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We have obtained generalized oscillator strengths, in the framework of the first Born approximation,
for the electron-impact excitation of H2 through the X 1Sg

1(v50)˜B 1Su
1(v850233), X 1Sg

1(v50)
˜B8 1Su

1(v85028) andX 1Sg
1(v50)˜C 1Pu(v850212) vibronic transitions. The target electronic wave

functions, previously used to determine electron-impact dissociation cross sections for the same transitions
@Phys. Rev. A57, 1025~1998!#, were calculated at the configuration-interaction level for several internuclear
distances. The discrete vibrational wave functions were generated by solving the vibrational Schro¨dinger
equation in the Born-Oppenheimer scheme. The Franck-Condon approximation was not invoked. Optical
oscillator strengths for the same transitions were also obtained and compared favorably with previous theoret-
ical and experimental results. The calculated generalized oscillator strengths presented good agreement with
recent measurements by Zhonget al. @J. Electron Spec. and Rel. Phen.94, 127 ~1998!# for the B 1Su

1 and
C 1Pu vibronic transitions.@S1050-2947~99!11008-4#

PACS number~s!: 34.80.Gs
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I. INTRODUCTION

Electron-impact cross sections of molecular hydrog
have several applications, among them laser systems, m
eling of earth and space plasmas@1#, gas discharges, an
other weakly ionized plasmas@2#. Besides that, since th
molecular hydrogen is the simplest molecule, the study
the electron-molecule collision processes may present b
insight on its fundamentals. Recently, we have studied
electron-impact dissociation cross sections of H2 @3# via the
transitions X 1Sg

1(v50)˜$B 1Su
1 ,B8 1Su

1 ,C 1Pu%, the
same studied in the present work for discrete transitions.
three ungerade excited states correlate to the H(1s)1H(n
52) dissociation limit. In particular, the Lyman (B1Su

1) and
Werner (C1Pu) bands give rise to the strongest allowed o
tical transitions in the ultraviolet region of the molecul
hydrogen spectra. A compilation of cross sections for vari
channels of electron-molecular hydrogen collisions can
found in Tawaraet al. @4#.

There are great experimental difficulties in the determi
tion of optical and generalized oscillator strengths~the latter
is directly proportional to the differential cross sections! for
vibronic transitions in H2. The reason is the extensive ove
lap of bands with considerable intensities in this region
the molecular hydrogen spectra@5,6#, making difficult the
acquisition of accurate optical and electron energy-loss
bronic spectra. This turns the theoretical calculations, bes
having intrinsic interest, into a specially important asset
the interpretation of the spectra.

Glass-Maujeanet al. @7# have measured transition prob
abilities, directly related to optical oscillator strengths, fro
the ground state to theB, B8, and C states for high vibra-
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tional numbers, near the states’ same dissociation limit.
perimental optical oscillator strengths for theX 1Sg

1(v50)
˜$B 1Su

1 ,C 1Pu%(v8) bands were measured and, up
1992, reviewed by Chanet al. @8#. Khakoo and Trajmar@2#
have obtained differential cross sections for theB and C
states at electron-impact energy of 60 eV, lower than
region of validity of the first Born approximation. Chen an
Msezane@9# have used these experimental data to obt
integral cross sections using a universal function. Geiger
Schmoranzer@10# have obtained optical oscillator strength
from electron-impact experiments. Recently, Zhonget al. @5#
have measured the optical oscillator strengths and inten
distributions at 1500 eV electron-impact energy for the L
man and Werner vibronic bands, the latter as a function
the scattering angle. Those authors also reviewed the ex
mental work on these transitions up to 1998. We deriv
experimental generalized oscillator strengths from their@5#
vibrational intensity distributions as a function of the scatt
ing angle, using one theoretical vibronic transition for ea
band, as it will be explained. Concerning the experimen
work on the vibronic transition X 1Sg

1(v50)
˜B8 1Su

1(v8), as far as we are aware, there is only Ch
et al. @8# measurement of the optical oscillator strength
thev50˜v850 transition, and Glass-Maujeanet al. @7# for
high v8 vibrational numbers, near the dissociation limit.

