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„e,2e… ionization-excitation of H2
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Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan

~Received 28 May 2003; published 22 October 2003!

Binary (e,2e) measurements are reported for ionization-excitation processes of H2 . The experiments were
performed at impact energies of 1200, 1600, and 2000 eV using an energy- and momentum-dispersive spec-
trometer. Momentum profiles for transitions to the 2ssg and 2psu excited final ion states are presented as
normalized intensities relative to the cross section of the primary ionization to the 1ssg ground ion state. The
results are compared with theoretical calculations of Lermeret al. @Phys. Rev. A56, 1393 ~1997!# using the
first-order plane-wave impulse approximation. Certain features of the discrepancies between experiment and
theory can be explained by incorporating contributions from the second-order two-step mechanisms into the
(e,2e) cross sections. Furthermore, the present results suggest that 2ssg and 2psu cross sections approach
their high-energy limits in different ways.
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I. INTRODUCTION

The binary (e,2e) technique, also known as electron m
mentum spectroscopy~EMS!, is now a well-established tech
nique to investigate the electronic structure of a target a
or molecule@1–4#. The ion recoil momentump and the elec-
tron binding energyEbind can be determined by coinciden
detection of the two outgoing electrons with the aid of t
laws of conservation of linear momentum and energy:

p5k02ka2kb ~1!

and

Ebind5E02Ea2Eb . ~2!

Here thekj ’s and Ej ’s ( j 50,a,b) are momenta and kineti
energies of the incident and two outgoing electrons, resp
tively. Within the plane-wave impulse approximatio
~PWIA! @1#, the EMS cross section for a gaseous targe
proportional to the spherically averaged square of the o
lap of the initial neutral (N electron! and final ion@(N21)
electron# wave functions, which is usually called the mome
tum profile,

sEMS}E z^pC f
N21uC i

N& z2dVp . ~3!

The momentum space target-ion overlap can be evalu
using configuration-interaction descriptions of the man
body wave functions.

The hydrogen molecule H2 is one of the most thoroughly
explored targets, because it is simple enough to be the
ject of accurate calculations. Of special interest are simu
neous ionization-excitation processes of the molecule,
they can directly probe electron correlation in the tar
ground state. Since electron correlation is absent in the o
electron final ion state, any ionization-excitation proces

*Present address: Institute for Molecular Science, Okazaki 4
8585, Japan.
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do not occur unless correlation is included in the target ini
wave function; they occur by the shake-up mechani
within the framework of the PWIA. Despite the importanc
of the processes, however, most of the previous experim
have been limited to the primary ionization process t
leaves the residual H2

1 ion in the 1ssg ground state. The
scarcity of studies for transitions to excited ion states@5–8#
can be accounted for by the experimental difficulties, nam
extremely small cross sections involved and the repuls
nature of the final ion states that cause significant overlap
energy among them.

The first experimental EMS study on ionization-excitati
of H2 was carried out by Weigoldet al. @5# at an impact
energy of 1200 eV using a single-channel spectrometer. T
have reported momentum profiles measured at binding e
gies of 31.5, 37.0, and 40.5 eV, where transitions to
2psu , 2ppu , and 2ssg excited ion states dominantly con
tribute to the EMS cross sections, respectively. Calculati
using the McLean configuration-interaction wave functi
@9# have been found to give unsatisfactory agreement w
the experiment. The most recent study was performed
Lermer et al. @8# at an impact energy of 1200 eV using
momentum-dispersive spectrometer. They have meas
momentum profiles at binding energies of 32.5 and 40.2
where dominant contributions for the EMS cross sectio
arise from the transitions to the 2psu and 2ssg states. Fur-
thermore, highly accurate PWIA calculations based on a
configuration-interaction wave function of H2 have been
made and compared with the momentum profiles, show
remarkable discrepancies between experiment and the
While the 2ssg profile is as expected from the theoretic
prediction ~except that the observed intensity is higher
about 35%!, the 2psu profile has displayed a significant dif
ference in both intensity and shape. Similar measurem
have been made for D2 and the results have been found to
indistinguishable from the experiment with H2 , indicating
that the nuclear motion has little effect on the moment
profiles. Consequently, Lermeret al. @8# have concluded tha
the discrepancies between experiment and theory may be
to a failure of the PWIA description of the processes, su
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TAKAHASHI, KHAJURIA, AND UDAGAWA PHYSICAL REVIEW A 68, 042710 ~2003!
gesting a requirement of theoretical calculations incorpo
ing higher-order two-step~TS! terms to reproduce the exper
ment.

