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Normalized, absolute differential cross sections have been measured for electron-impact excitation of 23 individual
or composite electronic states of argon lying within 14.30 eV of the ground state. Incident electron energies are 16,
20, 30, 50, and 100 eV, and the range of scattering angles 5'—138'. The absolute differential cross sections are
extrapolated to 0' and 180' and integrated to yield integral and inelastic-scattering momentum-transfer cross
sections for the excitation processes. Errors in the differential cross section are grouped into the classes A (26%), 8
(31%), and C (45%), with slightly larger errors given to the integrated quantities owing to extrapolation
uncertainties. Comparisons of the present data are made with previous measurements where available, and with
results of several distorted-wave and Born calculations. Differential magnetic sublevel cross sections for the 'P, and
'P, levels are also obtained at 50-eV incident energy and 5' scattering angle using previously measured 2, parameters.

I. INTRODUCTION

Because of its presence in high concentration,
argon atoms play a major role in the performance
of the high-pressure Ar-Kr-F, laser system' and
in direct nuclear-pumped lasing media using He-
Ar mixtures. Absolute electron-impact integral
and differential cross sections, both elastic and
inelastic, are needed to carry out theoretical
studies of modeling and output optimization. ~ In-
elastic cross sections provide, for example, rates
of electron energy degradation via argon line radi-
ation and metastable state formation. Such de-
gradation rates are also found to be important in
calculating electron-energy distribution functions
for Ar-N, -SF, mixtures used as gaseous insula-
tors. '

In the present study the technique of low-energy
electron scattering is used to obtain normalized,
absolute, differential inelastic cross sections in
argon. ' Integral and momentum-transfer cross
sections are obtained from these differential re-
sults. The electronic states studied lie within
14.30 eV of the ground state. There are 30 states
in this energy region' of which 18 are resolved in
the present measurements. The angular range
(8) covered is 5' to 138', and the electron energies
(E,) are 16, 20, 30, 50, and 100 eV. This range
in energy spans the peaks of the cross sections,
and the highest energy (100 eV) is approximately
seven times the threshold of the highest energy-
loss feature. Thus, semiempirical or Born-type
approximations can be used to extend data to
higher electron energies if necessary.

The present cross sections are also useful to

theoreticians who may wish to test particular e-
atom scattering approximations in this (theoreti-
cally difficult) low-to-intermediate electron ener-
gy regime because they are both cascade free and
differential in nature. It often happens, for ex-
ample, that a theory which successfully accounts
for only the low-angle portion of a steeply descen-
ding differential cross section (DCS) gives a satis-
factory integral cross section (1CS), but an incor-
rect inelastic momentum-transfer cross section.
A comparison against the entire DCS shows
whether theory adequately describes the excitation
process throughout the entire angular range.

Previous relative DCS measurements' in argon
have been made of the 3p —4s excitations (levels
1-4, see Table O, and 3p —4p excitations (l.evels
5, '1, and 14). The incident electron energy was
30 and 50 eV and the angular range 0'-90 . Rela-
tive cross sections have also been measured' for
the unresolved levels 1-4 at ~ between 0 and 140'
at E, between 30 and 120 eV; and for two levels
(3d[1/2], and 3d[7/2]4O, the first of which was un-
resolved in the present work) only partially re-
solved at energies of 30 and 98 eV.' Finally,
several energy-loss spectra have been reported
under ("optical-like" ) conditions of high electron
energy and low scattering angle, "but no absolute
or relative cross sections were given at these en-
ergies ~

Considerable work has been done on the elec-
tron-impact excitation of the first four levels in
argon, two of which are metastable [levels 1 and
3 for which AJ=2 and 0 (since 0+ 0)]; and two of
which radiate t'o the ground state (levels 2 and 4,
6J= 1). The excitation function of metastables
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has been measured from threshold to 10 eV (rela-
tive)'s and to 150 eV (relative), s threshold to 200
eV (relative)' and threshold to 50 eV (absolute). "
Apparent excitation functions have been measured
for higher-lying states as well, . with corrections
for cascading made in some cases." For the res-
onance lines measurements have been made" ' of
absolute cross sections for the resolved levels 2
and 4, as well as of the scattering parameters"~'
A. and X. From the definition of A, and the present
DCS measurements one is also able to obtain ab-
solute magnetic sublevel cross sections for each
line, as was done for levels in helium''

Theoretical results mhich are pertinent to the
present measurements include a combination of
the Born approximation and experimental general-
ized oscillator strengths to get a set of semiem-
pirical cross sections for plasma modeling pur-
poses." A.b initio results include those obtained
using the distorted wave theory, "the Born approx-
imation using both single and multiconfiguration
Hartree-Fock wave functions, '4 and the many-body
formulation. ""Comparisons to results of these
theories will be made in Section III.

II. EXPERIMENTAL CONSIDERATIONS

The experimental techniques used in the present
measurements, including the method of deconvol-
uting spectral lines, have been described earlier"
in comparable inelastic measurements of N, so
that only a brief survey will be given here.

A beam of monoenergetic electrons is focused
onto the target argon atoms effusing from a multi-
channel capillary array. Inelastic electrons at
some -9 are energy analyzed, detected, and the
signal versus energy loss stored in a multichan-
nel sealer. The energy analyzer was designed to
focus electrons at the input plane of the hemi-
spherical deflector with zero beam angle, of
fixed energy, independent of the scattered elec-
tron energy. " This feature made it possible to
measure reliable relative intensities among the
different inelastic features, and also reliable in-
elastic-to-elastic intensity ratios.

By a combination of good electron energy reso-
lution (38-55 meV full width at half maximum)
and the use of a tested deconvolution procedure,
it was possible to obtain DCS's for 23 electronic
features, of which only five consisted of a blend of
two or more lines (see Table I}. In several cases
(lines 6, V.and 8, 9) individual features were sep-
arated by the deconvolution technique which are
only 19 meV apart.

The normalization procedure to the absolute
cross-section scale proceeded in much the same
way as in work on N, .~ First, the inelastic ener-

TABLE I. Correspondence of level numbers used in
the present work with argon spectral line designations
(Ref. 7).

