. 15=750 Total, absolute

it should be noted that the conventional siné path-
length correction has been applied for the contri-
bution of static gas background and this may cause
an uncertainty of the differential cross sections
below 12° as Trajmar et al.® and Vuskovic et al.%
have pointed out. The estimated uncertainties
were less than 10% at 6°, 5% at 12°, and 1% at
larger angles (the geometry and dimension of the
present apparatus resembles that of Vuskovic

et al. as shown in Fig. 5 in their paper).

It is also noted that the electron monochrometer
of the present apparatus has a focusing capability
by an electron lens system to keep the interaction
volume constant for all incident energies used.

III. EXPERIMENTAL RESULTS

DC S have been obtained at each of 20 impact
energies (1.5, 1.9, 2.1, 2.4, 3.0, 4.0, 5.0, 7.0,
10.0, 15.0, 20.0, 30.0, 40.0, 50.0, 70.0, 100.0,
150.0, 200.0, 300.0, and 400.0 eV). Seven runs
for energies less than 7 eV and five runs for the
rest have been taken and averaged to obtain the
final results for each incident energy. The results
have been calibrated among the incident energies
as follows: The scattered intensities at 36° and
60° have been normalized against the incident in-
tensity of electron beam and the target gas density
at each energy without the use of any electron lens

TABLE II. A summary of theoretical studies on e-N, scattering.

E (eV) Nature of calculation
1. Stier 2—4 Fixed-nuclei model
2. Fisk 0-40 Fixed-nuclei model
3. Massey and Bullard above 200 Born approximation
4. Truhlar 30-83 Polarized Born approximation
5. Wedde and Strand 40-1000 Phase amplitude
6. Siegel et al. 0-30 Multiple scattering
7. Chandra and Temkin 0-5 Hybrid theory
8. L. Dubé and A. Herzenberg 0.5-4.5 Boomerang model
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system in the detector in order to ensure a con-
stant transmission of the detector. The transmis-
sion has been measured to be constant within +5%
down to 2 eV of electron energy. The signals at
the angles (36° and 60°) in the normalization pro-
cess may contain a component from the vibrational
excitations because of the widening of the energy
window of the analyzer as an expense of the con-
stant transmission of the detector. However, the
contribution is expected to be less than 1% of the
elastic signals at the angles as calculated by Onda
and Truhlar.®® The normalized total elastic cross
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section of N, at 10 eV was calibrated against that
of He at 10 eV by static gas experiments (volume
experiment). The absolute pressures for both
gases (He and N;) were measured by a Bayard-
Alpert gauge which was calibrated against a capa-
citance manometer (MKS Baratron) with an ac-
curacy of +5%. Thus the relatively normalized
results of N, have been placed on an absolute
scale. The final results are shown in Table III.
The total cross section has been obtained after
making an exponential extrapolation to 180°. The
effect of the extrapolation is negligible due to the

TABLE IIl. DCS, do/dQ (in units of 10™'8 ¢m?/srt). (The numbers in parenthesis represent extrapolated data points;

Gy, Oy in units of 1071 cm?.)

