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Abstract

Using energy loss spectroscopy, normalized differential and integral cross-
sections for the electron impact excitation of the lowest bound excited
states of H, from the ground X 12; state have been measured at 17.5, 20
and 30 eV impact energies and for scattering angles from 5° up to 130°.
These differential cross-sections (DCSs) are an effort to improve those taken
previously (Khakoo M A and Trajmar S 1986b Phys. Rev. A 34 146). Here a
more sophisticated electron spectrometer and a more accurate spectrum analysis
code is used to unfold the energy loss spectra. The results are compared with
earlier DCS measurements for the B IEJ, c3M,,a’ E;, C 11, states of H, and
with existing theoretical results for the B '27, ¢ 3T, a 3E‘g*, C'm,,E,F 'Z;:
and e *X7 states.

1. Introduction

Despite its importance in ionized plasmas, planetary atmospheres (pollution), astrophysical
phenomena and laser systems there has been little work undertaken on the differential electron
impact excitation of the low-lying bound states of simple diatomic molecules (e.g. Ha, N», O,
CO, NO) from their respective ground states. There should be a special interest in H, because,
also, of the intensity of V/FUV emissions from these bound states. The B' £, C'IT, — X'}
FUV emissions and VUV from the ¢ 3I1, a 32;' — b 32:1' are notable because they arise
abundantly from interstellar media and from planetary atmospheres (especially Jupiter). They
have also been observed almost continuously throughout the duration of the space programme,
e.g. by the Voyager I and II spacecraft in the early 1980s, the Galileo spacecraft and the Hubble
telescope in the 1990s and continuing. There has been some action to model these emissions
(see Shemansky ef al 1985), but this has been restrained by a paucity of experimental data to
support such modelling studies. Recently, there has been practical need for electron collision
data for molecules in such excited states based on developments in plasma reactor work for
semiconductor processing undertaken by Pinnaduwage and Christophorou (1993, 1994).
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The only measurements taken of the differential electron impact excitation of Hy, for the
low-lying bound states, have been those of Srivastava and Jensen (1977) and Khakoo and
Trajmar (1986b). The energy loss spectrum of H; is complicated by heavily overlapping
electronic-vibrational manifolds, which are difficult to unravel. However, with the develop-
ment of high-resolution energy loss spectrometers and advances in computer technology, it is
now possible to systematically unravel (unfold) such spectra. This results in improved quality
data in the form of differential cross-sections (DCSs) and enables one to provide a better test
of theoretical models. The most common molecular species in the interstellar medium is Hp,
which produces strong emissions in the VUV, e.g. in the form of the Lyman and Werner bands.
As a significant fraction of such VUV emissions is excited by electron impact, such data are
expected to benefit astrophysics research.

Within reason, H, being the simplest molecule, one would expect the situation for electron
impact excitation for this molecule (i.e. agreement between experimental and theoretical
cross-sections) to be the best of any molecule. However, this is not the case. There is
considerable disagreement between experimental and theoretical data and in part this is due to a
severe paucity of experimental excitation cross-sections. Several theoretical models have been
developed: the initial distorted wave calculations of Rescigno et al (1976) (b 32: and a 32;
states), Fliflet and McKoy (1980) (b 3%} and B ! & states) and Mu-Tao et al (1982) (C 'T1,,
¢ 31, B IE;’ and E, F 12; states). These were followed by a multi-channel Schwinger
variational calculation of Lima er al (1988) (b >}, a *$F, ¢ *T1, states). Later, Mu-Tao ez al
(1982) also investigated electron correlation effects in their earlier calculations and extended
their calculations to other states (b *Z, a 32;.;, ¢ 311, states). More recently, Parker et al
(1991) have carried out a complex Kohn variational method (b 3E*, a 32;’, ¢ 311, states)
which is a variation of the distorted wave. The R-matrix close-coupling method (Burke and
Robb 1975) has more recently been applied to excitation of H, by Branchett et al (1990, 1991)
b3 Xra 3 Eg+, c3I1,,B! ¥randE,F ! Eg+ states). Whereas the R-matrix results gave excellent
agreement with elastic scattering experimental cross-sections, it did not do as well for inelastic
DCSs.