Level
number Line

17

20

23

4s [3/2]2 P

4s [3/2]g Pg

4s' [1/2]0 P
4s' [1/2]&0

4p{1/2]g

4p[5/2),

4p{5/2],

4P[3/2]g

4p[3/2]2

4p[1/2]0

4p' [3/2]g

4p'[3/2] g

4p' f 1/2]g

4p'[1/2]p

3d{1/2],'
3d[1/2](

3d[3/2]',

3d [7/2]go

3 d[7/2]3

3d[5/2]',

Gs [3/2]02

3d{5/2]',

ss[3/2]',

d[3/2]0

3d' [5/2]02

3d' [3/2]02

3d' [5./2]30

5s'[1/2]00

Gs' [1/2) 0~

3d'[3/2]go

gy-loss spectrum at a particular E, and 8 was
deconvoluted, and peak intensities (as measured
by areas} obtained relative to the (usually)
strongest feature —feature 4. In a separate set of
runs the ratio of feature 4 area to the area of the
elastic-scattering feature was measured. At low
scattering angles care was given to the contribu-
tion of the parent beam itself to the elastic fea-
ture. In all cases measurements mere made to
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For integral cross sections an additional error is
involved, namely,

(d) error in extrapolation of the measured DCS
to 0' and 180'.

'These four "steps" in the data analysis were
considered independent so that the overall error
in the DCS is taken as the quadrature (root-mean-
square) sum of errors in (a), (b), and (c). In-
cluded in that sum for the integral and momentum-
transfer cross section is the extrapolation error
of (d). Errors in (b) and (c) are taken as 15/0 and"
20%, respectively, giving an "intrinsic" error in
the DCS of 25%. The main variation in the level of
error of each DCS is determined by (a), i.e. , the
strength and degree of resolution of the feature in
the original data. This deconvolution error can be
grouped into three classes: (A) 10% or less,
(B) 10-25%%, (C) 26-50%%. This gives rise to an
average root-mean-square error for (a), (b), and

(c) of 26%%uo, 3', and 45%, respectively. The error
due to extrapolation (d) for the integral (oi) and
momentum-transfer (c„)cross sections is esti-
mated to be 12% and 16'%%uo, respectively. They
were arrived at by taking various extrapolations
to 0' and 180', using theoretical DCS's as a guide
where available, and calculating the variations in

ai and 0„. As a summary, the classes of errors
are

Class
Dec onvolution

error
(%)

DCS
error
(%)

error error
(%) (%)

A

C

(10
10-25
26-50

26
31
45

29
33

31
35
48

that smallest 9 where this correction did not ex-
ceed about 15%%uo. Finally, using the absolute elas-
tic DCS reported in the previous paper, "the
inelastic feature 4 was placed on the absolute
scale, by which all the other inelastic features
could be made absolute.

It is difficult to discuss errors related to each
data point since over 10' points were obtained in
these measurements. Bather a "level of error"
which applies to each numbered feature is given.
'This level of error takes into account the follow-
ing individual errors:

(a) error in the deconvolution of each feature
from nearby features;

(b) error in converting, at each energy and angle,
to an intensity relative to the elastic-scattering
intensity;

(c) error in the elastic differential scattering
cross section.

The appropriate class is given at the bottom of
each column in Tables II-X.

III. RESULTS AND DISCUSSION

Typical energy-loss spectra are shown in Fig. 1
at the indicated scattering angles and electron en-
ergies. Rydberg series in the s, p, d and s', P',
d' orbitals corresponding to 'P,i, and 'P&, states
of the Ar H core are also indicated. The spectra
marked DATA are raw spectra, while the CALC
spectra are computer-generated "best-fit" spec-
tra. The spectrum DIF (DC) corresponds to the
difference between the calculated and measured
spectra. Further spectral fitting details may be
found in Ref. 27. In Fig. 2 we show a simplified

-Grotrian-type energy level diagram" of the argon
energy levels where again primed and unprimed
series of levels correspond to the 'P&, and 'P»
cores of Ar&I, respectively.

A. Differential cross sections

Results such as those shown in Fig. 1 give inten-
sities of each spectral feature relative to that of
feature 4. In order to convert these inelastic-to-
inelastic ratios to inelastic-to-elastic ones, a
measurement of the intensity of feature 4 to that
for elastic scattering was carried out at each E,
and 9 for which inelastic data were obtained. The
results of these measurements are shown in Figs.
3 and 4 at the indicated energies and scattering
angles. Data were taken in both a multichannel
scaling mode (in which the entire elastic and level
4 peaks were recorded) and single-channel mode
(only peak intensities recorded). I.ow-angle data
(8( 20') were corrected for any parent beam ef-
fects. Measurements were continued to succes-
sively lower scattering angles until this correc-
tion exceeded 15/0.

Since all inelastic intensities were determined
relative to the elastic scattering intensity, multi-
plication of this ratio by the elastic argon DCS"
gives the absolute inelastic DCS for each feature.
Experimental and recent first-order many-body
theory (FOMBT) results for 16-eVincident energy
are shown for the metastable levels 1 and 3 in
Fig. 5, and for the optically allowed levels 2 and 4
in Fig. 6. The level numbering scheme in Table I
has been used as a shorthand notation for the ex-
cited-state levels in all the figures in order to
avoid repetition of the longer spectroscopic nota-
tion.

In the FOMBT approximation for electron impact
excitation the scattering T matrix includes both
direct and exchange scattering, and distorted
waves for both incident and scattered electrons
are calculated in the field of the ground state of
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TABLE II. Differential, integral (oI), and momentum-transfer {oz) cross sections for levels 1 and 2. In this and

following tables the first line of the column heading is the incident energy (eV), the second line the level number, and

the third the cross-section multiplier (cm /sr) for that column. Entries at angles given in parentheses refer to extra-
polated cross sections.

Angle
(deg)

1 2
(10 ") (1o-")

20
2

(10-i8)
1

(10-f8)

30
2

(10 i)
1

(10 0)

50
2

(10-i8)
1

(]0-2i)

100

(0)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

(150)
(160)
(170)
(180)
~r

Error class
o 8I
+N

a

or(2 +4)

1.70
0.951
0.860
1.03
1.41
2.30
2.85
3.20
3.20
3.08
2.S5
2.91
3.12
3.80
5.60
7.30
8.80

10.2
11.3
41.9
52.0

A
45.4
45.8

20.2
13.2
4.41
2.30
1.87
2.29
2.70
2.52
2.09
2.14
2.50
2.98
3.38
3.S7

4.78
5.00
5.18
5.30

39.7
42.2

A
36.6
34.9

149

6.40
3.94
2.40
2.45
2.58
2.14
1.95
1.79
1.61
1.51
1.70
2.03
2.50
3.10
3.90
4.90
6.00
7.35
8.90

31.9
36.5

A
78.7
72.6

25.2
14.8
6.00
3.12
2.69
2.51
2.90
2.20
1.49
137
1,65
2.19
2.72
3.30
3.92
4.57
5.24
6.00
6.85