On the theoretical side, there are the optical oscilla
strength calculations of Allison and Dalgarno for theB andC
vibronic bands@11,12#, and the transition probabilities calcu
lations for theB8 vibronic band of Kwok, Dalgarno, and
Posen@13#, and Glass-Maujean@14#. The latter two results
were converted into optical oscillator strengths. Those ca
lations have used the accurate transition dipole moments
potential-energy curves of Kolos and Wolniewicz@15,16#.
Concerning generalized oscillator strengths, there are s
purely electronic, i.e., without vibrational degrees of fre
dom, generalized oscillator strengths calculations for lo
1226 ©1999 The American Physical Society
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PRA 60 1227PHOTON AND HIGH-ENERGY–ELECTRON-IMPACT . . .
lying transitions of molecular hydrogen utilizing correlate
electronic wave functions; as a representative of th
Franck-Condon calculations we mention the work of Ar
ghini et al. @17# and Liu and Hagstrom@18#. With regard to
the three reported transitions, we are aware only of gene
ized oscillator strength calculations done by Kolo
Monkhorst, and Szalewics for theB state @19#, including
vibrational degrees. Recently, Celiberto and Rescigno@1# re-
ported electron-impact excitation cross sections, as a fu
tion of the impact energy~20–100 eV! and the initial and
final vibrational quantum numbers, for the Lyman a
Werner transitions. They have employed an impa
parameter formulation@1#.

In this study we report theoretical optical and generaliz
oscillator strengths for theX 1Sg

1(v50)˜B 1Su
1(v8

50 – 33), X 1Sg
1(v50)˜B8 1Su

1(v850 – 8), and
X 1Sg

1(v50)˜C 1Pu(v850 – 12) vibronic transitions. The
calculations are compared with previous optical and theo
ical results, when available.

II. THEORETICAL BACKGROUND
AND CALCULATION DETAILS

The calculations employed the Born-Oppenheimer
proximation for the target wave functions and the first Bo
approximation to describe the collision process. In sh
within the Born-Oppenheimer approximation, the targ
wave functions are written as

Cnv~r1 ,r2 ;R!5cn~r1 ,r2 ;R!xnv~R!, ~1!

wherer1 and r2 are the coordinates of the two electrons
the hydrogen molecule,R is the internuclear distance,cn is
the electronic wave function, andxnn(R) is the discreten
vibrational function of then electronic state. The spin func
tions are factored out in Eq.~1! since we do not conside
spin-orbit interactions.

The generalized oscillator strengthf (K,E)00̃ n8v8 , for
the excitation from then50 vibrational level of the ground
n50 electronic state to then8 vibrational level of then8
electronic excited state is written, in atomic units, as@20#

f ~K,E!00̃ nn85
2E

K2

gn

4pE UE xnn* ~R!x00~R!«0n

3~K,R,V!dRU2

dV, ~2!

where K is the transferred momentum and equalsk00
2knv , k00, andknv are the momenta of the incident and t
scattered electron, respectively,gn is the degeneracy of th
final state~1 for S, 2 for P), andE is the transferred energy
equal to the vibronic transition energy. The solid angleV
specifies the relative orientation betweenR and K , that is,
the orientation of the molecule. The integration overV in
Eq. ~2! results from averaging over the orientation of t
molecular axis with respect toK , i.e., the classical average
The electronic scattering amplitude,«0n , is written in the
first Born approximation@20,21# as
e

l-
,

c-

t-

d

t-

-

t,
t

f

«0n8~K,R,V!52E cn8
* ~r1 ,r2 ;R!

3S (
i 51

N

eiK .r i Dc0~r1 ,r2 ;R!dr1dr2 . ~3!

The generalized oscillator strength, a nondimensio
quantity independent of the electron impact energy, is
rectly proportional to the differential cross section,

f ~K,E!5
E

2

k00

knv

1

K2

ds0n

dv
, ~4!

wherev is the scattered solid angle of the scattered electr
which is related to the transferred momentumK @dv
52p sinudu52pKdK/(k00knW)#. This property allows one
to obtain differential and integral cross sections in the w
range of validity of the first Born approximation. For prese
purpose, we consider the range of validity of the first Bo
approximation for valence transitions@20# as being from 100
eV electron-impact energy upwards, as it was discusse
our previous work@3#.

