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Binary (e,2e) measurements are reported for ionization-excitation processes.ofti¢ 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 theog and 2o, excited final ion states are presented as
normalized intensities relative to the cross section of the primary ionization tosthgdround ion state. The
results are compared with theoretical calculations of Leretel. [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 suggestsigta®d 2o, cross sections approach
their high-energy limits in different ways.
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I. INTRODUCTION do not occur unless correlation is included in the target initial
wave function; they occur by the shake-up mechanism
The binary €,2e) technique, also known as electron mo- within the framework of the PWIA. Despite the importance
mentum spectroscof§EMS), is now a well-established tech- of the processes, however, most of the previous experiments
nigue to investigate the electronic structure of a target atomhave been limited to the primary ionization process that
or molecule[1-4]. The ion recoil momenturp and the elec-  |eaves the residual Hion in the Iso, ground state. The
tron binding energyE,nq can be determined by coincident gcarcity of studies for transitions to excited ion std@s8]

detection of the two outgoing electrons with the aid f’f thecan be accounted for by the experimental difficulties, namely
laws of conservation of linear momentum and energy: extremely small cross sections involved and the repulsive
p=Kko— Kk, — ki, (1) nature of the final ion states that cause significant overlaps in
energy among them.
and The first experimental EMS study on ionization-excitation
of H, was carried out by Weigolet al. [5] at an impact
Epina=Eo~Ea=Ep. 2 energy of 1200 eV using a single-channel spectrometer. They
Here thek;'s andE;'s (j=0.a,b) are momenta and kinetic have reported momentum profiles measured at binding ener-

energies of the incident and two outgoing electrons, respecqles of 31.5, 37.0, and 4(_)'5 ?V’ where tran_smons to the
tively. Within the plane-wave impulse approximation 2Pu: 2P7y, and Bag excited ion states dominantly con-
(PWIA) [1], the EMS cross section for a gaseous target ignpute to the EMS cross sectl_ons_, respe(_:tlvely. Calculat!ons
proportional to the spherically averaged square of the over¥Sing the McLean conflggratlon-m_teracnon wave functlo.n
lap of the initial neutral Kl electron and final ion[ (N—1) [9] have peen found to give unsatisfactory agreement with
electror] wave functions, which is usually called the momen-the experiment. The most recent study was performed by
tum profile, Lermer et al. _[8] at an impact energy of 1200 eV using a
momentum-dispersive spectrometer. They have measured
N 11 NA 12 momentum profiles at binding energies of 32.5 and 40.2 eV,
UEMSMJ [KpW s W) dQ,. (3 where dominant contributions for the EMS cross sections
arise from the transitions to thepzr, and X0, states. Fur-
The momentum space target-ion overlap can be evaluatdtiermore, highly accurate PWIA calculations based on a full
using configuration-interaction descriptions of the many-configuration-interaction wave function of ,Hhave been
body wave functions. made and compared with the momentum profiles, showing
The hydrogen molecule Hs one of the most thoroughly remarkable discrepancies between experiment and theory.
explored targets, because it is simple enough to be the sulVhile the X0 profile is as expected from the theoretical
ject of accurate calculations. Of special interest are simultaprediction (except that the observed intensity is higher by
neous ionization-excitation processes of the molecule, aabout 35%, the 2po, profile has displayed a significant dif-
they can directly probe electron correlation in the targetference in both intensity and shape. Similar measurements
ground state. Since electron correlation is absent in the ondrave been made forLand the results have been found to be
electron final ion state, any ionization-excitation processeidistinguishable from the experiment with, Hindicating
that the nuclear motion has little effect on the momentum
profiles. Consequently, Lermet al.[8] have concluded that
*Present address: Institute for Molecular Science, Okazaki 444the discrepancies between experiment and theory may be due
8585, Japan. to a failure of the PWIA description of the processes, sug-
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gesting a requirement of theoretical calculations incorporat- L I

ing higher-order two-stefl'S) terms to reproduce the experi- " H MS  2pm, 3so, i
ment. 2 lIsc, 2po, 2so,