37.0
36.7

A

78.4
64.7

221

4.15
5.60
5.80
4.75
3.45
1.59
0.360
0.101
0.189
0.355
0.400
0.405
0.415
0.605
1.31
2.15
3.12
4.12
4.90

- 16.6
12.6

A
46.4
33.9

159
. 72.0
20.8
7.75
5.00
3.15
1.50
0.600
0.780
1.04
1.09
0.925
0.720
0.800
1.31
2.05
2.95
4.25
5.25

45.6
18.4

A

81.9
45.7

284

10.2
14.5
13.8
10.7
7.20
3.68
1.53
1.19
1.31
1.50
1.69
1.80
1.60
1.02
0.785
1.09
1.73
2.63
3.39

36.1
20.5

.B
54.0
48.8

522
152
18.7
6.25
3.85
1.95
0.745
0.470
0.610
0.760
0.860
0.830
0.640
0.315
0.124
0.255
0.541
0.960

. 1.49
57.8
9.40
A

71.5
.18.8

282

152
77.0
31.5
10.2
2.75
1.43
1.19
1.40
1.89
2.17
2.02
1.61
1.10
0.910
1.35
2.09
3.05
4.35
5.40

56.0
23.7

C

690
75.7
3.50
1.85
0.790
0.280
0.115
0.103
0.168
0.215
0.141
0.071
0.033
0.029
0.061
0.128
0.229
0.345
0.430

32.8
2.03
A.

221

~Reference 25.
Reference 24. The listed cross section is for the sum of levels 2 and 4 using the multiconfiguration Hartree-Pock

wave function for the ground state and foily relaxed wave function for the excited state.

the Ar target. Spin-orbit coupling effects were
included in the calculation of the scattering orbi-
tals and transition density matrices. " Fairly
good agreement, in both magnitude and shape, is
found between theory and experiment, especially
for excitation of the dipole-allowed levels 2 and
4 (see Figs. 7 and 8). The experimental undula-
tions in the DCS's for all four levels are con-
firmed by theory, although the phase of the theor-
etical oscillation appears to differ from experi-
ment somewhat more for excitation of the dipole
forbidden levels (levels 1 and 3).

Comparison of the FOMBT and experiment at
20 eV is shown in Figs. 7 and 8, and at 30 eV in
Figs. 9 and 10. Agreement in magnitude between
theory and experiment seems to have worsened
relative to that at 16 eV although agreement in

shape is still fairly good. It should be noted that
both theory and present data find a, relative mini-
mum in the DCS in the 70'-80' angular region
which was not found in some earlier relative DCS

measurements' (shown by the filled and open tri-
angles in Fi.g. 10, normalized to present; absolute
results at 40').

'The agreement between experiment and theory
at 30 eV for excitation of the metastable levels 1
and 3 (Fig. 9) is about the same as at 20 eV. The
principal difference between the present data and
those of Ref. 8 (normalized again at 40') shown in
Fig. 9 appears to be in the depth of the minimum
in the 70'-80' angular range. Results of the pres-
ent measurements and the FOMBT at 50 eV inci-
dent energy are shown in Figs. 11 and 12 for lev-
els 1, 3 and 2, 4, respectively. 'The data in these
figures again illustrate the good agreement be-
tween experiments, and calculations in the
POMBT for the shape and magnitude of DCS for
these four levels.

Tabulations of the DCS's (every 10') are given
in Tables II-X for the 23 features- studied. It is
understood that in some cases (see Fig. 12) cer-
tain deep, narrow minima may be missed by this
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TABLE III. Same as Table II, but for levels 3 and 4.

Angle
(deg)

3
{10-20)

16
3

{1p-i8) {10-20)

20
4

(1p -18)

30
3 3

(10 )
'

(10 ) (10 )

-50
4 3

(]p ~21)

100
4

(0)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

(150)
(160)
{170)
(180)

Error class
Q

a

a

5.05
2.75
2.15
2.13
2.59
3.60
4.95
5.80
5.80
5.30
5.10
5.22
5.78
6.80
8.50

10.4
12.4
13.9
15.3
60.9
65.8
B

90.8
91.6

75.0
43.0
14.1
6.39
3.62
4.43
4.70
4.30
2.95
2.77
3.48
5.30
6.70
7.95

10.3
12.9
15.0
16.9
18.8
85.3
90.0

A
64.2
56.9

23.0
11.4
4.46
5.lp
4.70
3.70
4.20
4.15
3.47
3.07
3.48
4.05
4.98
6.18
7.90
9.60

11.3
13.2
15.2
64.4
72.7
B

157
145

77.0
46.0
16.9
6.74
5.93
6.75
7.95
5.60
2.60
2.13
3.15
4.65
5.70
6.98

10.7
15.0
20.2
24.9
28.5

100
98.2
A

170
127

11.2
13.2
13.0
10.4
6.70
3.02
0.940
0.440
0.380
0.385
0.460
0.685
0.845
1;49
5.65

10.2
14.9
19.2
24.0
45.4
46.1

92.9
67.9

490
250
67.0
22.0
13.3
8.45
4.48
2.15
2.49
2.98
3.35
2.63
1.72
1.95
3.21
6.81

11.8
16.9
19.8

144
57.4
A.

241
121

91.5
72.5
52.0
34.5
19.7
10.0
6.20
4.40
3.20
2.90
2.95
3.30
3.40
2.90
2.92
3.75
5.15
6.70
8.40

112
53.2

C
108
97.5

1710
585
76.3,
22.7
14.5
7.30
2.43
1.61
2.11
2.59
2.80
2.59
1.81
0.910
0.440
0.745
1.44
2.59
3.99

214
31.1
A

272
66.1

265
89.0
23.8
15.0
3.65
1.39
0.951
1.00
1.24
1.41
1.40
1.30
1.12
0.975
0.980
1.20
1.67
2.29
2.89

54.1
17.8

C

2650
290
13.4
6.90,
3.05
1.00
0.460
0.477
0.847
0.842
0.664
0.389
0.152
0.100
0.209
0.435
0.790
1.19
1.49

134
8.21
A

aHe ference 25.

TABLE IV. Same as Table II, but for levels 5 and 6.

Angle
(deg)

(0)
10
20
30
40
50
60
70.
80
90

100
110
120
130
140
{150) .

{160)
(170)
(180)
ar

. Error class

5
.(1P -19)

5.20
2.95
1.39
0.256
0.120
0.730
1.51
0.890
0.285
0.133
0.790
1.53
1.69
1.70
1.72
1.75
1.80
1.90
2.10

13.5
15.9

A.