Clearly, further investigations of the ionization-excitatio
of H2 are called for to clarify the origin of the discrepanci
between experiment and theory and to identify the range
the validity of the PWIA for the processes. Experiments
higher impact energies and at higher statistical precis
would be desired to resolve these issues, though the
tremely small cross sections of the processes make
studies difficult with the instrumentation employed so f
Very recently, we have developed an energy- a
momentum-dispersive spectrometer@10# by the use of a
spherical analyzer equipped with position-sensitive de
tors. Because of its ability for simultaneous detection in
ergy and momentum, collection efficiency for the two outg
ing electrons has been significantly improved compared w
our previous apparatus@11#. In the present work, the newl
developed spectrometer has been applied to the ioniza
excitation of H2 . The measurements have been carried ou
impact energies of 1200, 1600, and 2000 eV. Much hig
statistics of the experiments are marked compared with
previous studies@5–8#, allowing us to obtain individual mo-
mentum profiles for the transitions to the 2ssg and 2psu
states by deconvolution. The results are compared with
PWIA calculations of Lermeret al. @8# to discuss and to
clarify the origin of the discrepancies between experim
and theory. They are also used to examine how
ionization-excitation processes approach the high-ene
limits.

II. EXPERIMENTAL METHOD

EMS is a high-energy electron-impact ionization expe
ment in which the kinematics of all the electrons are fu
determined. Under the symmetric noncoplanar scattering
ometry, two outgoing electrons having equal energies
making equal polar angles of 45° with respect to the incid
electron beam are detected in coincidence. Then the ma
tude of the recoil ion momentump can be determined by
measurement of the out-of-plane azimuthal angle differe
between the two outgoing electrons@1–4#.

A detailed description of the spectrometer used in
present work has been given elsewhere@10#. Briefly, it con-
sists of an electron gun, a set of electrostatic lens system
spherical analyzer, and a pair of position-sensitive detect
Since a spherical analyzer maintains azimuthal angles
energy-analyzed electrons, use of position-sensitive detec
makes it possible to simultaneously measure energy
angle correlations between the two outgoing electrons. T
three-dimensional EMS data can be collected at a fixed
pact energy, which are constituted by relative cross sect
~coincidence counts! measured as a function of binding e
ergy and recoil ion momentum. This technique significan
increases the accuracy of the data compared with the
ventional single-channel measurements, as drifts in elec
beam current and fluctuations in target gas density affec
channels in the same way.

In the experiments, commercially available H2 gas~Nip-
04271
t-

of
t
n
x-
ch
.
d

c-
-
-
h

n-
at
r
e

e

t
e
y

-

e-
d
t

ni-

e

e

, a
s.
or
rs

nd
us
-

ns

y
n-

on
ll

pon Sanso,.99.99999%) was used. The measureme
were carried out at impact energies of 1200, 1600, and 2
eV, while keeping an ambient sample gas pressure at
31026 Torr. To cover a wider binding energy range at t
same time, no preretardation was attempted for the outgo
electrons. The instrumental energy and momentum res
tions were then 2.6, 3.3, and 4.0 eV full width at half max
mum and about 0.20, 0.23, and 0.26 a.u. at impact ener
of 1200, 1600, and 2000 eV, respectively.

III. RESULTS

A. Binding-energy spectra

Binding-energy spectra of H2 measured at impact energie
of 1200, 1600, and 2000 eV are shown in Fig. 1. The spe
were obtained by summing all coincidence signals over
entire azimuthal angle difference range covered. For eas
comparison, the data responsible for ionization-excitation
scaled by a factor of 100. Franck-Condon overlaps for tr
sitions to the excited ion states as well as the ground ion s

FIG. 1. Binding-energy spectra of H2 obtained at impact ener
gies of ~a! 1200, ~b! 1600, and~c! 2000 eV. Deconvoluted curve
are shown as broken lines and their sum as solid lines. MS re
sents contributions from multiple scattering.
0-2
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(e,2e) IONIZATION-EXCITATION OF H2 PHYSICAL REVIEW A 68, 042710 ~2003!
were calculated with theBCONT program@12# using the rel-
evant potential-energy curves of H2 and H2

