PHYSICAL REVIEW A 75, 052701 (2007)

Two-step mechanisms in ionization-excitation of He studied by binary (e,2e) experiments
and second-Born-approximation calculations

N. Watanabe,1 M. Takahashi,l’>x< Y. Udagawa,l K. A. Kouzakov,2 and Yu. V. Popov3
Unstitute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan
2Deparl‘ment of Nuclear Physics and Quantum Theory of Collisions, Faculty of Physics, Moscow State University,
Moscow 119992, Russia
3Nuclear Physics Institute, Moscow State University, Moscow 119992, Russia
(Received 28 September 2006; revised manuscript received 16 November 2006; published 2 May 2007)

An electron momentum spectroscopy study on ionization-excitation processes of He is reported. The sym-
metric noncoplanar (e,2e) cross sections for transitions to excited ion states have been measured relative to
that to the ground ion state at impact energies of 1240 and 4260 eV. The experimental results exhibit a marked
dependence on the impact energy. This provides strong evidence that higher-order effects are involved. Second-
Born-approximation calculations are performed and their results are compared with the experimental ones. It is
shown that the two-step mechanisms play crucial roles in the ionization-excitation processes.

DOI: 10.1103/PhysRevA.75.052701

I. INTRODUCTION

Binary (e,2e) spectroscopy, also known as electron mo-
mentum spectroscopy (EMS), is an electron-impact ioniza-
tion experiment at high impact energy and large momentum
transfer. Under such high-energy Bethe ridge conditions, it is
generally believed that the ionization reaction is dominated
by the direct knock-out of the target electron while the re-
sidual ion acts as a spectator, as in x-ray Compton scattering.
Within the plane wave impulse approximation (PWIA), an
ion-recoil-momentum dependent EMS cross section or mo-
mentum profile is proportional to the one-electron momen-
tum density of the ionized orbital. Because of its unique
advantage of being able to look at electron orbitals in mo-
mentum space, EMS has been widely used as a powerful tool
for exploring the electronic structure of various systems
([1-5], and references therein).

Helium is one of the most thoroughly explored targets
[6-13], since it is simple enough to be a subject of accurate
theoretical calculations. Of special interest are simultaneous
ionization-excitation processes, i.e., those in which one of
the two target electrons is ejected and another is promoted to
an empty orbital. Since electron correlation is absent in the
one-electron final ion states, electron correlation in the target
ground state can be probed directly. In spite of the impor-
tance, however, the EMS experiments on the ionization-
excitation processes have been hampered by their small cross
sections, which are about two orders of magnitude smaller
than the cross section for the primary ionization process that
leaves the residual He* ion in the n=1 ground state.

Early EMS studies on ionization-excitation processes of
He [8-10] reported the results that can be well interpreted
within the first-order theory such as PWIA, which assumes
the incident electron to interact with the target only once.
The issue of the present paper was raised by a recent study
conducted by Lermer et al. at an impact energy of 1200 eV
[11], where a remarkable intensity difference between ex-
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periment and PWIA results has been found in the case of the
momentum profile for transition to the n=2 excited state of
He*. The experimental n=2 results, normalized relative to
the momentum profile for the n=1 transition, have shown
about 35% larger intensity than highly sophisticated PWIA
calculations using the Cann and Thakkar wave function [14]
and the 141-term Kinoshita-type wave function [15]. Ac-
cordingly, Lermer er al. [11] suggested the failure of the
PWIA description of the binary (e,2e) scattering processes
for transitions to excited states of He*.

More recently we also carried out an EMS study on the
ionization-excitation process of He, as well as the double
ionization process, at an impact energy of 2080 eV with
higher statistical precision [12]. Even at this rather high en-
ergy, the experimental n=2 momentum profile has been
found to exhibit about 25% higher intensity than the PWIA
prediction. Furthermore, based on a qualitative analysis of
second Born terms made in our previous EMS studies on H,
[16—18], we have suggested that the two-step (TS) mecha-
nisms [19,20] play crucial roles in the ionization-excitation
processes of He as well, resulting in the intensity difference
between experiment and PWIA results. Note that after our
study [12], Ren et al. [13] reported momentum profiles for
transitions to the n=1, 2, and 3 states of He* at impact en-
ergies of 1000 and 1600 eV. However, all the momentum
profiles were individually normalized to PWIA calculations
[21], and consequently the experimental results were em-
ployed solely to examine the impact energy dependence of
the momentum profiles in terms of shape, not intensity.

The TS mechanisms involve two successive collisions be-
tween electrons; ionization-excitation can take place through
processes in which one of the two target electrons is ejected
due to a binary (e,2e) collision before or after excitation of
another electron due to a collision with the incoming or out-
going electrons. As is discussed below, scattering amplitudes
associated with the TS mechanisms depend upon impact en-
ergy in a way different from that for the PWIA amplitude.
Hence a comparison of momentum profiles measured at sev-
eral impact energies would be helpful for probing the TS
mechanisms in the ionization-excitation processes.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.75.052701

WATANABE et al.

