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First-order many-body theory has been used to calculate collision-frame magnetic-sublevel differential
cross sections for electron-impact excitation of the n 'P (n=2,3,4,5,6) levels of helium for electrons with
incident energy in the 25-500-eV range. By combining results from electron-impact differential-cross-
section measurements and electron-photon coincidence measurements, experimental magnetic-sublevel
cross sections have also been derived for the excitation of the 2 !P and 3 'P levels. The theory predicts a
pronounced minimum for the M =0 magnetic-sublevel differential cross section for incident electron en-
ergies around 30 eV. Our theoretical results are compared to the experimental data and some other

theoretical results.

PACS number(s): 34.80.Dp

I. INTRODUCTION

Electron-scattering measurements have historically
been concerned with the determination of differential
cross sections (DCS’s) or integral cross sections (ICS’s)
representing the usual statistical averages over un-
resolved states (sum-over-final and average-over-initial
states). This averaging and summation includes the
magnetic-sublevel structure and hyperfine, or otherwise
experimentally unresolved, sublevels of the initial and
final levels of the target. With the development of
electron-photon coincidence (EPC) techniques [1,2], it is
now possible to obtain magnetic-sublevel excitation cross
sections for the electron-impact excitation of atomic sys-
tems. Results from electron-photon coincidence mea-
surements are usually presented in the form of various
electron-impact coherence parameters (EICP) and exten-
sive reviews on this subject were published recently by
Andersen, Gallagher, and Hertel [3] and by Slevin and
Chwirot [4]. While the terminology of the EICP’s is
somewhat complex, and can be confusing for the average
collision physicist, it is easy to understand the concept of
magnetic-sublevel DCS’s. It is the purpose of the present
work to point out that information from EPC experi-
ments and from conventional DCS measurements can be
used to obtain magnetic-sublevel DCS’s. In the case of a
IS — 1P excitation, which is the subject of the present pa-
per, the A parameter [1-4] represents the ratio of the 'P
(M =0) magnetic-sublevel DCS to the magnetic-sublevel
summed DCS.

We call the collection of magnetic sublevels for a
specific n the n?ST'L “level” and reserve the term
“state” for identifying the individual magnetic sublevels
and identify the experimentally determined magnetic sub-
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level DCS with an M-value subscript.

The notation do /dQ for the theoretical differential
cross section, and DCS for the experimentally obtained
quantity, are used interchangeably here because they are
equivalent to within experimental error. DCS is also
used for the abbreviation of “differential cross section.”
Correspondingly, the symbols o for the theoretical and Q
for the experimental integral cross sections are used in-
terchangeably, and o§, refers to the “theoretical ICS in
the collision frame for the excitation of the magnetic sub-
level M.”

The axis of quantization, the Z axis of the coordinate
system, was chosen along the direction of the incident
electron beam, and the (X,Z) plane coincides with the
collision plane. This latter coordinate system is usually
referred to as the “collision frame” and is the frame used
to obtain the results reported in this paper. The A pa-
rameter, combined with available DCS data, can yield,
therefore, the individual collision-frame magnetic-
sublevel DCS’s. This latter approach was utilized by
Chutjian and Srivastava [5] for the excitation of the 2 'P
level of helium at 60- and 80-eV impact energies and by
Chutjian [6] for excitation of the 3 'P level at 80 and 100
eV, whereas Hummer and Burns [7] directly obtained
from an EPC experiment the M =0 magnetic-sublevel
DCS for the excitation of the 3 'P level at 70 eV.

In this paper we utilize the A parameters and the
DCS’s, which recently became available from laboratory
measurements, to deduce the corresponding collision-
frame magnetic-sublevel DCS’s. We also present
differential and integral cross-section results ob-
tained wusing first-order many-body theory [8]
(FOMBT). The experimental and theoretical results are
compared to each other, and some general conclusions

1625 ©1992 The American Physical Society



1626 CSANAK, CARTWRIGHT, AND TRAJMAR 45

HELIUM

21p,50eV

[ Eminyan et al. (1974)

& McAdame et al. (1980)

B Tanetal (1977) —
== Best fit

HELIUM
21p,80eV

Eminyan et al. (1974)
Slevin ot al. (1980) h

a
*
B Steph/Goiden (1980)