20
6

(10 ")

1.01
0.780
0.460
0.310
1.14
1.72
2.20
0.560
0.465
0.655
1.03
1.43
1.90
2.85
4.30
5.90
7.70
9.30

10.1
24.4
33.9

B

39.0
29.5
17.5
7.60
2.10
3.09
4.95
5.21
4.15
2.30
1.62
4.15
5.60
2.72
1.68
2.30
3.50
4.90
6.20

56.5
43.0

B

30
6

{10 )

69.0
43.5
24.8
13.4
8.80
4.75
7.30
6.18
3.35
2.62
3.02
4.05
6.05

11.1
20.2
28.8
38.0
48.0
58.0

133
153

B

5
{10 )

8.40
4.82
2.58
1.28
0.650
0.520
1.24
6.00
3.30
0.400
0.330
0.920
1.52
1.39
0.870
0.738
1.24
1.88
2.31

20.0
17.2

C

50
6

110
44.5
10.0
3.65
2.00
1.37
1.02
0.981 .

1.21
1.63
1.93
1.92
1.52
0.960
0.510
0.625
1.13
1.98
2.89

30.8
16.9

C

5
(10 2i)

120
57.0
5.00
1.98
1.52
1.49
1.72
2.00
2.41
2.89
3.39
3.85
4.35
4.80
5.25
5.70
6.15
6.55
6.95

53.8
50.6

C

100
6

{1P-2i)

480
270
37.0
3.30
1.12
0.600
0.540-
0.641
0.792
0.961
1.17
1.39
1.61
1.89
2.15
2.35
2.58
2.79
2.99

93.1
21.2

C
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TABLE V. Same as Table II, but for levels 7, 8, and 9.

Angle
(deg)

20
8 9

{1P i8). {1P ie) {1P ie)

30 50
7 8 9 7 8

(]0-i9) {1P-20) (1P -20) {1P-20) {1P-20)

100
9 7 8 9-

0 20) {10 20) '{1P 20) (10-20)

(0)
10
20
30
40
50
60
70.
80
90

100
110
120
130
140

(150)
{160)
(170)
(180)

~r

Error class

3.45
3.00
2.30
1.42
0.894
1.00
1.16
0.970
0.750
0.638
0.770
0.970
1.00
0.970
0.980
1.03
1.19
1.32
1.49

12.9
11.9

A

1.60
1.10
0.619
0.300
0.435
0.665
0.490
0.120
0.120
0.350
0.595
0.760
1.05
1.80
2.90
4.05
5.05
6.10
7.00

13.8
20.7

B

2.91
2,55
2.05
1.38
0.838
0.878
0.920
0.850
0.730
0.632
0.630
0.720
0.820
1.29
1.86
2.48
3.20
4.00
4.95

14.6
16.5

B

14.0
11.1
7.70
4.50
2.09
1.19
0.750
0.440
0.358
0.540
0.540
0.260
0.345
0.890
1.42
1.97
2.55
3.25
3.90

17.9
12.6

B

74.0
59.5
38.5
13.1
5,90
5.05
4.61
3.42
2.05
1.79
1.93
2.41
3.35
5.58
9.85

15.1
21.0
25.9
28.2
95.6
84.6

B

131
89.5
54.0
32.6
17.4
8.95
4.50
3.45
3.69
4.75

.3.98
2.32
2.22
3.78
6.78

11.6
17.9
24.0
28.2

128
82.0
B

495
281
ill
23.0.

9.35
5.00
2.35
1.92
2.89
3.81
4.12
3.60
2.80
1.80
0.900
0.880
1.61
3.05
4.60

150
38.5
B

149
87.0
17.0
5.70
2.82
1.81
1.32
113
0.955
0.775
0.615
0.570
0.639
0.800
1.14
1.62
2.33
3.15
3.98

41.0
14.8

C

415
235
94.0
18.7
8.15
4.55
1.90
1.64
3.09
3.41
3.09
2.49
1.91
1.37
1.39
2.51
5.00
8.30

11.0
130

38.8
B

490
220
19.2
4.40
2.85
1.60
0.781
0.579
0.561
0.610
0.591
0.482
0.291
0.182
0.225
0.355
0.520
0.685
0.870

67.3
7.62
B

64.0
33.0
4.10
1.29
0.710
0.540
0.500
0.535
0.600
0.680
0.771
0.861
0.963
1.08
1.19
1.29
1.39
1.45
1.50

19.3
11.9

C

195
16.2
4.35
3.60
1.37
0.250
0.290
0.395
0.460
0.375
0.255
0.160
0.120
0.112
0.131
0.170
0.229
0.300

58.9
5.08
B

TABLE VI. Same as Table II, but for levels 10, 11, and 12.

Angle
(deg)

10
(10 )

20
11

(10 i)
12

(10 )

30
10 11

(lp -19) (1p -i9)
12

(10 )

50
10 11 12 10

i9) (]P 20) {1P 20) (]P 20)

100
11

(10 )

12
{lp-20)

(0)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

(150)
{160)
(170)
(180)

Or

+M

Error class

1.03
1.12
1.49
1.88
1.80
1.37
0.730
0.340
0.308
0.645
1.21
1.01
0.580
1.31
3.69
6.60
9.65

12.4
13.6
22.5
31.1

C

2.15
1.88
1;33
0.975
0.809
0.965
0.982
0.841
0.743
0.708
0.785
0.910
0.910
0.745
0.641
0.570
0.535
0.500
0.480

10.5
9.58
B

9.05
8.20
6.30
4.47
2.72
1.98
1.68
1.58
1.60
1.79
2.99
5.28
6.44
7.30
8.63

10.7
12.9
15.2
17.3
57.7
74.2

C

7.00
6.20
4.82
3.52
2.29
1.09
0.519
0.328
0.441
0.740
0.870
0.870
0.760
0.840
1.62
2.91
4.63
6.45
8.00

18.7
18.3

8-

14.7
12.1
7.45
3.65
1.70
0.885
0.540
0.415
0.338
0.215
0.139
0.150
0.275
0.590
0.942
1.27
1.61
1.99
2.14

14.3
8.15
8

46.'2
35.8
23.8
11.3
4.92
3.01
1.69
0.881
0.665
0.620
0.639
0.782
1.31
2.41
3.65
4.92
6.41
7.78
8.60

46.2
30.3

C

31.0
10.3
1.52
0.820
1.70
1.09
0.355
0.271
0.397
0.825
1.25
1.28
0.935
0.320
0.295
0.720
1.47
2.28
2.85

12.7
10.6

C

313 .