1 of Sharp@13#.
The resultant transition profiles, folded with the instrumen
energy resolutions, were subsequently employed for dec
volution. In the deconvolution procedure, contributions fro
multiple scattering were assumed, as in the data analys
Lermer et al. @8#. Multiple scattering processes should p
marily involve forward scattering by a hydrogen molecu
followed by a binary (e,2e) collision with a different hydro-
gen molecule. Hence their transition profiles in the bindin
energy spectra were estimated using the optical oscill
strength data of H2 @14#. The best fits to the present expe
ments are shown in the figures as broken and solid lines
the deconvoluted curves and their sum. It is evident t
contributions from multiple scattering are very small, par
due to the open architecture of our spectrometer, and tha
transitions to the 2ssg and 2psu ion states exhibit relatively
large cross sections compared with other ionizati
excitation processes. A similar fitting procedure was e
ployed for a series of binding-energy spectra at each
muthal angle difference to produce momentum profiles
the transitions to the 1ssg , 2ssg , and 2psu final ion states.
Note that the profiles for the three transitions share a c
mon intensity scale.

B. Momentum profiles and cross-section ratios

In Figs. 2, 3, and 4 we show experimental moment
profiles, obtained at impact energies of 1200, 1600, and 2
eV for the transitions to the 1ssg , 2ssg , and 2psu states,
respectively. Also included in the figures are the PWIA c
culations of Lermeret al. @8#, which have been digitized
from the literature and folded with the momentum reso
tions of the spectrometer used in the present study. Sinc
absolute cross section cannot be determined with EMS,
1ssg momentum profiles at individual impact energies we
normalized to the areas of the corresponding theoret
ones. The scaling factors thus obtained were applied to
momentum profiles for ionization-excitation. Hence t
2ssg and 2psu profiles exhibit normalized intensities rela
tive to the 1ssg primary ionization cross section. The resu
at 1200 eV are in good accord with those of Lermeret al.
@8#, except that the 2psu profile observed here shows abo
60% higher intensity.

In Fig. 5, ratios of the cross section of the ionizatio
excitation to that of the primary ionization are plotted for t
transitions to the 2ssg and 2psu states as a function o
impact energy. The ratios were obtained by summing all
intensities of the individual momentum profiles over the m
mentum range up to 2 a.u. and by dividing the summ
intensities by that of the 1ssg . Associated theoretical value
were estimated from the PWIA calculations of Lermeret al.
@8#. The calculated ratios are shown as broken and ch
lines for the 2ssg and 2psu channels, indicating their high
energy limits. Also included in the figure are the correspo
ing ratios of Edwardset al. @15# by electron-impact, which
have been obtained by measurement of the kinetic en
release of fragment ions at 90° relative to the projectile
rection. Hence their data may correspond to total (e,2e)
04271
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cross-section ratios integrated not only over scattering an
of the two outgoing electrons but also over all possible
ergy sharing between them.

IV. DISCUSSION

A. Comparison of momentum profiles between experiment
and PWIA

It is immediately clear from Fig. 2 that agreement b
tween experiment and theory is satisfactory for the transit
to the 1ssg ground ion state at every impact energy used;
1ssg momentum profile exhibits no variations with impa
energy, except for slight changes due to the finite momen
resolution effects. This observation is consistent with ear
studies@7,8,16–18# that the PWIA provides a very good de
scription of the binary (e,2e) reaction for the primary ion-
ization process of H2 at impact energies above 300 eV.

In contrast to the above result, the 2ssg and 2psu experi-
mental profiles in Figs. 3 and 4 are substantially differe
from the PWIA calculations. There are two features in t
observation, namely shape and intensity difference fr
theory. Consider shape difference first. The PWIA rigorou
requests the 2ssg profile to exhibits-type ~gerade! symme-
try having its maximum at the momentum origin, and t
2psu profile to do p-type ~ungerade! symmetry with zero
intensity atp50. Indeed, the PWIA calculations of Lerme

FIG. 2. Experimental momentum profiles of H2 for the transi-
tion to the 1ssg ground ion state at impact energies of 1200, 16
and 2000 eV. The broken, dotted, and solid lines are the PW
calculations of Lermeret al. @8#, which have been folded with the
present momentum resolutions at 1200, 1600, and 2000 eV, res
tively.
0-3
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TAKAHASHI, KHAJURIA, AND UDAGAWA PHYSICAL REVIEW A 68, 042710 ~2003!
et al. @8# are in accordance with such symmetry consid
ation, with a relatively small cross section due to the fin
momentum resolution effects being observed atp50 for the
2psu profile. On the other hand, the experiments tell us t
not only the 2ssg but also the 2psu profile always exhibits
s-type symmetry. Hence it is obvious that unexpected sy
metry is observed or symmetry breaking occurs for the 2psu
profile.