' E (eV)
0(deg) 1.5 1.9 2.1

2.4 3.0 4.0 5.0 7.0 10.0 15.0
6
12 98.8 275.4 329.3 340.4 298.8 184.2 158.7 210.9 255.2 463.0
18
24 73.2 213.3 253.3 271.9 262.0 162.9 161.7 202.8 240.1 314.7
30
36 49.4 151.2 177.3 209.9 212.2 159.4 159.9 191.3 199.1 196.8
48 54.5 106.7 125.4 139.2 155.9 125.7 134.8 169.7 153.5 126.2
60 64.7 94.5 100.1 99.0 108.3 95.1 103.0 129.9 103.2 75.3
72 78.3 101.3 92.5 82.7 77.9 7.4 77.9 88.1 62.7 44.7
84 86.8 104.0 92.5 74.0 66.0 56.1 62.9 67.5 46.9 24.5
96 86.6 99.9 87.4 69.6 61.7 50.2 57.5 55.9 36.1 26.2
108 81.7 94.5 82.3 69.6 68.2 52.5 56.9 59.9 45.0 38.6
120 71.5 90.5 88.7 87.0 79.0 59.6 61.1 1.5 60.3 50.0
132 64.7 121.5 127.9 128.3 115.8 73.8 70.7 82.6 76.4 72.6
144 68.1 190.4 216.6 211.0 174.3 92.1 87.5 101.7 93.7 92.2
156 102.1 278.1 325.5 332.8 237.1 116.9 100.6 110.8 108.0 108.7
168 (140.0) (363.2) (402.8) (463.3) (300.0) (141.7) (113.8) (120.3) (121.9) (125.1)
[ 9.6 16.7 17.5 17.4 14.8 11.1 11.2 12.5 11.7 11.3
Opr 10.0 17.1 18.1 16.8 12.6 9.6 9.2 10.8 9.3 8.2
E (eV)
0(deg) 20 30 40 50 70 100 150 200 300 400
6 1655.4 1592.6 1429.7 1348.9 1129.1 1063.7
12 674.8 875.8 991.0 1047.5 1102.2 934.3 740.8 629.4 414.8 380.4
18 552.2 429.5 323.8 256.0 152.1 117.3
24 421.1 408.5 403.1 360.1 297.9 212.7 138.3 96.8 57.1 51.6
30 139.2 90.3 64.0 45.6 32.0 31.2
36 216.2 182.6 144.0 105.4 7.8 48.4 33.0 26.9 21.7 20.9
48 117.7 75.6 53.0 38.0 26.7 19.5 16.4 14.6 11.0 9.0
60 63.3 35.1 23.7 17.7 13.3 10.9 10.5 9.6 5.8 4.7
72 33.3 19.1 13.5 10.2 7.4 7.5 7.4 6.0 3.8 3.6
84 19.6 13.3 8.5 6.6 6.3 7.3 5.9 4.5 3.4 2.6
96 22.1 12.4 7.9 6.6 7.5 7.4 5.7 4.1 3.0 2.0
108 34.8 18.4 12.3 11.0 10.8 8.2 6.3 4.3 2.4 1.7
120 52.5 30.8 24.2 21.4 17.6 10.5 7.3 4.8 2.3 1.6
132 70.0 50.6 42.8 35.8 24.5 13.6 8.6 5.2 2.4 1.6
144 93.5 77.6 65.1 51.6 31.7 18.0 9.5 5.2 2.5 1.6
156 121.2 104.2 90.4 67.7 39.2 22.6 10.7 5.1 2.5 1.6
168 (148.8) (130.9) (115.8) (83.7) (46.6) (28.1) (11.8) (5.1) (2.5) (1.6)
[ 12.1 10.3 9.4 8.5 7.3 5.6 4.5 3.7 2.6 2.3
Oyt 8.3 6.0 4.7 4.1 2.8 1.76 1.17 0.75 0.46 0.35
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TABLE IV. Sources of uncertainties in the inter-gas (He-N,) calibration (measurement of

the ratio of elastic total cross section).

1. Uncertainty in the ratio of measured pressure + 5%
2. Uncertainty in the incident electron beam current + 2%

3. Uncertainty in data points

+ 3%
Subtotal +10%

siné factor in the calculation of the total elastic
cross section.

The statistical uncertainty (in standard devia-
tion) in data points is less than +3% and there is a
6% uncertainty (in standard deviation) in the nor-
malization process among the incident energies.
The calibration between He and N; contains uncer-
tainties of +10% as shown in Table IV. There is
uncertainty of +2% in the path-length correction,
+5% uncertainty in transmission of the detector,
and +5% uncertainty in the adopted value of He at
10 eV. Therefore the resultant uncertainty in
root mean square for the present results is +14%
except for 6° (17% at 6°).

Figure 1 shows the 7, shape-resonance struc-
ture of the elastic scattering from 1.5 to 5.0 eV
at 144°, The first peak appears at 1.9 and then at
2.1, 2.4, and 2.6 eV. The energy scale had been
determined by the He resonance at 19.35 eV.
Figure 2 shows the three dimensional perspective
diagram of the DCS over the shape resonance re-
gion (1.5-5.0 eV). The DCS had been measured
at each resonance peak. This figure shows clear-
ly a transition of DCS from a symmetric scatter-
ing with a maximum near 90° at 1.5 eV to a domi-
nant forward scattering at 5.0 eV through a strong-
ly peaked forward and backward scattering (7,

ELASTIC SCATTERING
SHAPE RESONANCE
AT 144°
(ZERO DISPLACED)

ELASTIC SIGNAL
(ARBITRARY UNITS)

| 1 | |
19 21 24 26

E (ev)

FIG. 1. Energy spectrum 1.5-5.0 eV at 144° (shape
resonance).

shape resonance near 2.4 eV). The maximum
near 90° at 1.5 eV disappears and DCS has a single
minimum near 110° at 5.0 eV.