208
88.1
171
6.95
2.65
1.08
1.22
2.50
2.87
2.49
1 59
1.03
0.902
1.28
2.31
4.00
5.61
6.45

112
29.7

C

41.5
21.8
7.25
2.05
1.09
0.798
0.825
1.02
1.03
0.900
0.755
0.758
0.845
1.00
1.22
1.52
2-22
3.22
4.41

20.4
]4.4

C

120
63.0
6.55
6.98
5.80
2.32
1.62
1.92
2.71
3.10
2.91
2.21
1.21
0.911
0.932
1.30
2.20
3.25
4.12

45.5
25.6

C

451
169
13
3.11
1.39
0.715
0.422
0.275
0 .200
0.159
0.137
0.136
0.153
0.189
0.255
0.359
0.520
0.720
0.945

50.3
4.42

C

45.2
17.2
2.05
1.28
0.920
0.612
0.411
0.241
0.169
0.141
0.148
0.190
0.260
0.342
0.451
0.600
0.770
0.960
1.17
9.49
4.59

C
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TABLE VII. Same as Table II, but for levels 13, 14, and 15.

Angle
(deg)

13
{1P-fe)

20
14

(10 ie)
15

(10-19)
13

(10-is)

30
14

(10-")
15

(1p -is)
13

{10-19)

50
14

(10 ie)
15

(10-")
13

(1p -1&)

100
14 15

(1p -20)

(0)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

(150)
(160)
(170)
(180)

Error class

1.11
1.29
1.97

, 4.60
4.61
1.76
0.990
0.775
0.905
1.21
1.13
0.275
0.255
1.89
4.10
6.50
8.35

10.1
11.7
27.3
31.7

A

0.345
0.361
0.480
0.718
1.18
1.89
2.73
2.12
1.21
1.46
1.78
1.79
1.98
3.63
9.40

16.2
22.8
29.0
35.5
49.5
75.6

B

1.07
0.771
0.605
0.795
1.43
2.12
2.32
1.80
1.38
1.33
1.67
1.75
1.86
3.58
6.90

10.9
15.9
19.7
21.0
40.0
57.6

A

P.805
2.25
5.61
9.60
7.45
2.81
0.741
0.275
0.700
1.55
2.09
2.02
1.48
0.600
0.960
1.63
2.49
3.41
4.15

28.3
20.3

A

1.24
1.21
1.19
1.18
1.16
1.14
1.19
1.29
1.60
1.89
1.98
1.71
1.79
2.60
4.50
7.05

10.0
12.9
14.3
30.6
41.9

B

2.69
2.45
2.21
1.86
1.48
1.07
1.01
1.50
2.42
2.32

- 1.23
0.881
1.74
3.55
5.85
8.10

10.1
11.3
12.2
33.5
44.6

A

17.9
10-.5
1.15
3.65 .

5.40
3.85
1.30
0.380
1.55
3.04
4.18
3.97
2.01
0.451
0.365
0.795
1.39
1.93
2.47

30.7
25.2

A

3.50
2.18
1.07
0.890
0.905
1.03
1.11
1.02
0.795
0.480
0.242
0.170
0.415
0.941
1.72
2.60
3.50
4.37
4.90

12.8
14.6

B

1.25
1.23
1.19
1.14
1.06
0.945
0.779
0.618
0.473
0.371
0.302
0.275
0.313
0.461
0.730
1.06
1.41
1.70
1.85
8.42
7.74

A

62.0
14.1
0.845
2.72

- 3.09
1.55
0.425
0.810
1.22
1.40
1.30
0.881
0.415
0.161
0.395
0.880
1.40
1.89
2.31

17 7
11.5

A

54.5
13.9
4.15
3.00
2.34
1.82
1.40
1.02
0.690
0.450
0.270
0.171
0.122
0.129
0.230
0.520
0.975
1.51
2.00

15.1
6.83
C

8.21
6.30
4.75
3.55
2.62
1.89
1.32
0.865
0.503
0.340
0.278
0.253
0.259
0.292
0.418
0.875
1.39
1,88
2.31

14.2
8.05
C

TABLE VIII. Same as Table II, but for levels 16, 17, and 18.

Angle

(deg)

16
(1p -19)

20
17

(1P-is)
16

{10" )

30
17

(10 -i9)
18 16

50
17 18

(1P -20) (1P -20)
16

(10 )

100
17

(10-20)
18

(10-")

(0)
10
20
30
40
50
60
70
80
90

100
110
120
13P
140

(150)
(160)
{170)
{180)

&r

Error class

1.07
0.671
0.428
0.471
0.720
1.32
2.19
2.03
1.57
1.70
2.31
2.68
2.91
3.81
5.82
9.10

12.9
17.1
20.1
38.7
55.4

A

1.00
0.751
0.461
0.311
0.345
0.535
0.740
0.965
1.00
1.22
1.79
1.82
1.43
1.31
1.63
2.37
3.27
4.25
5.00

16.2
20.7

B

1.83
0.929
0.518
0.428
0.581
0.975
1.51
1.19
1.11
1.52
2.00
1.73
1.59
2.35
3.69
5.40
7.25
8.80
9.50

24.9
34.0

A

1.73
1.64
1.48
1.33
1.15
1.00
0.950
1.02
1.18
1.34
1.43
1.41
1.67
2.28
3.39
4.58
5.78
6.80
7.10

22.9
29.4

A

2.71
2.37
1.89
1.37
0.940
0.615
0.465
0.580
0.720
0.735
0.675
0.640
0.785
1.37.

2.25
3.10
3.99
4.61
5.00

14.7
18.0

B

6.65
5.03
3.35
2.05
1.13
0.655
0.490
0.447
0.455
0.473

' 0.503
0.600
0.785
1.11
1.65
2.40
3.20
4.00
4.45

14.0
14.7

B

25.0
7.40
3.78
3.51
6.18
6.97
6.45
5.85
4.55
3.65
3.05
2.78
2.71
3.05
4.31
6.78
9.60

12.2
13.9
60.4
58.5

B

47.1
35.5
23.5 .