As for intensity, significant deviation of the 2psu experi-
mental profile from theory is evident, while the 2ssg profile
also shows some discrepancies. This tendency becomes
pronounced at higher impact energy, showing remarka
variations of the cross sections with impact energy for b
the 2ssg and 2psu profiles. Surprisingly, the two profile
display a different impact energy dependence from e
other. While the 2ssg profile shows about 50% higher inten
sity than the theoretical one at 1200 eV, it decreases mo
tonically with an increase in impact energy and closely
proaches the PWIA prediction at 2000 eV. On the other ha
for the 2psu profile the intensity falls off when the impac
energy is raised to 1600 eV, but increases again at a hi
impact energy of 2000 eV, showing ‘‘turn-up’’ of the cros
section.

The remarkable variations of the 2ssg and 2psu profiles
with impact energy leave no doubts that noticeable contri
tions from higher-order terms are involved in the EMS cro
sections measured. Thus the observation gives a defin

FIG. 3. Experimental momentum profiles of H2 for the transi-
tion to the 2ssg excited ion state at impact energies of 1200, 16
and 2000 eV. The broken, dotted, and solid lines are the PW
calculations of Lermeret al. @8#, which have been folded with the
present momentum resolutions at 1200, 1600, and 2000 eV, res
tively.
04271
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confirmation for the conclusion of Lermeret al. @8# that the
discrepancies between experiment and theory may be du
a failure of the PWIA description of the processes. Furth
more, since the extent of the intensity difference from t
PWIA calculations would be a rough measure of contrib
tions from higher-order terms for the EMS cross sections,
following therefore come from the present results.

~i! Symmetry breaking occurs for the 2psu momentum
profile.

~ii ! Contributions from higher-order terms are consid
ably larger for the 2psu profile than for the 2ssg one.

~iii ! The 2psu and 2ssg cross sections approach the
high-energy limits in different ways.

B. Contributions from second-order terms

The plane-wave Born series model is very attractive
discussing effects of higher-order terms on the EMS cr
sections, because certain contributions can be attribute
particular mechanisms of collision between projectile a
target. With the help of this model, Tweed@19# has recently
examined such double processes in electron-helium collis
as double excitation, ionization-excitation, and double io
ization, which lead to a joint change of state of both targ
electrons. It has been shown that the second-order Born
ries can be split into five terms; the first (T2

ai) is related to
channel coupling, the next two (T2

ie and T2
f e) have their

,
A

ec-

FIG. 4. Experimental momentum profiles of H2 for the transi-
tion to the 2psu excited ion state at impact energies of 1200, 16
and 2000 eV. The broken, dotted, and solid lines are the PW
calculations of Lermeret al. @8#, which have been folded with the
present momentum resolutions at 1200, 1600, and 2000 eV, res
tively.
0-4
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(e,2e) IONIZATION-EXCITATION OF H2 PHYSICAL REVIEW A 68, 042710 ~2003!
equivalents in first-order distorted-wave models, and the
two (T2

td and T2
pd) correspond to TS mechanisms. Amon

these five terms there must be the key ones responsible
the observations~i!–~iii ! above.

We rule out first a possibility that the observations he
originate inT2

ai of Tweed @19#, as interchannel coupling in
the ionization continuum has been proven to be negligible
EMS @20#. This is in sharp contrast to high-energy photoio
ization in which target states with different angular mome
tum, which are close in energy, are mixed through interch
nel coupling in the continuum@21#.

The next two terms (T2
ie andT2

f e) of Tweed@19# describe
elastic scattering of the projectile followed or preceded b
binary collision of the projectile with a single target electro
Clearly, with these terms, ionization-excitation processes
occur only by the shake-up mechanism, as in the first-or
PWIA, while the resultant momentum profile may be mo
fied because of the elastic scattering involved. In this reg
the role of the two terms for the ionization-excitation is,
the second-order interaction between projectile and tar
probing momentum profiles of the 2ssg and 2psu excited
orbital components of the target initial wave function. T
shapes of the 2ssg and 2psu molecular orbitals are analo
gous to those of atomics and p orbitals. Hence an insigh
into two terms can be gained from EMS studies of distort

FIG. 5. Ratios of cross sections of the ionization-excitation
the primary ionization of H2 for the 2ssg and 2psu channels. Also
shown are theoretical high-energy limits estimated from the PW
calculations of Lermeret al. @8# and electron-impact data of Ed
wardset al. @15#. See text for details.
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wave effects on primary ionization processes of atomics and
p orbitals @1–4,22–24#, as the terms have their equivalen
in first-order distorted-wave models@19#. The studies have
shown that while distorted-wave effects appear in the h
momentum region, low momentum components (p&1 a.u.)
are little affected and are well described by the PWIA.