In the limit when the transferred momentumK goes to
zero, the generalized oscillator strength goes to the opt
oscillator strengthf (E) in the length form

lim
K˜0

f ~K,E!5 f ~E!5
2

3
gnEuMnou2, ~5!

where M0n is the usual dipole transition moment in th
length form @20–22#, including vibrational degrees of free
dom and integrated over the internuclear distanceR. This
property of the generalized oscillator strength relates elec
impact with optical experiments and calculations.

Discrete ground (v50) and excited (v8) vibrational
wave functions were obtained by integrating numerically
nuclear Schro¨dinger equation according to Le Roy’s met
odology@23#, from the most accurate potential-energy curv
available@24,25#. The Born-Oppenheimer energies are tak
from Ref.@15# for the ground state~X! and from Ref.@25# for
the excited states (B,B8,C). We have also used a modifie
version of Le Roy’s program@22# to perform theR integra-
tion of Eq. ~2!.

The electronic wave functions were previously used
calculate dissociation cross sections@3#. They were obtained
within the distance interval 1.0<R<2.4 a.u. ~steps of 0.2
a.u.! at the configuration-interaction level with single an
double excitations~CI-SD! expanded on a basis set o
Gaussian-type orbitals. The Gaussian basis set wa
(12s,6p,3d)/@9s,6p,3d#, suggested by Jaszunski and Ro
@26#.

The ground and each of the excited electronic states w
independently calculated. We performed independent s
consistent Hartree-Fock calculations for the ground and e
of the excited states, allowing all of the molecular orbitals
fully relax. The corresponding molecular orbitals were us
in the CI-SD calculation. In other words, we have not us
the frozen core approximation.

Improved virtual orbitals~IVO! @27# for each electronic
state were constructed from these molecular basis sets
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1228 PRA 60ITAMAR BORGES, JR. AND CARLOS E. BIELSCHOWSKY
sulting in an improved convergence of the CI calculatio
@28#. This methodology has been used before for sev
molecules and atoms@22,29–31# and presented generalize
and optical oscillator strength values close to experime
values. The full CI space of 48 molecular orbitals~occupied
1 virtuals! was made of 10sg , 10su , 12pu , 12pg , and 4d
molecular orbitals@3#. For the CI-SD wave functions al
single and double excitations were allowed from the ref
ence Hartree-Fock configuration for each state.

The resulting four different molecular basis sets for the
calculations, one for the ground state and one for each of
excited states, incorporate in the target wave functions re
ation and correlation effects. Therefore, the molecular b
used in the CI calculations for the ground and excited sta
are no longer orthogonal. In order to compute the ma
elements«0n(K,R,V) @Eq. ~3!# between these nonorthogo
nal basis, we used a bi-orthogonalization procedure@29#. For
such purpose, unitary transformations are applied on the
sets ofN nonorthogonal molecular orbitals, turning (N21)
of them orthogonal.

III. RESULTS AND DISCUSSION

A. Optical oscillator strengths

Tables I, II, and III present the optical oscillator strengt
from the ground X 1Sg

1(v50) vibronic state to the
C 1Pu(v850 – 12), B8 1Su

1(v850 – 8), and B 1Su
1(v8

50 – 33) excited states, respectively. Table I shows v
good agreement between the present results and the the
ical results of Allison and Dalgarno@11,12# for the whole
range of vibrational levels of the Werner band (C), as well
as with the electron-impact measurements of Chanet al. @8#
and with the electron-impact measurements of Zhonget al.
@5#. The optical oscillator strengths obtained by the electr
impact measurements of Geiger and Schmoranzer@10#, and
by the optical measurements of Fabian and Lewis@32#, are
lower then the present results, except forv856. Both the

TABLE I. Optical oscillator strengths (31023) for the
X 1Sg

1(v50)˜C 1Pu(v850 – 12) vibronic transitions~Werner
band!. The numbers in parentheses are reported experimental
bars.