14.5
7.95
3.28
1.61
2.40
3.08
3.22
2.87
2.02
1.23
1.13
1.65
2.62
3.80
4.95
5.78

55.4
31.9

B

201
119
19.1
6.27
5.74
5.20
3.28
1.79
1.59
1.88
2.00
1.81
1.24
0.646
0.661
1.11
2.03
3.37
4.45

61.4
22.5
B

16.9
8.90
2.51
1.28
1.02
0.841
0.610
0.382
0.240
0.182
0.160
0.173
0.228
0.325
0.518
0.825
1.30
1.87
2.41
9.03
5.99
C

42.0
26.5
12.9
4.95
2.19
1.13
0.681
0.424
0.275
0.218
0.204
0.221
0.275
0.375
0.529
0.785
1.20
1.71
2.39

20.1
7.03
C

285
69
2.70
1.28
1.02
0.841
0.585
0.375
0.241
0.181
0.161
0.173
0.226
0.325
0.510
0.825
1.29
1.87
2.41

24.1
6.10
C
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TABLE IX. Same as Table II, but for levels 19, 20, and 21.

Angle
(deg)

19
(1p-19)

20
20 21 19

(10-19) (10-19) (]0-19)

30 50 100
20 21 19 20 21 19 20

(10 1 ) (10 ) (10" ) (10 ) (10 20) (10 9) (10 9)
21

(10-20)

(0)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

{150)
(160)
(170)
(180)
a

Error class

1.36
1.09
0.740
0.470
0.398
0.455
0.680
0.805
0.638
0.529
0.640
0.443
0.395
0.645
1.03
1.63
2.36
3.13
3.79
9.41

11.1
8

2.02
1.78
1.33
0.981
0.828
0.946
0.921
0.573
0.540
0.735
0.827
0.650
0.360
0.800
2.90
5.53
8.20

11.1
14.2
18.6
25.9

A

0.798
0.531
0.279
0.172
0.352
0.583
0.643
0.502
0.519
0.740
1.12
1.30
1.39
2.09
3.63
5.58
7.60
9.40

10.0
19.5
29.8

B

12.9
9.75
6.15
3.60
1.80
0.815
0.435
0.315
0.205
0.119
0.120
0.221
0.371
0.585
0.803
1.01
1.23
1.39
1.49

12.3
6.98
A

33.0
20.0
10.2
5.10
2.87
1.53
0.440
0.439
0.821
1.11
1.04
0.700
0.411
0.682
1.15
1.65
2.22
2.70
3.00

23.0
13.7

A

3.90
2.80
1.82
1.08
0.670
0.479
0.362
0.388
0.580
1.02
1.30
0.831
0.518
1.00
2.08
3.00
4.02
5.10
5.98

14.5
18.0

B

91.5
37.0
11.8
4.15
1.72
1.03
0.481
0.222
0.238
0.398
0.515
0.515
0.418
0.210
0.185
0.352
0.660
1.07
1.49

21.1
6.02
A

281
94.0
18.3
7.45
4.85
2.15
0.780
0.491
0.579
0.681
0.680
0.541
0.341
0..183
0.171
0.315
0.488
0.659
0.845

43.5
8.16
A

200
66.1
12.9
6.10
4.35
3.65
311
2.68
2.01
1.41
0.985
0.745
0.698
0.775
0.980
1.41
2.08
2.81
3.51

44.7
19.1

C

210
35.5
12.9
1.63
0.691
0.259
0.110
0.069
0.090
0.118
0.130
0.121
0.099
0.082
0.084
0.129
0.242
0.400
0.559

14.7
1.98
A

575
82.0
5.35
2.39
1.19
0.525
0.221
0.155
0.219
0.285
0.322
0.248
0.168
0.114
0.122
0.250
0.450
0.661
0.820

34.3
3.74
A

3200
270

2.90
0.871
0.420
0.219
0.148
0.112
0.094
0.083
0.076
0.072
0.072
0.076
0.087
0.112
0.169
0.269
0.380

110
2.15
C

TABLE X. Same as Table II, but for levels 22 and 23.

Angle
(deg)

(o)
10
20
30
40
50
60
70
80
90

100
110
120
130
140

(150)
(160)
(170)
(180)

Error class

22
(10 19)

0.720
0.725
0.785
0.915
1.08
1.18
1.20
1.19
1.13
1.07
1.11
1.27
1.52
1.92
2.54
3.28
3.98
4.45
4.58

19.0
23.3

B

20
23

(] p 19)

2.92
1.95
1.27
1.04
0.971
0.952
0.960
0.825
0.682
0.595
0.561
0.581
0.730
1.17
1.98
3.00
4.03
5.18
6.01

14.6
17.6

A

22
(10 19)

47.1
24.5
9.15
3.19
1.42
0.825
0.615
0.541
0.518
0.502
0.524
0,598
0.795
1.41
2.85
4.09
5.25
6.30
7.20

25.0
21.4

B

30
. 23

(1p-19)

12.0
11.2
8.85
6.00
3.51
1.79
0.855
0.518
0.435
0.411
0.422
0.463
0.618
0.980
1.85
3.23
4.92
6.65
7.85

23.8
18.7

A

22
{10 ")

79.0
27.0
6.85
3.15
1.73
1.00
4.78
0.452
0.700
0.665
0.513
0.428
0.400
0.435
0.532
0.681
0.825
1.02
1.20

-17.8
7.74
B

50
23

(10-19)

251
101
19.8
8.25
4.85
2.28
0.945
0.603
0.805
0.902
0.800
0.563
0.378
0.265
0.271
0.485
1.01
1.93
2.77

47.2
10.5

A

22
(1p -20)

758
210
28.0
11.3
5.35
2.79
1.67
1.28
1.10
1.02
1.00
1.03
1.06
1.12
1.27
1.53
2.09
2.89
3.79

87.5
19.0

B

100
23

{1p-19)

745
89.0
6.05
2.59
1.45
0.685
0.241
0.112
0.109
0.245
0.445

. 0.505
0.325
0.141
0.133
0.219
0.349
0.495
0.600

40.0
4.33
A
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ARGON, E =20eV
0
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4
I

CALC,

DIF (DC)
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I I
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I

I2.0II.O I2.0 l4.0
I

I5.0
I I I

I 3.0 I5.0

FIG 1 Representative energy-loss s ectr

ENERGY LOSS (eV)

, a e I.ndicated scattering angles. Bydber
g ', , n pr 1 a s are shown. The line noted as DIP pC) is the difference s e

argon line t 't'i in ensl. ies,
spec rum, and is a measure of the goodness f f't bspec rum, and l.s a m o l. etween the calculat d d

~s e ~ erence spectrum
u a e an measured

angular interval. However, in nearly all cases
the oscillatory nature of the DCS

's is captured.

the t
Rather than show plots of all th DCS'e s given in

e tables, only those DCS which could be com-
pared with other experimental data or theories
are shown in detail.