Experimental DCSs for the excitation of H, have been those of Weingartshofer et al (1970)
at low energies (b > and B ' &7 states), Trajmar et al (1968) (b > state), Hall and Andric
(1984) (b3 X} state), Nishimura and Danjo (1986) (b 3 X} state), Khakoo and Trajmar (1986b)
(a 32;, ¢*M,, B 'S and C ', states), Khakoo and Trajmar (1987) (b > state), Srivastava
and Jensen (1977) (B ' =] state) and Khakoo and Segura (1994) (b 3X} state).

In the present case, we were motivated to improve and extend our earlier measurements
(Khakoo and Trajmar 1986b), in particular the method of analysis of the results (unfolding).
This was undertaken because of the disagreements between theory and our earlier
measurements, which consequently invited further investigation into an improvement of
the existing situation from an experimental standpoint. With the availability of a better
spectrometer and a more sophisticated data analysis program for molecular spectra, this was
deemed feasible and warranted.

2. Method

2.1. Data analysis algorithm and FC factors used

The present DCSs can be expected to be an improvement over the previous DCSs of Khakoo
and Trajmar (1986b) for the following reasons.
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(i) A double-hemispherical spectrometer (described in Guo et al 2000) with a better-
characterized instrumental line function was used. This instrument acquires spectra with
significantly reduced line-wing profiles compared with those that normally occurred in the
single-hemispherical instrument used in the earlier measurements. This enabled us to unfold
the spectra without incurring systematic errors due to these line-wings that are difficult to
synthesize in unfolding algorithms.

(i) A more sophisticated multi-Gaussian spectrum unfolding routine was used (see
Khakoo and Segura 1994) as compared to the single Gaussian algorithm used in the earlier
work of Khakoo and Trajmar (1986b), which was adapted for molecules. In this case the
molecular spectrum in terms of intensity S(Ey, 6, AE) versus energy loss (AE), at the fixed
incident energy E( and scattering angle 6, was fitted to the function (see Khakoo and Trajmar
1986b)

N M(n')
S(Eo,0, AE)=C Y 0w(E0,0) Y quoFuo(AE — AEy )+ B(Eo, 0, AE, p, Ip) (1)
n'=0 v'=0

except that in this case the normalized instrumental line function

MoA AE — AEy, — AE,]?

Fuo(AE = AEy,) n; T exp[ [ A } } )
is a multi-Gaussian function of order M (with each Gaussian located off the line centre by
the energy loss amount A E,,, relative intensity A,, and width A,;,). AE,, , is the energy loss
value for the v vibrational level for the n” electronic state (see table 1). This function was
synthesized from a non-linear least-squares fitting to an isolated feature (e.g. the B! rv=2
or 3) feature) in the spectrum. In equation (1), the g, , are the Franck—Condon (FC) factors
for the vibrational transitions X ]Eg(v/ " = 0) — n/(v) in the electronic manifold n’. The
o (Ep, 0) are the DCSs for the excitation of the electronic state n’. C is the normalization
constant. The function

1<3
B(E,, 0, AE, p, Iy), = ZB,»AEi (3)
i=0

which represented the background was expressed as a polynomial of up to order 2 and
was dependent on the incident electron current /y and target gas density distribution p. In
equations (1) and (3) the variables C, o,/ (Ey, #) and B; were determined by linear least-
squares fitting to the spectrum. A further feature to improve the fit to the spectrum was that
the function in equation (1) could be varied non-linearly in A E, constrained to minimize the
residual of the fit. This resulted in improved fits as gauged from the reduced chi-squared values
(xva) Which were typically in the range of between 1 and 3 for typically 500 and 1000 data
points with <10 variables (i.e. the number of degrees of freedom, vd ~ 490-990). In addition,
the spectrometer detection efficiency was calibrated against the He inelastic spectrum (Nickel
et al 1989) and the spectra were individually corrected for this calibration. An energy loss

spectrum with an example of such a fit is shown in figure 1.
(iii) Itis clearly seen from equation (1) that a reliable unfolding fit depends on getting good
FC factors. In the present case, a very careful survey of these was taken and we found that in all
cases, small differences (from a few % to 20%) existed between various quoted values of g, ;.
Therefore, before proceeding with the measurements, we carried out numerical calculations of
the vibrational wavefunctions of the ground and excited states using available potential energy
(PE) curves for H. The following PE curves were used to obtain the vibrational wavefunctions
Xn'.w(R). These are mostly compiled in the review by Sharp (1971). We used: for the X IE;

the theoretical PE curve of Kolos and Wolniewicz (1965), forthe B! =¥, a3 ¥yandC 111, states
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Figure 1. Experimental electron energy loss spectrum of H (dots) taken at Eg = 20 eV and
6 = 20° with a fitted spectrum (curve) and showing the positions of the unfolded vibrational
manifolds as a result of the fitting.