¢ Ugbabeetal (1977) -
= Bost it

0.0 i 1 1 1 1 | 1 1 i | i 1 2 1 1 | 1
0 20 40 60 80 100 120 140 160 180

SCATTERING ANGLE (deg)

FIG. 1. A values available for the 2 P level at 50 eV (upper panel) and 80 eV (lower panel). The experimental results shown are (a)
at 50 eV, that of Eminyan et al. (Ref. [9]), McAdams et al. (Ref. [10]), and Tan et al. (Ref. [11]) and (b) at 80 eV that of Eminyan
et al. (Ref. [9)), Slevin et al. (Ref. [12]), Steph and Golden (Ref. [13]), and Ugbabe et al. (Ref. [14]). The smooth line drawn through
these points denotes the values used in this paper for each incident electron energy.

TABLE I. Summary of impact energies and angular ranges for which magnetic-sublevel DCS’s were
obtained from experimental data and sources of DCS and EICP data.

Angular References
Level E (eV) range (deg) DCS A
2'p 26.5 7.5-70 [16] [17,18]
30 10-130 [19] (17,10,20]
40 10-110 [21] [20,9]
50 5-120 [19] (10,9,11,22]
60 10-120 [5)* [9,12,22]
80 5-120 [5]* [9,12,13]
[14,22]
100 5-40 [19] (9,13]
200 7.5-35 [23] (9,13]
500 7.5-20 (23] [13]
31p 50 5-90 [19] [22,24]
70 10-50 7 (7
80 10-110 [61° [22,24,25,26]
100 10-30 (6]°,[19] [24]

2DCS values of Ref. [5] were renormalized (see text).
"DCS values of Ref. [6] were renormalized (see text).



TABLE II. Summary of experimental 2 'P differential cross sections (10™'® cm?sr™ '), A values, and
derived magnetic-sublevel differential cross sections (107 '® cm?sr '), last two columns.

MAGNETIC-SUBLEVEL CROSS SECTIONS FOR EXCITATION . ..

DCS
E (eV) 6 (deg) (all M) A M= M=
26.5 7.5 0.39 0.97 0.38 0.005
10 0.45 0.95 0.43 0.010
13 0.73 0.94 0.69 0.020
20 1.51 0.89 1.34 0.085
30 1.51 0.82 1.24 0.135
40 0.90 0.73 0.66 0.120
50 0.43 0.63 0.27 0.140
60 0.22 0.52 0.11 0.055
70 0.10 0.43 0.043 0.030
30 10 5.05 0.93 4.70 0.175
15 3.73 0.87 3.25 0.24
20 2.77 0.81 224 0.265
30 1.30 0.70 0.91 0.195
40 0.46 0.59 0.27 0.095
50 0.26 0.50 0.13 0.065
60 0.15 0.44 0.066 0.043
70 0.12 0.44 0.053 0.034
80 0.10 0.45 0.054 0.033
90 0.097 0.43 0.042 0.028
100 0.091 0.37 0.034 0.029
110 0.073 0.30 0.022 0.026
120 0.075 0.26 0.020 0.028
130 0.099 0.25 0.025 0.037
40 10 10.7 0.84 8.99 0.885
20 4.88 0.63 3.07 0.905
30 1.71 0.49 0.84 0.435
40 0.63 0.49 0.31 0.160
50 0.30 0.56 0.17 0.065
60 0.19 0.63 0.12 0.035
70 0.15 0.69 0.10 0.025
80 0.12 0.73 0.090 0.015
90 0.10 0.74 0.075 0.013
100 0.098 0.73 0.071 0.014
110 0.080 0.70 0.056 0.012
50 5 28.9 0.90 26.0 1.45
10 17.5 0.75 13.1 2.20
15 10.5 0.56 5.99 2.26
20 6.42 0.45 2.89 1.77
30 2.16 0.41 0.89 0.635
40 0.80 0.50 0.40 0.200
50 0.38 0.72 0.27 0.055
60 0.27 0.75 0.20 0.035
70 0.20 0.73 0.15 0.025
80 0.16 0.69 0.11 0.025
90 0.12 0.60 0.072 0.024
100 0.096 0.50 0.048 0.024
110 0.077 0.45 0.035 0.021
120 0.069 0.43 0.030 0.020
60 10 23.0 0.60 13.8 4.60
15 11.0 0.48 5.28 2.86
20 5.5 0.40 2.2 1.65
30 1.3 0.40 0.52 0.39
40 0.36 0.64 0.23 0.065
50 0.19 0.83 0.16 0.016
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TABLE II. (Continued).