v8 This work @11,12# @5# @8#a @10# @32# @7#

0 47.55 47.60 47.1~4.9! 45.4 34.8
1 72.73 74.82 71.7~7.5! 71.8 59.2 59.2
2 69.74 69.82 68.5~7.4! 69.5 55.5 64.2
3 54.68 54.72 52.4~7.8! 54.4 43.7 44.2
4 38.71 38.74 38.5~4.3! 38.7 33.7 31.7
5 25.98 25.98 26.5~3.1! 25.5 21.0 22.4
6 17.00 17.0 16.1~1.9! 16.5 15.3 17.0
7 11.01 10.99
8 7.133 7.098
9 4.635 4.592

10 3.016 2.976
11 1.956 1.909 1.43~0.60!
12 1.195 1.171 0.63~0.09!

aChan et al. @8# report, as uncertanties,65% for fully resolved
peaks and67215% for the partially resolved peaks.
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present theoretical results and those of Allison and Dalga
@11,12# disagree with the experimental results of Glas
Maujean et al. @7# for the last two vibrational levels (v8
511,12).

Table II shows good agreement between the present o
cal oscillator strength values for theB8 transition and the
theoretical values of Kwoket al. @13# and those of Glass
Maujean@14#, for the whole range of vibrational states. Ch
et al. @8# have measured, by electron-impact technique
value of 3.8431023 for v850, about 25% higher than th
theoretical values. The experimental results of Gla
Maujeanet al. @7# for the rangev855 –7 are lower than the
theoretical values, although they are within the experimen
uncertainties, except forv856. The vibronic bandv858
present good agreement between the theoretical values
the experimental result@7#.

The present optical oscillator strengths for theB transi-
tion, the Lyman band, shown at Table III, are about 10
lower than the theoretical result of Allison and Dalgar
@11,12#. There are several experimental measurements
the optical oscillator strengths of this band, divided in tw
major groups, dipole (e-e) ~electron impact! @5,8,10# and
optical @7,32–34# experimental measurements.

For most of theB(v8) levels our results are within the
error bars of the electron-impact values@5,8,10#. In particu-
lar, the present theoretical results are about 15% lower t
those of Chanet al. @8# although they are, in general, withi
the error bars, and slightly lower than the error bars of Zho
et al. @5#. The agreement between the present results
those of Chanet al. @8# improves for thev8513 level up-
wards, and the same trend may be observed with Zh
et al. @5# from the v8510 level, except for thev8511 and
v8513 levels. Our calculations are closer to the Geiger a
Schmoranzer experimental results@10# than with those of
Zhong et al. and Chanet al. for the first vibrational levels,
and for the remaining vibrational levels the same trend of
last two groups is followed.

Some absolute optical cross-section measurements s
from severe ‘‘line saturation’’ effects, as was extensive
discussed by Chanet al. @8,36# and by us in a previous work
on valence transitions of CO@22#. These seem to be a cas
for the three optical measurements of the Lyman band@32–
34#, which encompass only a few vibrational levels and ha
some inconsistency among them. The comparison betw

ror

TABLE II. Optical oscillator strengths (31023) as function of
the transferred momentum squaredK2 for the X 1Sg

1(v50)
˜B8 1Su

1 ,(v850 – 8) vibronic transitions. The numbers in pare
theses are reported error bars.a

v8 This work @13# @14# @7#

0 2.933 2.90 2.92
1 5.923 5.96 5.98
2 7.179 7.31 7.34
3 6.782 6.96 7.00
4 5.352 5.51 5.55
5 3.076 3.30 3.31 2.91~1.08!
6 0.3345 0.335 0.336 0.215~0.54!
7 0.3250 0.320 0.326 0.279~0.64!
8 0.2059 0.210 0.215 0.203~0.43!

aChanet al. @8# report 3.8431023 for the v850 band.