the PE curves of Kolos and Wolniewicz (1968), for the ¢ I, state the PE curve of Browne
(1964), for the E, F ! Eg state the PE curves of Kolos and Wolniewicz (1969) and for the e 3 E;
state the RKR potential (see Gilmore 1965) constructed by Sharp (1971) from the experimental
results of Dieke (1958). The H, vibrational Schrédinger equation was then numerically solved
with these PE curves using a numerical method based on finite differences. We started with
the Schrodinger wave equation for the ground-state vth vibrational eigenfunction of the n'th
electronic level x, ,(R):
2

n
=2V X0 (R) + Vi (R) Yo (R) = E o (R) “)
which was partitioned into a grid of 1 ...n ... N elements separated in R by AR yielding
2 2
d
—— = Xw(R + Vi (Ry) X v (Rp) = E X o (Ry). 5
T G | Ve RO (R) = B (Ra) ®)

We approximated the first term using the derivative finite-difference formula

12w (Ram) = 25,0 (Ra) + Xoro (Rt
2m AR?
and solved for x, ,(R,) as

+ Vn’(Rn)Xn’,v(Rn) = EXn’,U(Rn) (6)

_ h? Ko (Ru—1) + X v (Rut1)
2mAR* E V(R — -1

2
mAR?

Xn/,v(Rn) = (7)
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Table 1. Summary of excitation energies and FC factors for the vibrational components of the
electronic states of Hy which were unfolded from the electron energy loss spectra obtained in this
work.

B!zt

g

(:31'1Ll

35+
aEg

clm,

E(F) ‘2;

3+
e Xy

c\

AE (eV) F(0,v") AE (eV) F(0,v") AE (eV) F(0,v") AE (eV) F(0,v") AE (eV) F(0,v") AE (eV) F(0,v")

11.183
11.348
11.508
11.666
11.815
11.960
12.104
12.243
12.378
12.509
12.636
12.759
12.879
12.995
13.107
13.217
13.322
13.424
13.523
13.619
13.712
13.803
13.892
13.978
14.055
14.123
14.192
14.267
14.344
14.425
14.491
14.509
14.558
14.594
14.602
14.634

0N NN R WD = O

ORI R I VSR (S I ST SR (S I S B S BN R S I S I S R e e e s s e e
N A WD~ O 0V XIANU PR WD —~O WV WU WD~ OO

0.0086
0.0295
0.0511
0.0733
0.0828
0.0891
0.0915
0.0871
0.0818
0.0723
0.0620
0.0532
0.0445
0.0364
0.0290
0.0217
0.0154
0.0114
0.0095
0.0079
0.0066
0.0056
0.0046
0.0036
0.0028
0.0023
0.0020
0.0020
0.0018
0.0016
0.0016
0.0014
0.0013
0.0012
0.0011
0.0005

11.789
12.072
12.347
12.615
12.868
13.104
13.323
13.529
13.723
13.899
14.059
14.202
14.325
14.432
14.521
14.593
14.646
14.675
14.689

0.1019
0.1517
0.1633
0.1503
0.1295
0.0961
0.0654
0.0454
0.0306
0.0207
0.0148
0.0098
0.0072
0.0050
0.0034
0.0027
0.0012
0.0008
0.0002

11.793
12.108
12.405
12.684
12.949
13.197
13.430
13.647
13.847
14.030
14.195
14.341
14.463
14.524
14.559
14.623
14.663
14.691

0.2085
0.2563
0.2020
0.1345
0.0820
0.0483
0.0279
0.0163
0.0095
0.0057
0.0034
0.0021
0.0013
0.0008
0.0005
0.0004
0.0003
0.0002

12.295
12.578
12.849
13.103
13.341
13.562
13.768
13.957
14.129
14.283
14.418
14.531
14.621
14.680

0.1835
0.2361
0.2301
0.1644
0.0802
0.0421
0.0238
0.0144
0.0084
0.0055
0.0035
0.0022
0.0015
0.0007