DCS
E (eV) 6 (deg) (all M) A M=0 M=
60 0.12 0.88 0.106 0.007
75 0.083 0.81 0.067 0.008
80 0.066 0.75 0.050 0.008
90 0.055 0.65 0.036 0.009
105 0.045 0.60 0.027 0.009
120 0.034 0.53 0.018 0.008
80 5 52.0 0.75 39.00 6.50
8 36.0 0.55 19.80 8.10
10 26.0 0.49 12.74 6.63
15 10.5 0.36 3.78 3.36
20 4.3 0.30 1.29 1.51
25 1.9 0.32 0.61 0.65
30 0.77 0.44 0.34 0.22
35 0.41 0.53 0.22 0.096
40 0.23 0.66 0.15 0.039
50 0.12 0.87 0.10 0.001
60 0.080 0.91 0.073 0.0036
75 0.051 0.86 0.044 0.0036
30 0.042 0.83 0.035 0.0036
90 0.034 0.77 0.026 0.0039
105 0.023 0.70 0.016 0.0035
120 0.019 0.72 0.014 0.0025
100 5 78.9 0.66 52.1 13.4
10 29.8 0.37 11.0 14.4
15 10.9 0.28 3.05 3.93
20 3.86 0.25 0.97 1.40
30 0.53 0.45 0.24 0.145
40 0.17 0.74 0.13 0.020
200 7.5 38.4 0.27 10.4 14.00
10 17.2 0.20 3.44 6.90
15 3.56 0.14 0.50 1.53
20 0.81 0.20 0.16 0.325
25 0.23 0.42 0.097 0.065
30 0.087 0.63 0.055 0.017
35 0.052 0.80 0.042 0.005
500 7.5 10.86 0.125 1.36 4.75
10 3.24 0.090 0.29 1.48
15 0.32 0.14 0.045 0.24
20 0.040 (0.29) 0.012 0.014

are drawn concerning the status of the theory based on
these comparisons.

II. CROSS SECTIONS OBTAINED FROM
EXPERIMENTAL DATA

A. Procedure
The following procedure was employed to obtain ex-

perimentally “measured” magnetic-sublevel DCS’s. All
measured A values available for helium n 'P (n =2,3) ex-

citation were collected and plotted as a function of
scattering angle (6) for each impact energy (E), as shown
in Fig. 1. A smooth curve was then drawn through the
data points (Fig. 1) and the A values at various
intermediate-scattering angles were interpolated from
these curves. The literature was also surveyed for all n 'P
(n =2,3) excitation DCS’s, and some of the older data
derived from inelastic- to elastic-scattering intensity ra-
tios were renormalized using the more recent elastic-
scattering DCS data [15]. Multiplication of the appropri-
ate A and the DCS values yields the collision DCS
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FIG. 2. Magnetic-sublevel DCS’s (left two panels) and magnetic-sublevel summed DCS (right panel) for the electron-impact exci-
tation of the 2 !P state of helium at E =26.5 eV incident electron energy. The “experimental” values for collision DCS’s for M =0
(left panel) and M =1 (middle panel) were obtained as described in the text. The experimental DCS data in the right panel are from
Truhlar et al. [16]. The results of our calculations are indicated by FOMBT, and the magnetic-sublevel summed DCS obtained from
our FOMBT calculation is shown as a dashed line in all three panels to provide a reference for comparisons.
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FIG. 3. Same as Fig. 2 except for E =30 eV incident electron energy. The experimental DCS data used are from Cartwright et al.
[19] and from Hall et al. [21] (shown in right panel). The ten-channel optical potential close-coupling (CCO) results of Brunger et al.
[27] for the DCS are also shown.
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FIG. 4. Same as Fig. 2 except for E =40 eV incident electron energy. The experimental DCS data used are from Hall et al. [21]
(shown in right panel). The distorted-wave-approximation (DWA) results of Madison and co-workers [28], the five-state close-
coupling (five-state CC) results of Bhadra, Callaway, and Henry [29] and the ten-channel optical potential close-coupling (CCO) re-
sults of Brunger et al. [27] are also shown in the right panel for comparison.
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FIG. 5. Same as Fig. 3 except for E =50 eV incident electron energy. The experimental DCS data used are from Hall et al. [21]
and from Cartwright et al. [19] (shown in the right panel). The DWA results of Madison and co-workers [28] are also shown in the
right panel for comparison.
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FIG. 6. Same as Fig. 2 except for E =60 eV incident electron energy. The experimental DCS data used are from Chutjian and
Srivastava [5] (shown in the right panel). The DWA results of Madison and co-workers [28] and the five-state CC results of Bhadra,
Callaway, and Henry [29] are also shown in the right panel, as well as earlier FOMBT results of Thomas et al. [30] for comparison.
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TABLE III. Summary of experimental 3 P differential cross sections (10! cm?sr™!), A values, and
derived magnetic-sublevel differential cross sections (107 '8 cm?sr™!), last two columns.