PRA 60 1229PHOTON AND HIGH-ENERGY–ELECTRON-IMPACT . . .
TABLE III. Optical oscillator strengths (31023) for the X 1Sg
1(v50)˜B 1Su

1(v850 – 33) vibronic
transitions~Lyman band!. The numbers in parentheses are reported experimental error bars.

v8 This work @11,12# @5# @8# a @10# @32# @33# @34# @7#

0 1.462 1.689 1.54 1.75 1.9
1 4.999 5.790 6.27~0.75! 5.75 5.45 5.19 13
2 10.22 11.56 12.3~1.4! 11.4 9.94 11.5 24
3 15.26 17.55 18.1~2.0! 17.7 16.5 17.6 37
4 19.84 22.50 25.5~2.8! 22.8 21.0 24.5 30
5 22.65 25.71 22.6~2.5! 26.3 23.8 25.8
6 23.80 27.04 28.8~3.1! 27.6 26.4
7 23.53 26.73 27.3~3.0! 27.6 26.7
8 22.21 25.23 23.7~2.7 25.4 23.2
9 20.24 22.98 23.6~2.7! 23.6 22.2

10 17.94 20.35 18.2~2.4! 20.0 20.3
11 15.57 17.64 18.4~2.3! 17.4 18.1
12 13.30 15.64 13.3~2.8! 15.3 15.5
13 11.22 12.66 15.4~2.5! 12.2 12.8 11.4 12.0
14 9.377 10.55 9.71~1.53! 10.1 10.4
15 7.782 8.730 7.94 8.25 10.1
16 6.427 7.185 7.18~1.35! 6.87 7.03 7.87 5.0
17 5.291 5.891 5.18~0.91! 5.31 6.12 5.75 4.2
18 4.348 4.820 4.74~1.28! 4.68 5.52
19 3.569 3.939 3.84 4.25 3.44 2.3
20 2.913 3.219 3.08 3.29
21 2.408 2.632 2.67
22 1.980 2.154 2.09
23 1.632 1.766
24 1.347 1.450
25 1.115 1.193
26 0.9228 0.9815
27 0.7634 0.8057
28 0.6319 0.6603
29 0.5258 0.5432
30 0.4405 0.4598
31 0.3652 0.3702
32 0.2193 0.2961 0.30~0.16!
33 0.1314 0.1616 0.21~0.02!

aChanet al. @8# report as uncertanties65% for fully resolved peaks, and67215% for the partially resolved
peaks.
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the present results and those of Glass-Maujean@7# (v8
532,33) shows a behavior also found for the Werner ba
(C); their optical oscillator strength values are higher th
the present results, although they agree within their exp
mental error bar forv8532.

B. Generalized oscillator strengths

The favorable comparison between our optical oscilla
strengths and the other theoretical and experimental va
for the three bands allows us to infer that our electronic w
functions should also provide accurate values for the ge
alized oscillator strengths.

Figures 1 and 2 show the present values for the gene
ized oscillator strength for the excitation from the grou
X 1Sg

1(v50) vibronic state to the vibronic state
B 1Su

1(v851 – 5) andC 1Pu(v851 – 6), compared with the
other available experimental and theoretical results. C
d
n
ri-

r
es
e
r-

l-

n-

cerning theB8 1Su
1 bands, shown in Fig. 3 for some trans

tions, there is a lack of other experimental and theoret
results involving vibronic resolution. The complete listing
generalized oscillator strengths, as a function of the squa
transferred momentumK2, up to K2536 a.u., for all of the
calculated vibronic excited statesB8 1Su

1 (v850 – 8),
C 1Pu(v850 – 12), andB 1Su

1(v850 – 33), together with
the theoretical transition excitation energies, may be
tained in PAPS tables@35#, or in Latex form via e-mail from
one of the authors.

To our knowledge, the only available angle resolve
high-energy–electron-impact measurements of vibro
bands of H2 were the ones recently performed by Zho
et al. @5# for the B 1Su

1 andC 1Pu bands, and the only pre
vious theoretical calculations for vibronic generalized osc
lator strengths of H2 were performed by Kolos, Monkhors
and Szalewicz@19# for the B 1Su

1 state.
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FIG. 1. Experimental results of Zhonget al. @5#, obtained using the procedure described in the text, the theoretical ones of K
Monkhorst, and Szalewicz@19#, and the calculated generalized oscillator strengths for the Lyman bandX 1Sg