Clearly, further investigations of the ionization-excitation  3x10° - (a) | [ 1 | | -
of H, are called for to clarify the origin of the discrepancies 12006V

between experiment and theory and to identify the range of
the validity of the PWIA for the processes. Experiments at
higher impact energies and at higher statistical precision
would be desired to resolve these issues, though the ex
tremely small cross sections of the processes make suct
studies difficult with the instrumentation employed so far.
Very recentlyy, we have developed an energy- and
momentum-dispersive spectrometer0] by the use of a
spherical analyzer equipped with position-sensitive detec-
tors. Because of its ability for simultaneous detection in en- 0
ergy and momentum, collection efficiency for the two outgo- = 2x10° - ) N
ing electrons has been significantly improved compared with § 1600eV
our previous apparatyd1l]. In the present work, the newly ©
developed spectrometer has been applied to the ionization-§
excitation of H. The measurements have been carried out at-g
impact energies of 1200, 1600, and 2000 eV. Much higher g
statistics of the experiments are marked compared with the§
previous studie§5— 8|, allowing us to obtain individual mo- 0 =
mentum profiles for the transitions to the®, and o, 2x10° |- © .
states by deconvolution. The results are compared with the 20006V
PWIA calculations of Lermeeet al. [8] to discuss and to B 1
clarify the origin of the discrepancies between experiment ‘
and theory. They are also used to examine how the
ionization-excitation processes approach the high-energy
limits.

2x10°

1x10°

1x10°

1x10°

0 20 20 60
Il. EXPERIMENTAL METHOD Binding Energy (eV)
EMS is a high-energy electron-impact ionization experi- g, 1. Binding-energy spectra of,Hobtained at impact ener-
ment in which the kinematics of all the electrons are fullygies of (a) 1200, (b) 1600, and(c) 2000 eV. Deconvoluted curves

determined. Under the symmetric noncoplanar scattering gere shown as broken lines and their sum as solid lines. MS repre-
ometry, two outgoing electrons having equal energies andents contributions from multiple scattering.

making equal polar angles of 45° with respect to the incident

electron beam are detected in coincidence. Then the magnrg-On Sanso,>99.99999%) was used. The measurements
tude of the recoil ion momenturp can be determined by \yere carried out at impact energies of 1200, 1600, and 2000
measurement of the out-of-plane azimuthal angle differencgy, \hile keeping an ambient sample gas pressure at 3.0
between the two outgoing electrofts-4]. % 108 Torr. To cover a wider binding energy range at the

A detailed description, of the spectromet.er uged in thesame time, no preretardation was attempted for the outgoing
present work has been given elsewhkt@]. Briefly, it con-  gjacrons. The instrumental energy and momentum resolu-

sists of an electron gun, a set of electrostatic lens systems,;a < \vere then 2.6, 3.3, and 4.0 eV full width at half maxi-

spherical analyzer, and a pair of position-sensitive detectors,, ,m and about 0.20. 0.23. and 0.26 a.u. at impact energies
Since a spherical analyzer maintains azimuthal angles fots 1000 1600. and 2'000 e,\/ respectively.

energy-analyzed electrons, use of position-sensitive detectors
makes it possible to simultaneously measure energy and
angle correlations between the two outgoing electrons. Thus . RESULTS
three-dimensional EMS data can be collected at a fixed im-
pact energy, which are constituted by relative cross sections
(coincidence counjsmeasured as a function of binding en-  Binding-energy spectra of Hneasured at impact energies
ergy and recoil ion momentum. This technique significantlyof 1200, 1600, and 2000 eV are shown in Fig. 1. The spectra
increases the accuracy of the data compared with the convere obtained by summing all coincidence signals over the
ventional single-channel measurements, as drifts in electroentire azimuthal angle difference range covered. For ease of
beam current and fluctuations in target gas density affect attomparison, the data responsible for ionization-excitation are
channels in the same way. scaled by a factor of 100. Franck-Condon overlaps for tran-
In the experiments, commercially available gas(Nip-  sitions to the excited ion states as well as the ground ion state

A. Binding-energy spectra
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were calculated with theconT program[12] using the rel- L B B L AL B R
evant potential-energy curves of, tnd H, of Sharp[13].

The resultant transition profiles, folded with the instrumental H2 Iso g

energy resolutions, were subsequently employed for decon:

volution. In the deconvolution procedure, contributions from B T

multiple scattering were assumed, as in the data analysis 0@ a :1200eV

Lermer et al. [8]. Multiple scattering processes should pri- E B o :1600eV

marily involve forward scattering by a hydrogen molecule, ﬁ ® :2000eV

followed by a binary €,2e) collision with a different hydro- & I 7

gen molecule. Hence their transition profiles in the binding- § o llzxa(izggez)

energy spectra were estimated using the optical oscillatorg B ) ( V).
—— PWIA(2000eV)

strength data of K[14]. The best fits to the present experi- %4
ments are shown in the figures as broken and solid lines forg 0.5 |- -
the deconvoluted curves and their sum. It is evident that®
contributions from multiple scattering are very small, partly .
due to the open architecture of our spectrometer, and that the
transitions to the 20y and 2o, ion states exhibit relatively %3 N
large cross sections compared with other ionization-Q
excitation processes. A similar fitting procedure was em-
ployed for a series of binding-energy spectra at each azi-
muthal angle difference to produce momentum profiles for
the transitions to thesoy, 2soy, and 2o, final ion states.