12.301
12.322
12.470
12.590
12.612
12.745
12.841
12.879
12.985
13.069
13.147
13.238
13.328
13.415
13.502
13.588
13.673
13.756
13.837
13.917

0.1690

0.2288
0.0010
0.0012
0.1382
0.0500
0.0285
0.0684
0.0583
0.0480
0.0416
0.0381
0.0315
0.0264
0.0226
0.0191
0.0160
0.0133

13.253
13.507
13.742
13.950
14.137
14.301
14.438
14.538
14.612
14.662

0.0592
0.1244
0.1695
0.1696
0.1512
0.1214
0.0888
0.0521
0.0410
0.0228

Here V,/(R) is the inter-nuclear potential defining the PE curves for the n’ electronic state
as calculated by the above-mentioned authors, E is the energy level and m is the reduced
mass. The numerical values of V(R) were interpolated using a cubic-spline fit. Initially, a
trial function for x,—o(R) was relaxed to converge into the ground state. The next y, ,(R)
were obtained by repeating the relaxation, but constraining the state after each relaxation to

be orthonormal to those x,, (R) below it, by subtracting their overlap:

Xn/,v(R) = Xn’,v(R) - Z(Xn’,U(R)v Xn’,S(R)>Xn’,s(R)

v—1

s=0

®)
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and normalizing the wavefunction of this level relative to those below it:
Xw.w(R)

(X o (R), X (R))

To ensure rapid convergence, the limits of our grid in R were constructed to terminate far away

from the region of interest. The method was satisfactorily tested using a Morse potential. The

resulting numerical vibrational eigenfunctions x, , (R) were used to calculate the FC integrals

appropriately as

Xww(R) = (C))

() 2
qn'v = |:/0 Xn/,v(R)Xn’=1,u(R)de| (10)

with the normalizing constraint that
D o =1. (11)
v

The (E, ,) eigenvalues are then the expectation values of these wavefunctions for the E-
operator from equation (4). Our energy values showed excellent agreement with those compiled
by Sharp (1971).

The above-obtained FC factors control the accuracy of our spectral analysis, but they are
also determined by the accuracy of the molecular PE curves which have to be accurate in the
sub-1% region. The calculation of the molecular PE curves is checked by experimental data
on the rotational inertia of the molecule, and is essentially insensitive to the fine structure of
the electronic orbitals. However, small variations in the PE curves can be expected to result
in a larger variation in our FC factors because of the sensitive and complicated dependence
of xn»(R) on V,(R). We have not formulated an estimate of this factor, but we made
the following effort to check its influence. To empirically check the theoretical FC factors,
we took zero-angle energy loss spectra at Eg = 100 eV for the AE = 11-13.5 eV range
i.e. predominantly the singlet state-excitations (X 'S} — B '}, C 'Tl,) since the dipole
selection rule g < g forbids the excitation of the E, F 12; state from the X lEg ground
state (see Herzberg 1945). At this energy, the transmission of the electron analyser is also
known to be constant across the spectrum. Hence careful fitting of the spectra should reveal
differences between the theoretical and true FC factors. In figure 2, we show the comparison
of our theoretical and the semi-empirically derived FC factors for the B and C states. As can
be seen, there are significant differences between the two sets of FC factors. These are due
to the accuracy in the evaluation of the overall FC integrals (see equation (10)). Surprisingly,
however, using the theoretical (as opposed to our semi-empirical) FC factors does not bring
about the expected large change in the overall intensity of the B and C states, but does affect
the unfolding of the weaker states significantly. The accurate unfolding of the weaker features
is therefore a limitation of the present spectrum-unfolding method. This is further commented
on in section 3 when we discuss our results in comparison to our earlier measurements.

2.2. Experimental outline

In this experiment, the electron energy loss spectrometer was constructed with double-
hemispherical energy selectors in both the gun and the analyser sections as has been detailed
in Guo et al (2000). The spectrometer was housed in a vacuum chamber, which was pumped
with a 12 inch diffusion pump. The base pressure of the vacuum chamber was 1 x 10~ Torr.
Both the gun and the analyser sections were baked to about 120 °C during the experiment
to maintain the stable conditions necessary for taking electron energy loss spectra over long
periods. To reduce the earth’s magnetic field the vacuum chamber was shielded with two
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Figure 2. Comparison of present (filled circles) and previous (open triangles) FC factors for the
(a) B! X! and (b) C IT1, states of H,. See text for discussion.