DCS DCS
E (eV) 0 (deg) (all M) A M=0 M=1
50 5 5.55 (0.84) (4.78) (0.46)
10 3.50 (0.70) (2.52) (0.54)
15 2.36 0.57 1.39 0.53
20 1.50 0.51 0.80 0.39
30 0.57 0.50 0.31 0.15
40 0.20 0.60 0.14 0.046
50 0.084 0.74 0.074 0.013
60 0.065 0.81 0.062 0.0075
70 0.052 0.77 0.045 0.0070
80 0.042 0.71 0.035 0.0070
90 0.034 (0.69) (0.026) (0.0060)
70° 10 6.0
15 3.7
20 2.2
25 1.3
30 0.63
35 0.30
40 0.22
50 0.13
80° 10 5.8 0.51 2.96 1.42
15 2.7 0.38 1.03 0.84
20 1.1 0.34 0.37 0.37
25 0.46 0.33 0.15 0.16
30 0.21 0.40 0.084 0.065
40 0.073 0.56 0.041 0.032
50 0.047 0.77 0.036 0.0055
60 0.031 0.85 0.026 0.0025
90 0.013 0.53 0.0069 0.0031
110 0.0071 0.64 0.0045 0.0013
80° 10 6.2 0.51 3.2 1.5
15 2.8 0.38 1.1 0.85
20 1.1 0.34 0.37 0.73
25 0.47 0.33 0.16 0.31
30 0.24 0.40 0.096 0.144
100° 10 7.32 0.45 3.29 2.01
15 2.93 0.28 0.82 1.06
20 1.12 0.31 0.35 0.39
25 0.39 0.39 0.15 0.12
30 0.16 0.58 0.093 0.067
100° 10 8.2 0.45 3.7 2.25
15 3.3 0.28 0.92 1.20
20 1.2 0.31 0.37 0.42
25 0.4 0.39 0.16 0.12
30 0.15 0.58 0.087 0.032

*Relative data (Ref. [7]) normalized to FOMBT result at 10° scattering angle.
"Renormalized data of Ref. [6]. (See text).

‘Original values published by Chutjian (Ref. [6]). Numbers in parentheses were obtained by extrapola-

tion.
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incident electron energy. The relative experimental DCS (M =0) results were normalized to our FOMBT results at the smallest ex-

perimental scattering angle (6=10°).

(M =0); subtraction of this quantity from the DCS and
division of the quantity by 2 yields the DCS’s for which
M =1 and —1 are equal.

The energy and angular regions for generating mea-
sured magnetic-sublevel cross sections are limited to
those for which both the A parameters and DCS’s are
available from experiments. In Table I we summarize
these regions of overlap and the associated references.
The A values and magnetic-sublevel DCS’s derived by our
procedure for the 2!P level are given in Table II and
compared with FOMBT results in Figs. 2—10. For exci-
tation of the 3 !P level, the data available for both the A
parameter and the DCS, which are very meager, are sum-
marized in Table III and compared with FOMBT results
in Figs. 11-14. No data are available for n >4 levels.