Note that the profiles for the three transitions share a com-
mon intensity scale. 0

rential

Momentum (a.u.)

B. Momentum profiles and cross-section ratios ) ) )
FIG. 2. Experimental momentum profiles of, br the transi-

In Figs. 2, 3, and 4 we show experimental momentUMmion to the e, ground ion state at impact energies of 1200, 1600,
profiles, obtained at impact energies of 1200, 1600, and 2008hd 2000 eV. The broken, dotted, and solid lines are the PWIA
eV for the transitions to thesry, 2soy, and Do, states, calculations of Lermeet al. [8], which have been folded with the
respectively. Also included in the figures are the PWIA cal-present momentum resolutions at 1200, 1600, and 2000 eV, respec-
culations of Lermeret al. [8], which have been digitized tively.
from the literature and folded with the momentum resolu-
tions of the spectrometer used in the present study. Since anmoss-section ratios integrated not only over scattering angles
absolute cross section cannot be determined with EMS, thef the two outgoing electrons but also over all possible en-
1so4 momentum profiles at individual impact energies wereergy sharing between them.
normalized to the areas of the corresponding theoretical
ones. The scaling factors thus obtained were applied to the IV. DISCUSSION
momentum profiles for ionization-excitation. Hence the
2s04 and a0, profiles exhibit normalized intensities rela-
tive to the Isoy primary ionization cross section. The results
at 1200 eV are in good accord with those of Lernetial. It is immediately clear from Fig. 2 that agreement be-
[8], except that the Ro, profile observed here shows about tween experiment and theory is satisfactory for the transition
60% higher intensity. to the Iso ground ion state at every impact energy used; the

In Fig. 5, ratios of the cross section of the ionization- 1scy; momentum profile exhibits no variations with impact
excitation to that of the primary ionization are plotted for the energy, except for slight changes due to the finite momentum
transitions to the 2y and 2o, states as a function of resolution effects. This observation is consistent with earlier
impact energy. The ratios were obtained by summing all thestudies[7,8,16—18 that the PWIA provides a very good de-
intensities of the individual momentum profiles over the mo-scription of the binary €,2e) reaction for the primary ion-
mentum range up to 2 a.u. and by dividing the summedzation process of klat impact energies above 300 eV.
intensities by that of theslr; . Associated theoretical values  In contrast to the above result, the, and 2po, experi-
were estimated from the PWIA calculations of Lerne¢ral.  mental profiles in Figs. 3 and 4 are substantially different
[8]. The calculated ratios are shown as broken and chaifrom the PWIA calculations. There are two features in the
lines for the Zoy and 2o, channels, indicating their high- observation, namely shape and intensity difference from
energy limits. Also included in the figure are the correspondtheory. Consider shape difference first. The PWIA rigorously
ing ratios of Edward=t al. [15] by electron-impact, which requests the @4 profile to exhibits-type (geradg symme-
have been obtained by measurement of the kinetic energyy having its maximum at the momentum origin, and the
release of fragment ions at 90° relative to the projectile di-2po, profile to do p-type (ungeradg symmetry with zero
rection. Hence their data may correspond to toPe«) intensity atp=0. Indeed, the PWIA calculations of Lermer

A. Comparison of momentum profiles between experiment
and PWIA
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FIG. 3. Experimental momentum profiles of, fbr the transi- FIG. 4. Experimental momentum profiles of, ibr the transi-

tion to the B0 excited ion state at impact energies of 1200, 1600,tion to the 2o, excited ion state at impact energies of 1200, 1600,
and 2000 eV. The broken, dotted, and solid lines are the PWIlAand 2000 eV. The broken, dotted, and solid lines are the PWIA
calculations of Lermeet al. [8], which have been folded with the calculations of Lermeet al. [8], which have been folded with the
present momentum resolutions at 1200, 1600, and 2000 eV, respegresent momentum resolutions at 1200, 1600, and 2000 eV, respec-
tively. tively.