double-layered high-permeability, low-field pu-metal and high-field, low-permeability double
n-metal shield combinations. The double-layer shields were further de-magnetized using a
100A-bearing coil powered by an AC welding power-supply which was slowly turned on and
off by a variac transformer. The coil was formed in between the p-metal layers and its use
enabled the magnetic field in the chamber to be reduced to 1-2 mG. As mentioned, an important
feature of this spectrometer is the absence of ‘wings’ in the instrumental profile, often seen
in spectrometers with single-hemispherical analysers. This characteristic enabled us to obtain
an accurate line profile for this instrument and thus more accurately unfold the molecular
spectra. The spectrometer operated at an energy resolution of 2540 meV (FWHM) with an
electron current ranging from 3 to 20 nA. It could observe scattered electrons at scattering



4702 J Wrkich et al

angles up to 130°. Contact potential measurements using the He™ 1s2s? resonance enabled us
to calibrate our incident energy to well within +0.05 eV.

This apparatus was computer-controlled to enable efficient data acquisition. The computer
processed the multi-channel scaling measurement of the energy loss scan as well as controlling
the scattering angle positioning. It monitored the pressure behind the gas line and modulated
the gas beam via a thin molybdenum beam flag to determine the experimental background
contribution to the elastic (*20% at small 6 to 22% at large 6) and inelastic (<3%) features.
Analysis of the measured spectra was done off-line.

The spectra were taken with the elastic (zero energy loss) peak followed by a scan from
11to 14.5 eV. Step size was typically 4 or 5 meV. This enabled us to obtain relative DCSs after
normalization to the elastic H, DCSs of Khakoo and Trajmar (1986a) at each E,. Here we
assume that the analyser response did not vary during the measurements. This was ensured
by leaving the analyser settings untouched (except for small adjustments to the hemispheres)
and was checked by repeating measurements. Finally, at 6 of 90° and 60° the spectra were
normalized absolutely by determining the analyser response using He at Ey = 30.6 eV as
detailed in Nickel et al (1989).

3. Results and discussion of results

Table 2 summarizes the DCSs and their associated uncertainties. The uncertainties include:

(a) the error contribution of the elastic cross-section standard (Khakoo and Trajmar 1986a)
of 13%, 13% and 12% at E values of 17.5, 20 and 30 eV,

(b) the normalization of the inelastic cross-sections to the elastic cross-sections, i.e. the
determination of instrumental transmission, which varied from 4% to 7%; and

(c) errors induced in unfolding the features from the energy loss spectra (an estimated 10%
for the FC factors, a factor of 2-3% on the response of the analyser across the spectrum
and statistical errors).

3.1. Eg=175¢eV

At Ey = 17.5 eV (figures 3(a)—(f)), we can only compare with the multi-channel Schwinger
calculations of Lima et al (1988) for the ¢ *II, and a 32; states and the distorted wave
calculations of Rescigno et al (1976) for the a 3Zg+ state. We note that both theories give
reasonable shapes, but the multi-channel Schwinger does very well in the case of the a 32;’
state whereas the distorted wave is about a factor of 5 too high (figure 3(c)). For the ¢ 311, state
(figure 3(b)), the multi-channel Schwinger still gives a reasonable quantitative result, but is a
factor of 10 too high. This is a surprising result: one would expect the accuracy for both the
X 'ZF — ¢, and a >} forbidden transitions to be similar. There are no other published
results for these states at £y = 17.5 eV. We note the relatively flat angular distribution of
the ¢ *I1, and e 3} DCSs at this energy. Both the B 'S, C 'TI, and the E, F 12; state
DCSs show typical forward-peaked DCSs characteristic of dipole-allowed transitions, but the
E,F 12; shows some structure at around 6 = 90°.

3.2. Eh=20eV

At Ep = 20 eV, in figure 4(a) we see excellent quantitative agreement between the present
DCSs for the B ! >+, our earlier measurements (Khakoo and Trajmar 1986b) and the distorted
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Table 2. Summary of differential electron impact excitation cross-sections for excitation of the
B! The 3y, a3 g, c'm,,E, F! Eg and e 3 X, states of H with corresponding uncertainties (see
section 3 (a)—(c)). (a) Eg = 17.5eV; (b) Eg = 20V and (c) Eg = 30eV. (Units: x 1078 cm?/sr.)