One may thus expect that PWIA calculations can pred
symmetry properties of contributions for the 2ssg and 2psu

profiles from the terms (T2
ie and T2

f e) and roughly approxi-
mate relative intensity of their contributions to each oth
the contributions for the 2psu profile should exhibitp-type
symmetry and smaller intensity. These expectations
however, entirely inconsistent with the observations~i! and
~ii !. We therefore conclude that the two terms are not a p
cipal source of the discrepancies between experiment
PWIA. This is supported, to some extent, by distorted-wa
impulse approximation~DWIA ! calculations of McCarthy
and Mitroy @25# for ionization-excitation of isoelectronic
atom He. It has been shown that the momentum profile
the DWIA for the transition to then52 state of He1 is very
similar to that obtainable by the PWIA in the low momentu
region where the intensities observed here are mostly
volved.

The last two terms (T2
td and T2

pd) of Tweed @19# thus
remain, and indeed they can give satisfactory explanati
for the observations, at least~i! and ~ii !. These terms corre
spond to the two-step 1~TS1! and two-step 2~TS2! mecha-
nisms @26#. Under the present kinematics or the symmet
noncoplanar geometry, contributions from TS1 and TS2
not distinguishable, as no information is available conce
ing symmetry of the cross sections with respect to the m
mentum transfer axis. Besides, the TS1 term may be tre
in a similar way to the TS2 term with additional approxim
tion of using plane waves for the ejected electron interme
ate and final-state wave functions@19#. Thus we take the TS2
term as a representative of the TS mechanisms in the foll
ing discussion.

If we adopt a very simple H2 wave function C i
N52

5c0(r1)c0(r2), the TS2 termT2
pd can be described as fol

lows, according to the formalism and notation of Tweed@19#:

T2
pd5221E dk~k0

212E022E0,m2k21 i«!21

3~pKa!22^cm8uexp~ iKa•r2!uc0&

3~pK !22^cmuexp~ iK•r1!uc0&. ~4!

Here K5k02k and Ka5k2ka . The essential structure o
Eq. ~4! is not altered when a more sophisticated wave fu
tion is used. It should be noted that each of the matrix e
ments in Eq.~4! is similar to that of the first-order plane
wave Born model. Suppose thatm is a continuum state and
that m8 is an excited state of the residual ion. Then we c
clearly see simultaneous ionization-excitation by two
quential collisions of the projectile with different target ele
trons, namely the primary ionization process to the 1ssg

ground ion state of H2
1 , followed by a single excitation pro

cess to an excited ion state from the 1ssg state. The excita-

A
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tion process involved should be dominated by forward sc
tering under the present experimental conditions, wh
energies of both the incoming and outgoing electrons
very high compared with the energy loss. Hence the sym
try property of contributions from the TS term is essentia
determined by the preceding primary ionization process
would show little dependence on the final ion state produc
Thus symmetry properties of contributions from this term
the 2ssg and 2psu cross sections should be identical to ea
other and to that of the 1ssg momentum profile by the
PWIA.

However, a difference between the contributions for
2ssg and 2psu cross sections must appear in intensity, sin
the excitation process to the 2ssg state from the 1ssg state
is a nondipole transition whereas that to the 2psu state is a
dipole one. By considering again that the processes
dominated by forward scattering or pseudo-photon-imp
the magnitude of the contributions should be much larger
the ‘‘optically allowed’’ 2psu transition than for the ‘‘opti-
cally forbidden’’ 2ssg transition. As a result, one may reac
the following conclusion. The 2ssg profile in Fig. 3 is com-
posed of relatively large contributions from the first-ord
PWIA term with s-type symmetry and small contribution
from the second-order TS term with the same symme
Hence the symmetry of the profile is maintained, while t
intensity is affected by inclusion of the TS term. On the oth
hand, for the 2psu profile in Fig. 4, contributions from the
TS term with s-type symmetry become dominant, becau
those from the PWIA term are significantly smaller. Th
symmetry breaking arises for the 2psu profile, and the in-
tensity is remarkably increased compared with the PW
cross section. Unquestionably, inclusion of contributio
from the TS mechanisms in the EMS cross sections can
count for the observations~i! and~ii !, verifying the proposi-
tion of Lermeret al. @8# that theoretical calculations incorpo
rating the TS terms would be required to reproduce
experiment. The observation~iii ! will be discussed below.