It is not possible to give precise error limits for the ‘“ex-
perimental” magnetic sublevel DCS’s because the uncer-
tainties associated with the A parameters are not well es-

tablished. In some cases only one-standard-deviation er-
ror is given, which reflects only the fitting of the experi-
mental data to appropriate analytical expressions for ex-
tracting the A parameters, and other experimental errors
are neglected. In some cases the experimental error lim-
its quoted by various experimentalists for the same A do
not overlap. After examining the reported data, the pro-
cedures applied to obtain them, and the scatter in the
available data points, we estimate that the A values are
generally known to about £20% and the DCS values to
about +15% to 20%. Taking the square root of the
squares of the two contributing uncertainties, we estimate
that the magnetic-sublevel DCS’s presented here from
various measurements are accurate to about +25%. At
small scattering angles for most impact energies, the A
parameters are known to be better than +20%, but for
these cases the DCS values are subject to larger errors.
At high scattering angles A values are scarce and subject
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to larger than +20% uncertainties, but the DCS’s are
more accurately known.

B. Excitation of the 2 ' P level

Following the procedure outlined above, the
magnetic-sublevel cross sections for excitation of the 2 'P

level given in Table II and shown in Figs. 2—10 were de-
rived at impact energies ranging from 26.5 to 500 eV.

(a) At 26.5 eV the A parameters were obtained from the
measurements of van Linden van den Heuvell, van Eck,
and Heideman [17] and Crowe and Nogueira [18]. The
DCS’s were taken from Truhlar et al. [16], but those
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values were multiplied by a factor of 2 because the in-
tegral cross sections used by Truhlar et al. [16] for nor-
malization (derived by Jobe and St. John [34] from opti-
cal measurements) were too low by that factor compared
to recent, more accurate cross sections deduced from
electron-scattering measurements [19].

(b) At 30 eV the A parameters of McAdams ez al. [10],
van Linden van den Heuvell, van Eck, and Heideman
[17], and Steph and Golden [20] and the DCS’s of Cart-
wright et al. [19] were utilized.

(c) At 40 eV the A values were taken from Eminyan
et al. [9] and Steph and Golden [20] and the DCS’s from
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Hall et al. [21].

(d) At 50 eV we used A parameters from Eminyan
et al. [9], Tan et al. [11], and McAdams et al. [10] and
DCS’s from Cartwright et al. [19].

(e) At 60 and 80 eV Chutjian and Srivastava [5] report-
ed collision DCS (M =0) utilizing their own DCS results
and the A parameters from Eminyan et al. [9]. We recal-
culated the collision DCS (M =0) using A parameters
from Eminyan et al. [9] and Slevin et al. [12] at 60 eV,

and from Steph and Golden [13], Slevin et al. [12], Ug-
babe et al. [14], and Eminyan et al. [9] at 80 eV. At both
energies we utilized the 2'P excitation to elastic-
scattering intensity ratios of Chutjian and Srivastava [5]
but recalculated the DCS values utilizing the recent elas-
tic DCS’data of Register e al. [15].