B's} ¢, a’z} c'ry, E(F)'sf e’z
Angle
(deg) State Error State Error State Error State Error  State Error State  Error
(@)

10 6.74 131 133 026 139 0.27 3430 0.670 1.570 0.310  0.090 0.023
15 535 1.04 131 029 095 020 2.580 0.550 1.680 0.370  0.073 0.027
20 328 0.73 142 035 145 035 2570  0.700  1.340 0.330  0.120 0.033
30 340 074 141 033 093 020 1.840 0450 0.550 0.140  0.130 0.028
40 199 041 149 033 076 0.18 1.250 0.302  0.360 0.095 0.060 0.015
50 1.53 032 134 028 078 0.18 0.740  0.170  0.190 0.043 0.060 0.016
60 .13 021 1.12 021 047 0.09 0.660 0.140  0.220 0.048 0.050 0.013
70 125 024 102 030 053 0.14 0.590 0.130 0.130 0.036  0.080 0.023
80 1.06 022 076 0.18 048 0.13 0.470  0.107  0.220 0.060  0.080 0.022
90 095 020 069 0.16 043 0.10 0.390 0.085 0.200 0.050  0.130 0.034
100 1.01 023 083 023 047 0.14 0.370  0.084  0.260 0.078 0.100 0.026
110 073 017 057 015 038 0.10 0.404 0.103  0.090 0.030  0.072 0.023
120 0.87 0.17 048 0.12 042 0.12 0.351 0.100 0.064 0.019  0.079 0.02
130 097 020 056 015 045 0.13 0476  0.121  0.120 0.033 0.089 0.027
ICS 17.01 3,51 109 258 699 1.69 8.76 2.046 3.10 0.729 1.08  0.296
(b)

5 3480 647 429 092 1.62 036 24190 4500 2.440 0.527 0.230 0.08
10 2322 432 320 081 1.89 049 17.150 3.190 2.040 0.490 1.050 0.25
15 19.41 361 333 073 1.62 035 15820 2940 1.100 0.260 1.550 0.37
20 1525 276 379 084 172 036 11960 2.269 0.850 0.240 1.450 0.35
30 6.12 117 286 071 137 0.36 4510 0.890 0.300 0.075 0.300 0.08
40 296 057 242 054 1.03 0.25 1.950 0.380 0.100 0.041 0.097 0.03
50 224 045 241 055 1.00 0.25 1.480 0.310 0.185 0.068 0.130 0.03
60 1.58 033 205 050 068 0.17 0910 0200 0.550 0.150 0.110 0.03
70 1.83 037 228 054 065 0.17 1.060 0.219  0.500 0.130  0.130 0.04
80 1.61 029 168 040 0.84 0.25 0.830 0.190 0.530 0.118 0.080 0.02
90 .11 023 161 033 079 0.19 0.530 0.128  0.450 0.127 0.110 0.03

100 0.89 0.18 1.74 035 0.54 0.14 0460 0.103  0.500 0.113 0.240 0.065
110 055 012 162 036 057 0.14 0.450 0.107  0.250 0.063 0.220 0.067
120 045 0.09 154 035 062 0.14 0480 0.108 0.150 0.039  0.170 0.04
130 040 0.10 1.76 042 0.70 0.17 0.530  0.108  0.200 0.063 0.130 0.0438
ICS 27.68 5.19 2489 572 10.11 247 19.84 3.80 468 1.18 252 0.70

5 97.85 18.18 656 1.44 242 0.51 75780 14.080 10.600 1.990 1.920 0.37
10 7233 1344 375 093 124 028 56290 10.460 8910 2.200 1.920 0.4
15 3566 637 363 079 077 020 32350 5.860 2.220 0.520 1.100 0.25
20 18.81 343 242 059 055 0.13 15960 3.400 0.590 0.158 0.670 0.17
30 6.43 1.18 1.75 039 032 0.08 5.080 0970 0.330 0.100  0.230 0.06
40 212 042 110 029 0.13 0.03 1.510 0330 0.150 0.062  0.097 0.033
50 1.07 021 1.16 029 0.08 0.02 0.930 0.190 0.082 0.035 0.060 0.02
60 1.00  0.17 070 0.18 0.07 0.02 0.660 0.160 0.100 0.046  0.090 0.028
70 078 0.15 071 0.19 0.05 0.01 0.450 0.100 0.200 0.064  0.050 0.016
80 0.60 0.11 050 0.14 0.07 0.02 0.340  0.073  0.300 0.100  0.070 0.02
90 049 009 042 0.10 0.11 0.03 0.300 0.070  0.190 0.060  0.060 0.0149
100 032 007 033 009 0.11 0.03 0.260 0.060  0.190 0.048 0.060 0.0168
110 022 0.04 024 008 0.10 0.03 0.210  0.050 0.180 0.044  0.050 0.0147
120 021 0.04 0.14 004 0.09 0.03 0.200  0.048 0.210 0.070  0.020 0.0055
130 0.13 003 0.09 002 0.15 0.03 0.180  0.044 0.140 0.046  0.010 0.004
ICS 31.79 587 796 188 1.86 0.56 25.60 4.82 4.02 092 132 0.29
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Figure 3. DCSs for the (a) B ' &