et_al. [8]. are in ac_:cordance with such symmetry Cons'_d_er'confirmation for the conclusion of Lermet al. [8] that the
ation, with a relat|yely small cross section due to the f|n|tediSCrepanCieS between experiment and theory may be due to
momentur_n resolution effects being observ_eoato for the a failure of the PWIA description of the processes. Further-
2poy profile. On the other hand, the experiments tell us thaj,re *since the extent of the intensity difference from the
not only the &, but also the Po, profile always exhibits  pyya calculations would be a rough measure of contribu-

s-type symmetry. Hence it is obvious that unexpected SyMyiqns from higher-order terms for the EMS cross sections, the
metry is observed or symmetry breaking occurs for the'?  fqjowing therefore come from the present results.

profile. o o _ (i) Symmetry breaking occurs for thep@, momentum
As for intensity, significant deviation of thep2r, experi- profile.
mental profile from theory is evident, while the@, profile (i) Contributions from higher-order terms are consider-

also shows some_discre_pancies. This tendenqy becomes MQBly larger for the Por, profile than for the 80y One.
pro_no_unced at higher impact energy, showing remarkable (iii) The 2po, and X, cross sections approach their
variations of the cross sectlons W|_th_ impact energy for bOthhigh-energy limits in different ways.
the 2soy and o, profiles. Surprisingly, the two profiles
display a different impact energy dependence from each
other. While the o profile shows about 50% higher inten-
sity than the theoretical one at 1200 eV, it decreases mono- The plane-wave Born series model is very attractive for
tonically with an increase in impact energy and closely apdiscussing effects of higher-order terms on the EMS cross
proaches the PWIA prediction at 2000 eV. On the other handsections, because certain contributions can be attributed to
for the 2po, profile the intensity falls off when the impact particular mechanisms of collision between projectile and
energy is raised to 1600 eV, but increases again at a highéarget. With the help of this model, Twe¢ti9] has recently
impact energy of 2000 eV, showing “turn-up” of the cross €xamined such double processes in electron-helium collision
section. as double excitation, ionization-excitation, and double ion-
The remarkable variations of thes@, and 2o, profiles ization, which lead to a joint change of state of both target
with impact energy leave no doubts that noticeable contribuglectrons. It has been shown that the second-order Born se-
tions from higher-order terms are involved in the EMS crosgies can be split into five terms; the first}) is related to
sections measured. Thus the observation gives a definitivehannel coupling, the next twoTf and T5%) have their

B. Contributions from second-order terms
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wave effects on primary ionization processes of atosrand

——a—Edwards et al., 250 p orbitals[1-4,22—-24, as the terms have their equivalents
«-0--- :this work, 2sG; in first-order distorted-wave mode|49]. The studies have
—-:Lermer et al., PWIA, 2sc; shown that while distorted-wave effects appear in the high
—a—Edwards et al., 2po. momentum region, low momentum componenss(L a.u.)

—e— :this work, 2po,

—— Lemmer et al., PWIA, 2pGs are little affected and are well described by the PWIA.

One may thus expect that PWIA calculations can predict
004l v T v T i symmetry properties of contributions for the@, and 2o,
’ profiles from the terms T and T5%) and roughly approxi-
H2 mate relative intensity of their contributions to each other;
the contributions for the Ro, profile should exhibitp-type
\ symmetry and smaller intensity. These expectations are,

0.03 - \ n however, entirely inconsistent with the observati¢isand
(ii). We therefore conclude that the two terms are not a prin-
- 1 cipal source of the discrepancies between experiment and
+\ + PWIA. This is supported, to some extent, by distorted-wave

.

0.02 |- - impulse approximatiofDWIA) calculations of McCarthy

&

A and Mitroy [25] for ionization-excitation of isoelectronic

e Y ‘\\
5 {‘+ {\\ '\ \“o--.-- 4 atom He. It has been shown that the momentum profile by
N oo the DWIA for the transition to the=2 state of Hé is very
001k ‘fw..{ - similar to that obtainable by the PWIA in the low momentum
region where the intensities observed here are mostly in-
volved.
The last two terms T¥ and T5% of Tweed[19] thus
0 . ! . ! remain, and indeed they can give satisfactory explanations
0 1000 2000 for the observations, at leag) and(ii). These terms corre-
Impact Energy (eV) spond to the two-step M'S1) and two-step 2TS2 mecha-
) . L . nisms[26]. Under the present kinematics or the symmetric
FIG. 5. Ratios of cross sections of the ionization-excitation tononcoplanar geometry, contributions from TS1 and TS2 are