C. Impact energy dependence of cross section ratio

When the modulus squared of the sum of the first-or
and second-order terms is taken to get a cross section, i
ference between them can occur and the cross section
pends on not only their amplitudes but also their relat
phases. An outstanding example of this has been reporte
Edwardset al. @15# for ionization-excitation of H2 . As can
be seen in Fig. 5, their ratios for the 2ssg and 2psu chan-
nels are enhanced at around an impact energy of 750
Such enhancement has been interpreted as visible pro
constructive interference between the shake-up and TS te
in a collision of a negatively charged projectile and an el
tron @15,27–30#.

Also evident from Fig. 5 is that the ratios for the 2ssg
and 2psu channels observed here are considerably differ
from those of Edwardset al. @15#. In their experiment, both
ratios decrease monotonically with an increase in impact
ergy above ;750 eV, and the 2psu asymptotic value
(;0.02) is larger than the 2ssg one (;0.01). On the other
hand, in the present study, although the ratio for 2ssg shows
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similar asymptotic behavior to the data of Edwardset al.,
that for 2psu exhibits the ‘‘turn-up’’ at the highest impac
energy employed, as already noted. Furthermore, the r
for 2psu is always smaller than that for 2ssg . Besides, their
high-energy limits or theoretical values estimated from
PWIA calculations of Lermeret al. @8# are different from
those of Edwardset al.

Interestingly, the trend reported by Edwardset al. that the
asymptotic value for 2psu is larger than that for 2ssg coin-
cides with the result of dissociative photoionization expe
ments of H2 using several tens eV photons@31#, in which the
S→P transitions have been found to be dominant. This
incidence is not accidental, since the total cross section
electron impact at high energy is dominated by large imp
parameter~pseudo-photon-impact! collisions that eject soft
electrons with continuum energies of the order of their ori
nal binding energies@27,32#. On the other hand, in the
present study the experiments were performed at the B
ridge @33#, where the so-called electron Compton scatter
@34# occurs and both scattered and ejected electrons are
duced with high energy. Thus the difference in ratio betwe
the two experiments reveals a remarkable dependence o
cross section at high energy on energy sharing between
two outgoing electrons, illuminating disparity in collisio
dynamics.

Relative to the difference in ratio discussed above, it
much more difficult to reach an understanding of the o
served asymptotic behavior. The source of the ‘‘turn-up’’
the ratio for the 2psu channel is unclear. To the best of ou
knowledge, this kind of ‘‘turn-up’’ has never been observ
in previous studies with photons and various charged p
ticles, including double ionization. Its peculiarity can be
lustrated by referring to a theoretical model for He propos
by Popovet al. @35#. They have predicted that the ratio o
maximum TS1 and shake-up contributions under the Be
ridge conditions should be on the order of the inverse of
momentum of the outgoing electrons. Although the mo
appears applicable to the asymptotic behavior of the ratio
2ssg , it is unlikely to give any indications of the ‘‘turn-up’
for 2psu . To resolve this issue, theoretical calculations
corporating the TS terms are needed for H2 . If the observed
‘‘turn-up’’ is real, it would suggest that the ratio for 2psu
approaches its high-energy limit, oscillating with an increa
in impact energy. To confirm the observation, experiment
lower and higher impact energies are now in progress.

V. CONCLUSIONS

The present study reported a binary (e,2e) study of
ionization-excitation of H2 for the transitions to the 2ssg
and 2psu excited final ion states. The experimental cro
sections exhibit variations with impact energy, confirming
failure of the PWIA description of the processes. Furth
more, it has been discussed and verified that inclusion of
second-order TS mechanisms is crucial for understanding
discrepancies between experiment and PWIA. In particula
dominant contribution from the TS mechanisms for the 2psu
cross section manifests itself in the momentum profile, bri
ing symmetry breaking. Moreover, the ratios for the 2ssg
0-6
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and 2psu channels have been found to approach their hi
energy limits in different ways. While the ratio for 2ssg

decreases monotonically with an increase in impact ene
that for 2psu appears to oscillate. These findings may su
gest that amplitudes and relative phases of the Born te
involved largely depend not only on impact energy but a
ys
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m.

t-
-

a,

S.

Z.

s.

c

e

ll,

ys
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the final ion state, for which detailed theoretical explanatio
are needed.
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