u’

30 60 90

Scattering Angle (deg)

() ¢ *My, () a %7, (d) C 'My, () E,F 'S} and (N e *Z,

states of Hy taken at £y = 17.5 eV and compared with existing theoretical and experimental work.

Legend: @ present work with error bars;

results; — — — Rescigno et al (1976).

Lima er al (1988) interpolated Ep = 16 and 18 eV

wave calculations of Fliflet and McKoy (1980). The measurements of Srivastava and Jensen
(1977) are in reasonable agreement with the present DCSs. The R-matrix results of Branchett
etal (1991), while in reasonable average quantitative agreement, do not give the correct shape.
This is perhaps a considerably higher E, value than is the range of applicability of close-

coupling-type calculations.



Differential cross-sections for electron impact excitation of some molecular hydrogen states 4705
]
1 +
_ B's,’ 20eV R i‘gi C'n, 208V
G o 1 Bt
g 19 5 (@)
© 1 © o T
© ] )
1 : B IRE s -
3 55, 8 “itggs
0 30 60 90 120 0 30 60 % 120
Scattering Angle (deg)
100 - : T T T T
N E,F'z ’ 20eV
o e
= 104 AN B ( ) e - 4
(2] - = ——
5 1 s 3 : 5 §§§§
- 3 L E o 14 2 3
2 335 3 . $§%ss
@ 8 if I
Q e o1l f + §
a ‘
0.14 4
0 3‘0 6‘0 9‘0 1 éO 6 3‘0 éO 9‘0 1 éO 1 éO
Scattering Angle (deg) Scattering Angle (deg)
104 +
J &°s, " 206V
= = ()
2 I ;
oog 3 mg I E E E E
(=) o 414 Py ¢ f _
% 3 f*t ] t
(9} (99}
Q 014 J O
@) @]
T T T T 0.01 T T T T
0 30 60 90 120 0 30 60 920 120

Scattering Angle (deg) Scattering Angle (deg)

Figure 4. DCSs for the (a) B 'Z7, (b) ¢ *Iy, (¢) a * £, (d) C 'y, () E,F 'Sf and (f) e * %,
states of Hj taken at £y = 20 eV and compared with existing theoretical and experimental work.
Legend same as figure 3 except: experiments: A, Srivastava and Jensen (1977); O, Khakoo and

Trajmar (1986b); theories: ——— Rescigno et al (1976); —— Fliflet and McKoy (1980, B ‘2:{
state); -+ -+ - Mu-Tao et al (1982); Lima et al (1988, a 32; and ¢ 3l'[u states); — - — Parker
et al (1991); and — - - — Branchett et al (1991).

In contrast, the same R-matrix results for the ¢ 3T, state (figure 4(b)) at this Ey show
excellent agreement with the present DCSs. We note that our earlier DCSs (Khakoo and
Trajmar 1986b) are in good agreement with the present results at small 6, but are a factor of 1.5
below at larger 6. The complex Kohn DCSs of Parker er al (1991) are a little higher than the
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present results, but nevertheless are in good agreement. The distorted wave results of Mu-Tao
et al (1982) and those of Lima et al (1988) are not in agreement with the experimental DCSs.

Forthea? %, DCSs (figure 4(c)) we find very good agreement between the present and our
earlier DCSs. Best agreement with theory is found with the multi-channel Schwinger DCSs
of Lima et al (1988), but disagreement with the other theories (Parker et al 1991, Mu-Tao et al
1982, Branchett et al 1991) which show disagreement between each other as far as angular
shapes are concerned.