Figure 3 shows DCS at 2.4-eV incident energy
along with the measurement of Ehrhardt and Will-
mann®” and the theoretical values calculated by
Siegel et al.?® and Chandra and Temkin.?® For
comparison, the measurement of Ehrhardt and
Willmann was normalized with the present results
at 60°. The agreement between the present re-
sults and that of Ehrhardt and Willmann'? is quite
good below 60°, but differ for higher values, above
60°, by about 10%. The theoretical results of
Chandra and Temkin agree relatively well for
values beyond 80°, but below 80° their values are
larger than the present results by about 50%. .

The result of Siegel et al.? is in agreement in
shape except near 90°, but the magnitude is al-
most twice as great as the present results.

Figure 4 shows DCS at 20 eV together with vari-
ous measurements and a theoretical calculation by
Siegel et al. Agreement among the measurements
is fairly good except at extreme angles. The re-

o 30 60 90 120 150
O (DEGREE)

FIG. 2. Three-dimensional perspective diagram near
resonance region (1.5-5.0 eV).
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FIG. 3. Angular distribution do /dQ of 2.4-eV elec-
tron impact. Dot is an extrapolated point,

sults of DuBois and Rudd"® show smaller values
below 60° and above 140° than the present results
by about 10%. The theoretical calculation by
Siegel et al. is in a fair agreement with the pres-
ent results except near 90° where the theoretical
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FIG. 4. Angular distribution do /dS of 20.0-eV elec-
tron impact. Dot is an extrapolated point.
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FIG. 5. Angular distribution do/dQ of 100-eV elec-
tron impact. Dot is an extrapolated point,
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FIG. 6. Angular distribution do/d9 of 200-eV elec-
tron impact. Dot is an extrapolated point.
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FIG. 7. Angular distribution do /dQ of 400-eV elec-
tron impact. Dot is an extrapolated point.

values are larger by more than 50%.

Figures 5-7 show the measured DCS at 100,
200, and 400 eV, respectively. Other measure-
ments are plotted for comparison. In general,
the results of Jansen et al.!° and DuBois and Rudd*®

-‘l T Ll LJ I Ll Al L L) I Ll L ' T 177 " T L) T Ll
[ SCATTERI x PRESENT RESULTS ]
- cnogs NG (ELASTIC) 3
40~  SECTIONS © GOLDEN(TOTAL) ]
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z --- CHANDRAB TEMKIN ]
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3 F ]
& 20F ]
o ]
C ~ =]
F = i Lot ]
- 7 - X >y
10 :// gy 7
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SR B BT R BT
I 2 3 4 5
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FIG. 8. Elastic cross section near v, shape-reson-
ance region.
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FIG. 9. Elastic-scattering cross section o4 (E).

agree well with the present results; the results

of Herrmann et al.?! agree with the present results
in shape, but their results are larger than the
present results by about 40%. The results of Finn
and Doering” at 100 eV agree with the present
results except for small angles (<30°). Brom-
berg’s results at 400 eV agree very well with the
present results. '

Figure 8 shows the integrated elastic cross sec-
tion over angles, along with the two measurements
for the total cross section and two theoretical
calculations for the total cross sections near the
7, shape-resonance region. The theoretical values
are generally much larger than those measured
values. Since the magnitude of the measured total
cross sections is almost twice that of the present
results, which is near the resonance region for
elastic scattering, the inelastic excitation cross
sections, mainly vibrational excitations, should
have the same order of magnitude as those of the
elastic-scattering cross sections. It thus appears
very desirable to measure independently the total
vibrational-excitation cross sections near the 7,
resonance region.

Finally, Fig. 9 shows the integrated elastic
cross section along with other previous measure-
ments. The results of Srivastava et al.’2 have the
best agreement with the present results, and the
results of DuBois and Rudd® agree very well with
the present results above 100 eV. Finn and Doe-
ring’s results have smaller values than the pres-
ent results by as much as 50%. The results of
Bromberg at 500 eV is in apparent agreement with
the present results (after a 47 factor correction of
Bromberg’s original result).



IV. SUMMARY

This paper presents the angular distribution of
electrons elastically scattered from N; in the
energy range 1.5-400 eV with angular range from
-96° to +156°. The elastic-scattering cross
sections (20 incident energies) have been placed
on an absolute scale by normalizing with He elas-
tic cross section at 10 eV. The angular distribu-
tions were also used to determine the momentum-
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transfer cross sections. The resultant uncer-
tainty of the present results is believed to be less
than +14% in standard deviation.