(f) At 100, 200, and 500 eV we used A parameters re-
ported by Eminyan et al. [9] and Steph and Golden [13]
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TABLE IV. n 'P magnetic-sublevel integral cross sections obtained from FOMBT calculations (10" cm?).
Energy 2'p 3'p 4'p 5'p 6'P
ev) M =0 M= M =0 M= M =0 M=1 M =0 M=1 M =0 M=1
25 10.20 2.041 1.157 0.1423 0.3270 0.02684 0.1357 0.008256 0.06898 0.003405
26.5 14.97 3.369 1.997 0.3630 0.6152 0.09576 0.2717 0.03884 0.1442 0.01928
27.5 18.29 4.299 2.663 0.5420 0.8467 0.1579 0.3805 0.06763 0.2031 0.03486
30 26.62 6.732 4.527 1.063 1.537 0.3485 0.7036 0.1561 0.3856 0.0846
35 41.15 11.33 8.271 2.168 3.012 0.7760 1.442 0.3673 0.8031 0.2039
40 51.50 15.19 11.23 3.162 4.227 1.173 2.065 0.5671 1.160 0.3173
50 62.21 20.84 14.92 4.832 5.695 1.793 2.812 0.8772 1.599 0.4963
60 65.41 24.48 15.91 5.689 6.266 2.206 3.105 1.087 1.770 0.6166
70 64.84 26.76 16.03 6.347 6.365 2.482 3.161 1.227 1.804 0.6964
80 62.62 28.17 15.65 6.764 6.234 2.659 3.109 1.317 1.775 0.7492
81.6 62.10 28.31 15.55 6.817 6.194 2.677 3.094 1.328 1.767 0.7562
100 56.84 294 14.34 7.172 5.741 2.834 2.866 1.408 1.638 0.8022
150 43.78 28.78 11.14 7.145 4.470 2.842 2.238 1.417 1.279 0.8083
200 34.98 26.82 8.910 6.705 3.575 2.672 1.789 1.334 1.023 0.7615
300 24.68 23.02 6.282 5.789 2.520 2.312 1.261 1.155 0.7213 0.6598
400 18.90 20.09 4.813 5.062 1.931 2.023 0.9661 1.011 0.5527 0.5777
500 15.16 17.86 3.870 4.502 1.553 1.800 0.7776 0.8999 0.4449 0.5143
and DCS’S from Cartwright et al. [19] at 100 CV and 10-17 Tl|IIlH]Hlllll|l|||||||ll|||ll
from Dillon and Lassettre [23] at 200 and 500 eV.
In addition, at 50-, 60-, and 80-eV incident electron en- , HELIUM
ergies, Beijers et al. [22] reported P; and y values [35] in 1'8—2PM0)
the 25°-100° angular range. We calculated the A-values
corresponding to their data [35] and used them in making 10-18 T'“h‘?'zg's“*;-\})‘973) i
our plots. In general these A values are in agreement
with the other A values, but there are significant devia- =
tions at 50 eV in the 60°~70° range and at 90°, and at 60 o~ oy o)
eV in the 50°-70° range and at 100°. 5 ,\t\ t{
=z “‘ Hall et al. (1973)
. 1 2 10710 2 ~\:Z:M 3
C. Excitation of the 3 'P level g 1 ’.\‘_. .\
The procedure used in the case of the 2 1P level was 3 “.
also used to determine the 3 !P magnetic-sublevel DCS’s. Q "o
The results are summarized in Table III and compared ‘_,’ 7
with other results in Figs. 11-14. ".f 1020 3 Cartwright et al. (1992)
(a) At 50 eV we used the DCS values of Cartwright Zz (S0eV)
et al. [19]. The A values in the 10°-30° angular range o FOMBT
were available from Eminyan et al. [24]. The A values v @oeV)
obtained by Crowe, King, and Williams [36] at 45.6-eV =]
energy are in good agreement with those of Eminyan 102 | 4
et al. [24] at angles below 20° but differ substantially in
the 20°-30° range. van Linden van den Heuvell et al.
[37] reported A values in the 28—-46-eV energy range but
only at 35° scattering angle. An extrapolation of their re-
sults to 50-eV energy yields a A value that is in good | | | |
agreement with the value reported by Crowe, King, and 10'220'“““40“””'8(;““';2(')”"'1'66"
Williams [36] at 45.6-eV incident electron energy at this SCATTERING ANGLE (deg)

angle. Beijers et al. [22] reported P, and y values [35] at
50-eV incident electron energy, in the 25°-85° scattered
electron angular range from which we have calculated
the corresponding A values. These values are in good
agreement with the results of Crowe, King, and Williams
[36] and allowed us to extend the magnetic-sublevel DCS
data to 85° scattering angle.