1(v50)˜B 1Su
1(v8). See the

text for the discussion.
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A good overall agreement is observed in Fig. 1 betwe
the present generalized oscillator strengths results and t
of Kolos, Monkhorst, and Szalewicz@19#, their results being
about 10% greater than ours within the range of transfe
K2 and vibrational levels studied. As both calculations e
n
se

d
-

ploy similar potential energy curves, the discrepancy mus
attributable to the different electronic wave functions. W
have shown before@3# that the present electronic function
and their type of wave functions, similar to the ones used
Kolos, Monkhorst, and Szalewicz@19#, have comparable ac
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FIG. 2. Experimental results of Zhonget al. @5#, obtained using the procedure described in the text, the theoretical ones of K
Monkhorst, and Szalewicz@19#, and the calculated generalized oscillator strengths for the Werner bandX 1Sg

1(v50)˜C1Pu(v8). See the
text for the discussion.
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Zhonget al. @5# measured the intensity distributions as

function of the scattering angle at 1500 eV electron-imp
energy for the vibronic transitions X 1Sg

1(v50)
˜$B 1Su

1 ,C 1Pu%(v8), the Lyman and Werner bands, r
spectively. Their angular range was 0.0–4.0 °, correspond
to a momentum-transferred squaredK2 range of about
0.002–0.6 atomic units. The Lyman band was obtained
thev851 – 5 vibrational interval while the Werner band w
obtained in thev851 – 6 interval. Zhonget al. @5# measured
the intensity ratio for the Lyman band~B! with respect to the
v856 transition of this same band. The intensity ratios
the Werner band~C! were measured with respect to thev8
50 of this same band.

In order to compare our absolute generalized optical
cillator strength calculations with the Zhonget al. experi-
t

g

in

r

s-

ment @5#, we have normalized their experimental intens
results, for the Lyman and Werner bands, by our calcula
values of the generalized oscillator strength as a function
K2. For the Lyman band we used thev856 transition of the
same band, and for the Werner band, thev850 transition of
the same band. Figures 1 and 2 show an overall agreem
between the experimental results and the calculated gen
ized oscillator strengths for theB and C bands, the latter
mostly within the error bars. Concerning theB state, the
agreement is especially good for thev853 transition, except
for the experimental point atK2;0.3. The agreement is als
good forv853 and 4 for theB transitions. The worst resul
for theB state is thev851 band. This result and the exper
mental points in some transitions, having error bars
crossing our curves, may be understood by bearing in m
the extremely difficult conditions to measure the pres
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1232 PRA 60ITAMAR BORGES, JR. AND CARLOS E. BIELSCHOWSKY
bands, especially in the region of small transferred mom
tum @22#.

In a previous paper we discussed the use of the Fra
Condon approximation in the calculations of the electro
impact dissociation cross sections of H2 @3# via the same
transitions. We found a ratio between the Franck-Cond
dissociation cross sections and the non-Franck–Condon
sociation cross sections for the transitions to theB 1Su

1 ,
B8 1Su

1 , andC 1Pu states, respectively, of 1.741, 1.07, a
1.236. It is interesting to investigate the same question
the discrete excitation processes. This can be achieve

FIG. 3. Calculated generalized oscillator strengths for the
man bandX 1Sg

1(v50)˜B8 1Su
1(v8), selected transitions.
n-

k-
-

n
is-

r
by

comparing our results, summed over all the vibronic tran
tions for each final electronic state, with the Franck-Cond
calculations of Arrighiniet al. @17#. Liu and Hagstrom@18#
also did a Franck-Condon calculation for theB andB8 states,
and their results are similar to Arrighini’s. Figure 4 compar
our results, summed over the final vibrational states, with

-

FIG. 4. This figure compares our generalized oscillator streng
results, summed over the final vibrational states, with the Fran
Condon results of Arrighiniet al. @17# for the ~a! B 1Su

1 , ~b!
B8 1Su

1 , and~c! C 1Pu final electronic states.
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Franck-Condon results of Arrighiniet al. @17# for the ~a!
B 1Su

1 , ~b! B8 1Su
1 , and~c! C 1Pu electronic states.