ACKNOWLEDGMENTS

‘'This work was supported by the NSF, Atmo-
spheric Research Section, under NSF Grant No.
ATM79-01618. The authors thank C. H. Kuo for
his assistance in taking and analyzing data.

IC. E. Norman, Phys. Rev. 35, 1217 (1930).

%E. Briiche, Ann. Phys. (Leipzig) 81, 537 (1926); 82, 912
1927).

w. Albert, G. Sunshine, and B. Bederson, Aftomic Col-
lision Processes, Proceedings of the Third Interna-
tional Conference on the Physics of Electronic and
Atomic Collisions, edited by M. R. C. McDowell
(North-Holland, Amsterdam, 1964).

‘D. E. Golden, Phys. Rev. Lett. 17, 847 (1966).

R. A. Bonham and R. E. Kenverly, in Proceedings of
the 10th International Conference on the Physics of
Electron and Atomic Collisions, Paris 1977, edited
by G. Watel (North-Holland, Amsterdam, 1978).
°H. J. Blaauw, F. J. de Heer, R. W. Wagenaar, and
D. H. Barends, J. Phys. B 10, L299 (1977).

'R. Kollath, Ann. Phys. (Leipzig) 87, 259 (1928).

8F. L. Arnot, Proc. R. Soc. London A133, 615 (1931).

°E. C. Bullard and H. S, W. Massey, “Proc. R. Soc.
London A133 637 (1931).

10c. B. 0. Mohr and F. M. Nicoll, Proc. R. Soc. Lon-
don A138, 469 (1932).

13, p. Bromberg, J. Chem. Phys. 52, 1243 (1970).

124, Ehrhardt and K. Willman, Z. Phys. 204, 462 (1967).

13, Kambara and K. Kuchisu, Jpn. J. Appl Phys. 11,
609 (1972).

143, Comer and F. H. Read, J. Phys. B 4, 1055 (1971).

157, Pavlovic, M. J. Boness, A. Herzenberg, and G. J.
Schulz, Phys. Rev. A 6, 676 (1972).

167, w. Shyn, R. S. Stolarski, and G. R. Carignan,
Phys. Rev. A 6, 1002 (1972).

11p, G. Truhlar, S. Trajmar, and W, Williams, J. Chem.
Phys. 57, 3250 (1972).

18R, D. DuBois and M. E. Rudd, J. Phys. B 9, 2657
1976).

%R, H. J. Jansen, F. J. deHaar, H. J. Luyken, B. van

Wingerden, and H. J. Blaauw, J. Phys. B 9, 185
(1976).

T, G. Finn and J. P, Doering, J. Chem. Phys. 63,
4399 (1975).

2D, Herrmann, K. Jost, J. Kessler, and M. Fink, J.
Chem, Phys. 64, 1 (1976).

225 K, A. Srivastava, A. Chutjian, and S. Trajmar,

J. Chem. Phys. 64, 1340 (1976).

%y, C, Stier, Z. Phys. 76, 439 (1932).

3, B. Fisk, Phys. Rev. 49, 1671 (1936).

54, S, W. Massey and E. C. Bullard, Proc. Cambridge
Philos. Soc. 29, 511 (1933).

%p, G. Truhlar, J. Chem. Phys. 57, 3260 (1972).

2T, Wedde and T. G. Strand, J. Phys B 7, 190 (1974).

25, Siegel, D. Dill, and J. L. Dehmer, Phys. Rev. A 17,
2106 (1978).

N, Chandra and A. Temkin, Phys. Rev. A 13, 188
(1976).

3L, Dubé and A. Herzenberg, Phys Rev. A 20, 194
1979).

3iR. W. LaBahn and J. Callaway, Phys. Rev. A 2, 366
(1970).

32T, W. Shyn, Phys. Rev. A 22, 916 (1980).

3T, W. Shyn, W. E. Sharp, and G. R. Carignan, Phys.
Rev. A 17, 1855 (1978).

Ut w, Shyn and W. E. Sharp, Phys. Rev. A 19, 557
(1979).

35K. Onda and D. G. Truhlar, J. Chem. Phys. (to be pub-
lished); private communications.

33, Trajmar, J. K. Rice, D. G, Truhlar, A. Kupperman,
and R, T. Brinkmann, Sixth International Conference
on the Physics of Electronic and Atomic Collisions
(MIT, Cambridge, Mass., 1969), p. 87.

371, S. Vuskovic, S. Crejanovic, and K. Kurepa, Fizika
(Zagreb) 2, 26 (1970), Suppl. 1.