(b) At 80-eV incident electron energy, we recalculated

FIG. 18. Comparison of the FOMBT results (heavy line) at
E =30 eV energy for the 2 'P excitation DCS (M =0) with ex-
perimental results in the 26.5 eV=E =50 eV energy range. The
experimental results for the DCS used are those of Truhlar
et al. [16], Cartwright et al. [19], and Hall et al. [21].
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the DCS results of Chutjian [6] using his elastic to 3 p
excitation DCS ratios and the elastic scattering DCS
values reported by Register, Trajmar, and Srivastava
[15]. In the 5°-30° scattered electron angular range we
used the A values of Eminyan et al. [24]. Gelebart,
Leguesdron, and Peresse [25] also reported a A value at
80 eV but only at 10° scattering angle. This value is in ex-
cellent agreement with the value given by Eminyan et al.
[24]. Crowe, King, and Williams [36] measured A values
at 75.6-eV incident electron energy that agree well with
those of Eminyan et al. [24]. For the 60°-~120° angular
range, we used the A parameters reported by McAdams
and Williams [26] at 81.2-eV incident electron energy.
We assumed that the A and DCS values did not change
with the energy over this small energy range. We also
calculated A values [35] from the P, and y values given
by Beijers et al. [22] and found them to be in good agree-
ment with those of Eminyan et al. [24] at low angles and
with those of McAdams and Williams [26] at high angles
(except for 45° and 65° scattering angles). At 100-eV in-
cident electron energy, the DCS data were taken from
Cartwright et al. [19] and the A values from Eminyan
et al. [24].

The DCS (M =0) results at 70-eV incident electron en-
ergy are from Hummer and Burns [7]. They obtained rel-
ative DCS (M =0) values from EPC experiments and we
normalized their relative data at 10° scattering angle to
our FOMBT result.

III. COMPARATIVE THEORETICAL STUDIES

In order to get more physical insight into magnetic-
sublevel excitation cross sections, we also studied the be-
havior of our theoretical results as a function of incident
electron energy and principal quantum number of the
final state (see Figs. 15-17). In Fig. 15 we show the ener-
gy dependence of the DCS (M =0) for the n'P
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(n=2,...,5) excitations, and in Fig. 16 we show the
principal quantum number dependence (for n =2-5) of
the DCS (M =0) angular distributions for selected ener-
gies in the 25 eV=<E =81.6 eV energy range. In Table
IV we give our FOMBT results for the n 1P (n =2,3,4,5)
excitation magnetic sublevel integral cross sections and
Fig. 17 shows the energy dependence of o and of for the
n P (n=2,3,...,6) excitations as well as the 0{/0 ra-
tio for n 'P (n =2, ..., 5) excitations as a function of in-
cident electron energy.

IV. DISCUSSION

It is interesting that for both the 2 !P and 3 'P excita-
tion processes at all energies studied, the magnetic-
sublevel cross sections are generally predicted correctly
by FOMBT for both magnitude and shape. A major ex-
ception appears to be the strong minimum predicted by
FOMBT for the 2 ' P excitation DCS (M =0) for incident
energies about 30 eV. As is shown in Fig. 18, the “exper-
imental” DCS (M =0) for 2 P excitation does not appear
to display the sharp minimum predicted by FOMBT at
E =30 eV energy. As is shown in Fig. 19, this strong
minimum is the result of the FOMBT result for A at and
around E =30 eV, which disagrees with all experimental
data for A at this energy. This seems to be a defect in
FOMBT for M =0 at this energy that does not appear in
the DCS (summed over M) predicted by FOMBT (see
right panel in Fig. 3). It is interesting to note, however,
that the DCS (M =0) deduced at 25.6 eV appears to be
dropping to a minimum. It is also interesting to note, as
shown in Fig. 15, that this minimum predicted by
FOMBT is deepest at E =30 eV and the sharp minimum
quickly disappears at higher energies; however, a “shoul-
der” in the DCS (M =0) is still discernible even at
E =100 eV incident electron energy and this characteris-
tic is also present for the 3 !P excitation. FOMBT is not

1»0 © T | T I T I T [ T T [ T T
n van Linden et al. (1982) :
08 |- —
- HELIUM
i 1's—2'p ]
| .\ Steph & Golden (1983) E =30eV .
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FIG. 19. Comparison of FOMBT results at E =30 eV energy for the 2 ! P excitation A EICP with experimental results in the 29.6