;T%\E’vrr']n;?;ytfggsggzl %‘;g:jc;g‘r‘;ﬁ%i;ngsﬁggtggi?(;‘rilih':';c\’m anot distinguishable, as no information is available concern-
calculations of Lermeet al. [8] and electron-impact data of Ed- Ing symmetry of the cross sections with respect to the mo-

wardset al. [15]. See text for details. _mentgm. transfer axis. Besides, thg TS1 t.e.rm may be t_reated
in a similar way to the TS2 term with additional approxima-

) o ) tion of using plane waves for the ejected electron intermedi-
equivalents in first-order distorted-wave models, and the lasite and final-state wave functiof9]. Thus we take the TS2
two (T3' and T5%) correspond to TS mechanisms. Among term as a representative of the TS mechanisms in the follow-
these five terms there must be the key ones responsible fig discussion.
the observationg)—(iii) above. _ If we adopt a very simple § wave function ¥N=2

We rule out first a possibility that the observations here_ o(ry) wo(rs), the TS2 terngd can be described as fol-

originate inT5' of Tweed[19], as interchannel coupling in lows, according to the formalism and notation of Twgél:
the ionization continuum has been proven to be negligible in

EMS[20]. This is in sharp contrast to high-energy photoion-
ization in which target states with different angular momen-
tum, which are close in energy, are mixed through interchan-
nel coupling in the continuuerlf]. X (K o) "2, [expl(iKy- 12)| o)

The next two terms T, andT5%) of Tweed[19] describe -2 e
elastic scattering of the projectile followed or preceded by a X ()Xl exptiKery) o). @
binary collision of the projectile with a single target electron.
Clearly, with these terms, ionization-excitation processes cahlere K=ky,—k and K,=k—k,. The essential structure of
occur only by the shake-up mechanism, as in the first-ordeleq. (4) is not altered when a more sophisticated wave func-
PWIA, while the resultant momentum profile may be modi-tion is used. It should be noted that each of the matrix ele-
fied because of the elastic scattering involved. In this regardnents in Eq.(4) is similar to that of the first-order plane-
the role of the two terms for the ionization-excitation is, in wave Born model. Suppose thatis a continuum state and
the second-order interaction between projectile and targethat .’ is an excited state of the residual ion. Then we can
probing momentum profiles of thes&y and 2o, excited clearly see simultaneous ionization-excitation by two se-
orbital components of the target initial wave function. Thequential collisions of the projectile with different target elec-
shapes of the @4 and 2o, molecular orbitals are analo- trons, namely the primary ionization process to thard
gous to those of atomis and p orbitals. Hence an insight ground ion state of K, followed by a single excitation pro-
into two terms can be gained from EMS studies of distortedcess to an excited ion state from theo], state. The excita-

Cross Section Ratio

ngzzflf dk(k§+2Ep—2E,,—k?+ig) "t
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tion process involved should be dominated by forward scatsimilar asymptotic behavior to the data of Edwastsal,
tering under the present experimental conditions, wher¢hat for 2po, exhibits the “turn-up” at the highest impact
energies of both the incoming and outgoing electrons arenergy employed, as already noted. Furthermore, the ratio
very high compared with the energy loss. Hence the symmefor 2po, is always smaller than that forsg-, . Besides, their

try property of contributions from the TS term is essentially high-energy limits or theoretical values estimated from the
determined by the preceding primary ionization process angy|A calculations of Lermeet al. [8] are different from
would show little dependence on the final ion state producedy,ose of Edwardst al.

Thus symmetry properties of_contributions fr_om this term for Interestingly, the trend reported by Edwastsal. that the

the 2504 and 2o, cross sections should be identical to eaChasymptotic value for B is larger than that for &, coin-

gt\m;\ and to that of the sy momentum profile by the cides with the result of dissociative photoionization experi-
' . I ments of H using several tens eV photof&l], in which the
However, a difference between the contributions for thezﬂn tralr_%sitiong have been foungto bE&;]ominant This co-
Zhsag aqd %JUU cross sectl?]ns must apFear |rr11|n;en3|ty, SINCqncidence is not accidental, since the total cross section by
.t € excna_tlon process to thesd, state from the Soy st_ate electron impact at high energy is dominated by large impact
is a nondipole transition whereas that to theo?, state is a Ipéarameter(pseudo—photon-impa)ctollisions that eject soft

dipo[e one. By considering "?‘9""‘” that the ProCeSSes algactrons with continuum energies of the order of their origi-
dominated by forward scattering or pseudo—photon—lmpactna| binding energies27,33. On the other hand, in the

the mag_nitude of the contributions.§hould be much Iarge_r fObresent study the experiments were performed at the Bethe
the “optically allowed” 2po,, transition than for the “opti- 1i446133] where the so-called electron Compton scattering
cally forbidden” 2sa transition. As a result, one may reach [34] occurs and both scattered and ejected electrons are pro-
the following conclusion. The 74 profile in Fig. 3 is com-  q,,ceqd with high energy. Thus the difference in ratio between
posed of relatively large contributions from the first-order o two experiments reveals a remarkable dependence of the