Figures 4~a!–4~c! show that the Franck-Condon resu
~Arrighini et al. @17#! match exactly the present non-Franck
Condon results for theC transition, present a good agre
ment for theB transition, and show considerable differenc
for the B8 transition, especially for the low values of th
transferred momentum, a situation where the first Born
proximation is expected to properly describe the collis
process. These results confirm the recent experimental
dictions of Zhonget al. @5#, concerning the Franck-Condo
nature of theB 1Su

1 andC 1Pu discrete excitations. Experi
mental results on the vibronic generalized oscillator streng
for theB8 1Su

1 electronic state are needed in order to furth
investigate the non-Franck–Condon character of theB8 1Su

1

process.
As a final remark on the above subject, the present res

do not show a correspondence, in what concerns the val
of the Franck-Condon approximation, with our previous d
sociation cross sections@3#. For instance, the Franck-Condo
approximation for theC 1Pu transition seems to work in th
calculation of the discrete excitation cross sections
clearly fails in the calculation of the dissociation cross s
tions. Further investigation on this question, involving oth
molecules and processes, may shed some new light on
problem.

The good agreement between the theoretical and exp
mental results for theB andC transitions may be attribute
both to the Franck-Condon character of the vibronic exc
tions, as pointed out by Zhonget al. @5#, and to the relatively
low values ofK2 where the comparison was possible. This
a favorable situation in what concerns the use of the fi
Born approximation, keeping in mind that this approach
expected to present a better description of the collision p
cess for smaller rather than for larger values of the tra
ferred momentum. Since the latter corresponds to a stro
interaction between the incident electron and the target,
is a situation where higher-order terms in the Born expans
should give larger contributions@22,31#.

Recently, experimental electron-impact measureme
have been able to obtain generalized oscillator strength
ues up to very large values of the transferred momentum
instance, the recent experimental results for inner-shell e
tations of the CO2 with generalized oscillator strength value
up to K2560 a.u.@37#. As we have already pointed out, th
experimental determination of the generalized oscilla
strengths for theB8 1Su

1 , C 1Pu , andB 1Su
1 states is par-

ticularly difficult, even for low values ofK2. Nevertheless, it
would be very interesting to extend experimental results
largerK2 values. For this reason, we have calculated gen
alized oscillator strength values up toK2536 a.u.@35# for
e

s
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excitations to theB8 1Su
1(v850 – 8), C 1Pu(v850 – 12),

andB 1Su
1(v850 – 33) states.

IV. CONCLUSION

We have calculated optical and generalized oscilla
strengths for the electron-impact vibronic excitation of H2
through the X 1Sg

1(v50)˜B 1Su
1(v850 – 33), X 1Sg

1(v
50)˜B8 1Su

1(v850 – 8), and X 1Sg
1(v50)˜C 1Pu(v8

50 – 12) transitions in the range of squared transferred m
mentum K250 – 36 a.u. The electronic CI wave function
were determined independently for the ground and each
the excited states, which means that correlation and re
ation effects were explicitly considered in the present cal
lations.

The optical oscillator strengths presented a good ag
ment with the theoretical results of Dalgarnoet al. @11,12#
and with those determined by electron-impact measurem
@5,8,10#. The experimental optical oscillator strengths me
sured by optical methods does not, in general, agree with
present theoretical results, as well as with those obtained
electron-impact techniques. Saturation effects in the opt
measurements may be responsible for this discrepancy.

The generalized oscillator strength for theB transition
agrees reasonably with the theoretical results of Kol
Monkhorst, and Szalewicz@19#. Excellent agreement be
tween the Franck-Condon and the non-Franck–Condon
sults was found for theB andC transitions, and considerabl
discrepancies for theB8 transition. A comparison with the
intensities, provided by the recent electron-impact exp
mental results of Zhonget al. @5# was performed for theB
and C vibronic excitations up to the square transferred m
mentumK250.6 a.u. We have normalized the experimen
intensities by our calculated values for the generalized os
lator strength as a function ofK2 for the v856 vibronic
transition of the Lyman band~B! and for thev850 vibronic
transition of the Werner band (C), and compared these re
sults with the other measured vibronic excitations. T
agreement was good, as expected, once the first Born
proximation adequately represented the collision process
these low values of the transferred momentum.

The complete set of values for the generalized oscilla
strength are available as tables@35# and may stimulate new
electron-impact measurements for largerK2 values of such
important bands of molecular hydrogen.
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