For the C 'T1,, state DCSs (figure 4(d)) the present results are in very good agreement with
our earlier DCSs (Khakoo and Trajmar 1986b). The calculations of Mu-Tao et al (1982) are in
very good agreement with the experimental values. However, the R-matrix DCSs of Branchett
et al (1991) show severe disagreement, producing a shape that is physically unrealistic for a
dipole-allowed transition. This suggests a problem in the present R-matrix code and because
it is a close-coupling calculation, it means that the other channels may also be affected.

The DCSs for the E, F 'Zg state (figure 4(e)) show a similar situation as for the C 'TI,
state. We see very good agreement with the distorted wave results of Mu-Tao et al (1982),
which gives good shape agreement with the present results, showing the strong dip in the
E,F 12; DCSs at intermediate 6.

Finally, the e 3 state DCSs (figure 4(f)) show a very complicated angular behaviour
with a marked peak at small scattering angles over a very small 6 range of 10°-30°.

3.3. Ep=30eV

Atthis energy, for the B ! &7 state (figure 5(a)), agreement between all experiments is excellent.
We note that the only theoretical DCSs of Fliflet and McKoy (1980) are also in excellent
qualitative agreement, but are significantly larger than the present measurements by about 40%.

For the ¢ I, state DCSs (figure 5(b)) there is disagreement between the present DCSs
and those of our earlier measurements (Khakoo and Trajmar 1986b) in the angular interval
of 40° < 6 < 110°. This is similar to the situation observed at £y, = 20 eV (figure 4(b)).
Comparison with the theoretical DCSs (complex Kohn method) of Parker et al (1991) and
(multi-channel Schwinger) of Lima et al (1988) shows disagreement overall. We note, however,
that the results of Parker ef al show a decreasing trend similar to that observed in the present
DCSs.

For the a 3E'g* (figure 5(c)), very good shape agreement is observed between the present
and earlier measurements and also with the complex Kohn method DCSs of Parker et al.
However, the present DCSs are lower than the earlier values. The DCSs of Lima et al (1988)
are in disagreement with our present results.

For the C 'T1, state DCSs (figure 5(d)) the present and earlier measurements (Khakoo and
Trajmar 1986b) are in very good agreement except at small 6, where the present DCSs are
higher than the earlier values.

Forthe E, F! Eg state (figure 5(e)) there are no theoretical DCSs to compare with, but we
note that the angular distribution is very similar to that observed at Ey = 20 eV.

For the e > state DCSs (figure 5(f)) the very complicated angular behaviour observed
at Ey = 20 eV is not observed, but rather an angular distribution that is forward peaked, with
a flat region around 6 = 90°.

3.4. Overall

The overall picture as far as comparison between the present and earlier values is concerned
is mixed. The agreement between experiments is good considering the fact that the new
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Figure 5. As figure 4, but for Ey = 30 eV.
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DCSs were obtained with (slightly) different FC factors than those used earlier (Khakoo and
Trajmar 1986b). We note that regions where increased disagreements are observed between
the measurements is largely due to the influence of the line profile in the unfolding algorithm,
especially for the ¢ >IT, and a3 Eg which are dominated by the dipole-allowed B ' £} and C 'T1,,
states. The wings in the line profiles from the earlier results (Khakoo and Trajmar 1986b) taken
with a single-hemispherical spectrometer, coupled with the fact that only single Gaussians were
used to describe the earlier instrument’s line profile, probably affected the unfolding results by
taking intensity away from these weaker features or sometimes adding to it, depending on the
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intensities of the dipole-forbidden features relative to the dipole-allowed features. Comparison
with theoretical values is also mixed. The only consistently good agreement is observed with
the distorted wave results of Fliflet and McKoy (1980) for the B 'E: state. Otherwise, no
theory is consistently in any agreement for all the states’ DCSs observed here. We again note
that although new FC factors calculated by us were used, these did not cause significant change
in the unfolded DCSs.

4. Conclusions

We present new, improved, normalized DCSs taken for the electron impact excitation of the
low-lying bound states of H,. Reasonable-to-good agreement is observed with the earlier
DCSs taken by us (Khakoo and Trajmar 1986b). However, we still find severe disagreements
with existing theoretical models. It is hoped that the present experimental results instigate new
and more reliable calculations for these important transitions for this fundamental molecular
target, for which (at present) there remains considerable work to be done in the form of both
theoretical and experimental research.
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