8. Magnetic sublevel cross sections

Usin the m
'

g e measured ~ parameters for the 106.7-
and 104.8-nm transitions"'" and thean e present re-
su s, one may obtain differential magnetic sub-
level cross sections for levels 2 and 4. If g is
denoted as th e sublevel cross section for the m= 0,

0

and o, twice that for the m=1 magn t blagne ic sublevels

of the two J=—1 states, then these quantities are
related to the measured DCS (do/d()) by"

CtO'
Oo= A.—

dQ',

(r, = (1 —A. )—.Q(X

gQ'

Measurements of & have beeeen reporte ' at E,
=50 eV and 8=5'. Values of d&x/dQ at 8=5'were
obtained from the present work b
at 50ea eV) dv/dQ for levels 2 and 4 from 10' our

lowest-angle measurement) to 5', using the theor-
etical FOMBT DCS" as a guid Th
~~~~~ oo& obtained for level 2 was 3.81x10"cm'
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ARGON

2187
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FIG. 2.' Grotrian energy-level diagram (Ref. 30) for the levels of argon. discussed in the present work. Division is
made into the s, p, d, and s', p', d' series corresponding to the I'3/2 and Pf/2 cores, respectively, of Ar u.

and for level 4 was 1.42 x 10="cm'. 'The corres-
ponding o, and o, values for level 2 ('P, ) are

10-

ARGON

o,=(2.29+0.66) x 10"cm',

v, = (1.52 + 0.44) x 10 " cm',

and for level 4 ('P, )

(2)

CD

I—
C/l

I

CK

t/1

LJJ
I

10 '-

10 2—

30 eV

so= (1.02+0.30) x 10 's cm',
(3)

o, = (3.98 + 1.15) x 10 "cm',

where the errors include the error in do/dQ, an
estimated error in the extrapolation to 5' (10%),
and error in the measurement of & (8.3/o)." The
corresponding theoretical values are" [level 2
('&,)]

10

16 eV
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I
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oo= 3.18x 10"cm2

o =1.36x1Q1

and [level 4 ('P, )]

go 1 25 x 1Q

g, =5.34x 10"cm2.

(2')

(3')

FIG. 3. Intensity ratio of the argon line 4s'[1/2]l
tline 4) to the elastic-scattering feature at 16 and 30 eV.
Connecting lines are drawn for ease of viewing.

The agreement is seen to be satisfactory in the
four subleve1 cross sections. However, it is in-
teresting to note that the interpretation of the co-
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FIG. 5. Experimental (crosses) and theoretical first-
order many-body DCS results (solid lines) (Bef. 25) for
the first two metastable levels 1( P2) and 3( P0) in argon
at 16 eV. The scale change of level 3 refers to both the
experimental and theoretical data. This same sense of
scale change is used in the subsequent figu-res.

FIG. 4. Same as Fig. 3, but at energies of 20, 50, and

100 eV.

incidence experiment o is based on a formula'9
which is valid, in general, only for the LS coupled
case. Recent reinterpretation of the coincidence
experiment in the case of spin-orbit coupling'
has shown a different formula to apply which, for
scattering from argon at 50 eV and 5', gives re-
sults fortuitously close to those of the formula
used in Ref. 20." A similar decomposition of the
~ measurements of Pochat et al. ," into 0'p and 0'y

may be made, with a similar caveat concerning
the interpretation of these X's.

C. Integral and momentum-transfer cross sections

10'

10
-2

L

E

I
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hicks

10

ARGON

16 eV

Q2 (x0. 1)

Integral cross sections for levels 1 and 3 are
shown in Fig. 13, along with results obtained by
the FOMBT. Agreement between experiment and

theory here reflects to some extent the agree-
ments in the DOS's especially in the 30'-130'
angular range which gives the major contribution
to the integration (see Figs. 5, 7, 9, and 11).

Integral cross sections for levels 2 and 4 are
shown in Fig. 14. In addition to results from the

10 I I I I I I

0 20 40 60 80 100 120 140 160 180

SCAT)ER ING ANGLE (deg)

FIG. 6. Experimental (crosses) and theoretical first-
order many-body calculation DCS results (solid lines)
(Bef. 25) for the first two optically allowed levels 2( P&)
and 4( P&) in argon at 16 eV.
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FIG. 7. Same as Fig. 5, but at 20-eV incident-electron
energy.
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FIG. 9. Same as Fig. 5, but at 30-eV incident energy.
The dashed line through the data of level. 1 is for ease
of viewing. Asterisks (*) represent relative cross-sec-
tion results of Ref. 8 which were normalized to the pre-
sent absolute results at 0 =40'.

FOMBT the semiempirical Born results of Ref.
22 and, for level 4, optical-excitation data of
Ref. 18 corrected for cascade are also shown.
The two sets of experimental data for level 4 are
in good agreement with one another. Comparison
with the semiempirical cross sections shows the
latter to be high, by factors of 1.5-2. This trend

is also borne out for excitation of the level Sd'
[3/21', (level 23) to be discussed below. The
agreement between results of the FOMBT and
experiment is generally better than for the semi-
empirical results.

Either because of poor experimental resolution,
or because spin-orbit coupling effects were not
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FIG. 8. Same as Fig. 6, but at 20-eV incident-electron
energy.

FIG. 10. Same as Fig. 6, but at 30-eV incident elec-
tron energy. The open triangles (w) are relative DCS
of Ref. 8 for level 4 which were normalized to the pre-
sent absolute results at & =40'. The filled triangles (v)
similarly refer to level 2.
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tron energy.
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included in previous theoretical calculations, lev-
els 2 and 4 are often treated as a single level ex-
cept for the recent FOMBT calculations. 'The sum
of integral cross sections for excitation of levels
2 and 4 obtained in the pres'ent measurements is
compared in Fig. 15 with other experiments and

theoretical results. 'There is good agreement be-
tween the present data and optical excitation
measurements. " Results of one other measure-
ment of these combined transitions" are plotted

I I I

FIG. 13. Integral cross sections for excitation of the
metastable levels 1( P2, filled circles) and 3( Po, open
squares). Solid lines are results of the first-order
many-body calculation of Ref. 25.

in Fig. 8 of Ref. 18. 'These results bear the same
relationship to our data as to those of Ref. 18 and
are not plotted again.

Theoretical results for excitation of these-levels
include the FOMBT,"Born approximation with
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FIG. 12. Same as Fig. 6, but at 50-eV incident-elec-
tron energy.

FIG. 14. Integral cross sections for excitation of the
optically allowed levels 2( P&) and 4('P&). Filled circles