PWIA term with s-type symmetry and small contributions rqsg section at high energy on energy sharing between the
from the second-order TS term with the same symmetryy,, outgoing electrons, illuminating disparity in collision
Hence the symmetry of the profile is maintained, while thedynamics.

intensity is affected by inclusion of the TS term. On the other Relative to the difference in ratio discussed above, it is
hand, for the Po, profile in Fig. 4, contributions from the  mch more difficult to reach an understanding of the ob-
TS term withs-type symmetry become dominant, becauseseryed asymptotic behavior. The source of the “turn-up” of
those from the PWIA term are significantly smaller. Thusinea ratio for the Do, channel is unclear. To the best of our
symmetry breaking arises for thep@, profile, and the in-  noyledge, this kind of “turn-up” has never been observed
tensity is remarkably increased compared with the PWIAL hrevious studies with photons and various charged par-
cross section. Unquestionably, inclusion of contributionsicies, including double ionization. Its peculiarity can be il-
from the TS mechanisms in the EMS cross sections can agstrated by referring to a theoretical model for He proposed
count for the observationg) and(ii), verifying the proposi- 1,y popovet al. [35]. They have predicted that the ratio of
tion of Lermeret al.[8] that theoretical calculations incorpo- aximum TS1 and shake-up contributions under the Bethe
rating the TS terms would be required to reproduce th&jgge conditions should be on the order of the inverse of the
experiment. The observatidiii) will be discussed below. momentum of the outgoing electrons. Although the model
appears applicable to the asymptotic behavior of the ratio for
C. Impact energy dependence of cross section ratio 2sayg, itis unlikely to give any indications of the “turn-up”
i for 2po, . To resolve this issue, theoretical calculations in-
When the modulus squared of the sum of the first-ordeggporating the TS terms are needed for. i the observed
and second-order terms is taken to get a cross section, '”te‘t'urn-up“ is real, it would suggest that the ratio forp2r,
ference between them can occur and the cross section dgpyroaches its high-energy limit, oscillating with an increase
pends on not only their amplitudes but also their relativej, jmpact energy. To confirm the observation, experiments at

phases. An outstanding example of this has been reported By er and higher impact energies are now in progress.
Edwardset al. [15] for ionization-excitation of H. As can

be seen in Fig. 5, their ratios for thes@, and 2o, chan-
nels are enhanced at around an impact energy of 750 eV.
Such enhancement has been interpreted as visible proof of The present study reported a binarg,2g) study of
constructive interference between the shake-up and TS ternisnization-excitation of H for the transitions to the S,
in a collision of a negatively charged projectile and an elecand 20, excited final ion states. The experimental cross
tron [15,27-30. sections exhibit variations with impact energy, confirming a
Also evident from Fig. 5 is that the ratios for thes@, failure of the PWIA description of the processes. Further-
and 2o, channels observed here are considerably differentnore, it has been discussed and verified that inclusion of the
from those of Edwardst al. [15]. In their experiment, both second-order TS mechanisms is crucial for understanding the
ratios decrease monotonically with an increase in impact erdiscrepancies between experiment and PWIA. In particular, a
ergy above~750eV, and the fo, asymptotic value dominant contribution from the TS mechanisms for tiperg
(~0.02) is larger than theszry one (~0.01). On the other cross section manifests itself in the momentum profile, bring-
hand, in the present study, although the ratio fesrgshows  ing symmetry breaking. Moreover, the ratios for theog

V. CONCLUSIONS
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and 2o, channels have been found to approach their highthe final ion state, for which detailed theoretical explanations
energy limits in different ways. While the ratio fors2,  are needed.

decreases monotonically with an increase in impact energy,

that for 2po, appears to oscillate. These findings may sug- LSS

gest that amplitudes and relative phases of the Born terms The authors are grateful to Professor R. J. Le Roy for
involved largely depend not only on impact energy but alsgproviding hisSBCONT program.
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