eV =E =30 eV energy range. Experimental results shown are those of van Linden van den Huevell, van Eck, and Heideman [17],
Steph and Golden [20], and McAdams et al. [10].
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expected to give excellent results for energies as low as
E =30 eV (~10 eV above threshold) where higher-order
effects can be important. It would be interesting to see
whether close-coupling or R-matrix theory results show
the strong minimum at 30 eV. The most notable devia-
tions of FOMBT predictions from experiment are the
predictions of the minimum in the DCS (M =0) for 25
eV=E <80 eV (see Fig. 15) and the somewhat faster
drop of the FOMBT results through the experiment in
the DCS (M =1) for the same energy range. The reason
for this behavior is not known to us. One should also
remember that the accuracy of the experimental data for
A decreases with increasing angle. In spite of these devia-
tions, it is remarkable how well FOMBT describes the
magnetic sublevel excitation DCS’s for all energies stud-
ied. Both of these deviations disappear simultaneously
for about E =81.6 eV incident electron energy, and for
E =100 eV there is practically perfect agreement between
theory and experiment for the magnetic sublevel DCS’s.
We show in Fig. 16 the n dependence for n =2-5 of
the DCS (M =0). Based on our earlier analysis of the n
dependence of DCS’s and EICP’s, we expect the n depen-
dent magnetic sublevel DCS’s to be practically identical
in shape and differ only by a scale factor. This behavior
is conspicuous for E =40 and 81.6 eV energies (see Fig.
16), but it is missing at £ =25 eV incident electron ener-
gy and is not perfect for E =30 eV energy. As we stated
earlier, the simple n dependence of the DCS’s is expected

only at the higher energies and that is exactly what we
found here. The energy dependence of the of and o
magnetic sublevel integral cross sections for n p
(n=2,3,...,6) excitation is practically identical, show-
ing again a simple scaling relationship among them, dis-
cussed in the previous paper [14]. The o{/o( ratio
shown in Fig. 17 for n Ip(n=2,...,5) excitations as a
function of energy appears to be practically independent
of the principal quantum number n. This has been al-
ready observed in conjunction with the n independence of
the polarization fractions for a wide range of energies
[38]. These latter results indicate that for the small
scattering angles, that contribute most significantly to the
ICS’s, the scaling relationship is more exact than for
large angles. It would be interesting to see whether these
predictions, based on the FOMBT results, can be
confirmed experimentally.
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FIG. 11. Same as Fig. 2 except for magnetic-sublevel DCS’s (left two panels) and magnetic-sublevel summed DCS (right panel) for
the electron-impact excitation of the 3 'P state of helium at E =50 eV incident electron energy. The experimental DCS data used
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FIG. 19. Comparison of FOMBT results at E =30 eV energy for the 2 'P excitation A EICP with experimental results in the 29.6
eV =E <30 eV energy range. Experimental results shown are those of van Linden van den Huevell, van Eck, and Heideman [17],
Steph and Golden [20], and McAdams et al. [10].



10'17

F R B | T 11 ] TT7T l T i T ] F T 171 k LI ‘ T 1.1 I T 17 l T E TT W L i ! | L ‘ L T T 7 ?53391“
- i\ & 4
HELUM | 1 [N\ HELIUM HELIUM | |
- 2Pm=0) | | 2P M=1) | A 2'p (alim) | -
el E=30ev | | \ E=30ev | | [ E=30ev | |
g i F \\ i F 3
- FOMBT (all M) { E \roMeTEi I F ]
B L / {4 \ 4 F Cartwright et al. g
%E - 4 4 (1992) 4
=
5 1019 4 F
o E E F
Q = ] n
] - ] B
« - =l -
w
3 i 1 | FomeT Hall et al.
& . 1 | (1973) -
2 cco
; 102 E = = = =
E = / 3 3 E 3
o = 2] ] e =
w r experiment ] L -
£ [ Fomsr pe i 7 ]
[=]
| 1 FOMBT 1r |
102 | 4 F 4 -
16-22,..[.L.|.11|11,f. III!llllLllllllll ||||1!l|11\[11|l
0 40 80 120 160 0 40 80 120 160 0 40 80 120 160

SCATTERING ANGLE (deg)
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FIG. 8. Same as Fig. 2 except for E =100 eV incident electron energy. The experimental DCS data used are from Cartwright
et al. [19] (shown in the right panel). The five-state CC results of Bhadra, Callaway, and Henry [29] and the five-state R-matrix (R-
MATRIX) results of Fon, Berrington, and Kingston [31] are also shown.