(~) are present data. Solid lines (-) results of the first-
order many-body theory (Ref. 25); long dash lines (--)
semiempirical Born calculations (Ref. 22); short dash lines
lines (-—) experimental results of Ref. 18 corrected
for cascade; dot dash line (-.--) experimental results of
Ref. 17 including cascade. Note break in the ordinate
for level, s 2 and 4.



ELECTRON-IMPACT EXCITATION OF ELECTRONIC STATES. . . 2191

CU
E

I
CD

C)
I—

ll)
Ct)
t/l

CC

CD

I—

'3
0

ARGON

LEVELS 02+ 04

) NTEGRAL

10
20

!
40 60

INC I DENT ELECTRON ENERGY teV)

!

80

sections for excitation of the optically allowed levels 2( P&) and 4('P&). Filled circlesFIG. 15. Sum of integral cross sections or exci io
en circles {o) data of Ref. 18. Long dash line (- —) resu s o e olt f the Born approximation using

f th d and excited states, respectively (Ref.o e-o ig 'o H rtree-Fock wave functions or e groun
the Born a roximation using multiconfigura on an24)

f th nd and excited states, respectively &Ref. 24); dot-dash line (- ~ —-) is or e -wavor e groun
solid line t' —) results of the first-order many-body theory ( e .

several ground and excited-state target wave
functions, '4 and a distorted-wave (DW) Born cal-
culation. " One finds (Fig. 15) good agreement
with results from the Born approximation in
which a multiconfiguration ground state and fully
relaxed excited-state target wave function was
used'4; as well as with results from FOMBT. The
sharp peak near threshoM for the DW calculation
(Fig. 15) is very likely an artifact of the distorting
potential used. " It is interesting to note that the
present measurements show a flattening in the
cross section between. 16 and 20 eV, perhaps evi-
dence for such a peak. This indication, however,
is not statistically significant nor is a.peak ob-
served in the optical excitation measurements of
Ref. 34.

Several interesting comparisons of the present
metastable-level cross sections with other calcu-
lations and measurements can also be made. In
Fig. 16 the sum of integral cross sections for lev-
els 1 and 3 is shown and compared to results ob-
tained from the FOMBT." The trends here are
practically the same as those in Fig. 13 for the
individual levels. Again the results from the
FOMBT are in reasonably good agreement with
experiment. There are also two time-of-flight
(TOF) measurements in'which the total production
of metastable levels was measured as a function
of incidenj; electron energy. One is an absolute

measurement from threshold to 50 eV (TOF1)"
with a stated accuracy of a factor of 2. 'The other
is a relative measurement from 20 to 100 eV
(TOF2),"the peak of which was normalized here
to 3.55 x 10 "cm', the average of peak cross sec-
tions measured in Ref. 15. First, one sees in
Fig. 16 that the results of TOF1 and TOF2 are
greater than the'present sum of levels 1 and 3,
as they should be since they measured the con-
tribution from all metastable levels. Moreover,
the cross sections of all resolved metastable
levels studied in the present work can be summed
to compare to these results. There are 16 levels
in all for which d J=0(0&0) and 2, and levels
which are of even parity, levels 1, 3, 5-13, 15-
18, and 21. This sum (labeled 16 LEVELS) is
in good agreement with the TOF results as shown
in Fig. 16. However, this curve should still be
below the TOF results since (a) unresolved
metastable levels (in levels 19 and 22) were not
included in the sum, and (b) the present data
extended only to an energy loss of 14.3 eV, so
that higher metastable levels extending to the
ionization limit (15.755 eV) were also excluded
from the sum. One concludes then that the
detector calibration in the TOF1 measurements
should probably place the peak cross sections
somewhere in the range (3.55 -7.10) x 10 " cm'
to accommodate these missing levels. The curve
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FIG. 16. Integral cross sections for excitation of the
metastable argon levels. Experimental data for the sum
of cross sections to levels 1( P2) and 3( Po) are given as
open triangles (g) for present results; long dash line
(- —,TOF1) absolute time-of-flight cross sections for
excitation of all metastable levels (Ref. 15): short dash
line (——,TOF2) relative time-of-flight cross section
for excitation of all. metastables (Bef. 14) normal. ized to
a peak cross section of 3.55 F10 '7 cm from Ref. 15;
dot-dash line (-~ —.—,16 LEVELS) absolute cross sec-
tions for the sum o'f 16 resolved metastable levels from
the present work; dotted line ( ~ - ~ ~, COMPOSITE) com-
posite forbidden cross sections from the semiempirical.
form of Ref. 22. Solid line is the theoretical first-order
many-body calculation (Ref. 25) for the sum of levels 1
and 3.

labeled COMPOSITE is the sum of all metastable
cross sections from the semiempirical formula
of Ref. 22. It appears to overestimate the meta-
stable cross sections for energies greater than
about 40 eV.

One further application of the present integral
cross sections is illustrated by results for levels
12 and 23 shown in Fig. 17. The argon transition
Sd'[2/2],'- 4p'(1/2), is one of two lasing transitions
excited in direct nuclear-pumped laser systems. 2'3

In the absence of actual data, modelers have been
accustomed to using Born semiempirical cross
sections'2 (solid line in Fig. 17) for calculating
the electron excitation rate of the upper level 23.
One sees a discrepancy of about a factor of 4
between the present data and the semiempirieal
results. The latter tend to overestimate the

104 I

20
(

40 60 80

INCIDENT ELECTRON ENERGY (eY)

I

100

excitation rate, as was noted in Fig. 14 for levels
2 and 4. Gne other interesting point in Fig. 17
is that the excitation rate to the upper level 23
is 3 to 45 times that to the lower level 12, de-
pending on the electron energy. Hence, all things
being equal, one would expect greater lasing
efficiency for the 1.27-pm lasing transition at
higher ambient electron energies (-100 eV)
rather than at low'er (-20 eV).

Listings of all the integral and momentum-
transfer cross sections are given in Tables II-X.
While the DCS are given in only 10 intervals, the
interval used for, the numerical integrations was
5, 2.5 or 1' depending upon the slope of the DCS.
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FIG. 17. Present integral cross sections for excitation
of the levels 4P' h//2l& (level 12, open squares) and
3d' f3/2j( (level 23, filled circles). Dashed connecting
lines are for ease of viewing. - Solid line represents
semiempirical Born calculation of Ref. 22 for level 23.
The transition 23 12 is one frequently excited in nuc-
lear-pumped laser systems containing argon (Befs. 2
and 3).
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