Another convincing proof of the footprints of the TS
mechanisms in the ionization-excitation processes of He
should be given by second-Born-approximation (SBA) cal-
culations. It should be remarked that the SBA method
[22-27] has been primarily developed for (e,2¢) studies in-
volving a low-energy ejected electron and/or small momen-
tum transfer. A recent such study on ionization-excitation of
He conducted by Bellm er al. [28] has demonstrated once
again, using a hybrid distorted-wave +R matrix (close cou-
pling) with pseudostates approach [29], that treating the
projectile-target interaction at least to second order is crucial
to obtain reasonable agreement between theory and experi-
ment. However, the kinematics of Bellm et al. [28] is far
from the high-energy Bethe ridge regime and, accordingly,
the EMS conditions. Only recently Dal Cappello er al. [30]
have used the SBA method to evaluate EMS cross sections
for ionization-excitation of H,. To the best of our knowledge,
this is the first calculation of EMS cross sections which in-
corporate contributions of the TS mechanisms. However,
their results have indicated that contributions of the TS
mechanisms are not sizable, leaving the observed discrepan-
cies between experiments and PWIA results [16,17] unre-
solved.

Under these circumstances, we have carried out EMS ex-
periments on He at impact energies of 1240 and 4260 eV
using an energy- and momentum-dispersive multichannel
(e,2e) spectrometer [17]. We have also performed the SBA
calculations. In the present paper, the impact energy depen-
dence of the measured momentum profiles is rigorously in-
vestigated. Results of the SBA calculations are compared
with those of the experiments for elucidating the roles of the
TS mechanisms in the considered processes.

II. EXPERIMENT

EMS is a high-energy electron-impact ionization experi-
ment which involves coincident detection of two outgoing
electrons. With the help of the energy and momentum con-
servation laws, the recoil momentum ¢ of the residual ion
and the binding energy E;,q of the ejected electron can be
determined:

q=po—P1-P> (1)
and
Epna=Ey—E| - E,. (2

Here p;s and E 8 (j=0,1,2) are momenta and Kinetic ener-
gies of the incident and two outgoing electrons, respectively.

In the symmetric noncoplanar geometry two outgoing
electrons having equal energies (E;=FE,) and making equal
polar angles (6, =60,=45°) with respect to the incident elec-
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tron beam axis are detected in coincidence. Then the magni-
tude of the ion recoil momentum g is expressed by

g=\(po—\2p)? + [V2p, sin(Ag/2) %, (3)

where A¢ (=¢p,— ¢, — ) is the out-of-plane azimuthal angle
difference between the two outgoing electrons. If the inci-
dent electron energy and momentum are fixed, the ionization
transition with binding energy Ey;,q can be simply selected
by the choice of the detection energy (E;=E,) and the ion
recoil momentum ¢ can be determined only by A¢.

In the present work a recently developed (e,2e) spectrom-
eter [17,18] was employed. Briefly, electron impact ioniza-
tion occurs where an incident electron beam collides with a
gaseous He target. Scattered electrons leaving the ionization
point are limited by a pair of apertures so that the spherical
analyzer accepts those with #,=6,=45° over the azimuthal
angle ranges 70°<¢;<110° and 250°=<¢,<290°. A
rather large acceptance angle of Af#=+1.5° is used to
achieve higher collection efficiency, though it lowers the in-
strumental energy and momentum resolution. The electrons
passing through the apertures are energy analyzed by the
spherical analyzer and detected by a pair of position-
sensitive detectors.

The EMS experiments on He were carried out at impact
energies of 1240 and 4260 eV. A commercially available He
gas (Nippon Sanso, >99.99995%) was used. The ambient
sample gas pressure was kept at 2.7 X 107 Pa during the
measurements. The instrumental energy and momentum
resolution at 1240 and 4260 eV were 2.4 and 8.1 eV full
width at half maximum (FWHM) and about 0.2 and 0.3 a.u.
at g~ 1 a.u., respectively.

In the analysis of the EMS data, calibration of the collec-
tion efficiency was made by using accidental coincidence
events, in which electrons must be detected uniformly over
the detection areas of the position-sensitive detectors. The
validity of this data correction procedure [31] was checked
by EMS measurements on Ne at around 1240 and 4260 eV,
for which the intensity ratio and shape of the momentum
profiles for the 2p~! and 2s~! ionization are known [32-34].
This ensures the reliability of the experimental momentum
profiles for He in both relative magnitude and shape.

III. THEORY
A. Second Born approximation

The first and second Born amplitudes f, and fg,, for the
transition to the final target state <I>’E_> can be expressed as

2
2
fa1= P<®}_)(p2)|2 exp(iK - r))|®;), ()

J=1

2

<<I>‘§c_)(p2)| -2+ exp(iK;-r))| P, D,| -2+ > exp(iK; - r)|®;)
=1

J=1

lim >, | dp,

7=0 o

Sp2=— i)

2 ={ps - 2(E, - E)} — in]K;K;

: (5)
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with K;=po-p,, K;=p,—p:, and K=p,—p,=K;+K;. Here r;s
(j=1,2) are spatial coordinates of the target electrons. @,
and ®, represent the initial and intermediate target states
with energies E; and E,, respectively.

Due to high energy of the ejected electron in the present
experiments (E,= ~ 600 eV), only the first-order interaction
between the ejected electron and the residual ion is taken
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into account in the final target state (I>(_)f. From Eq. (4) we
have

Se1=Ffsu+ frsis (6)

2

I -_— .
su= 72 V200, lexplK - 1)lgy), (7)

O D) bl Vil x5 () dur)Xxs lexpK - 1)@, )

4 - f
=——\21 d]
Srsi Kz\ nlftl)g D

with the overlapping integral

@,.r) = f b )D,(r,r")dr'. 9)

Here V), represents the interaction potential between two
electrons in the system, ¢, is the one-electron orbital of the
He* ion with energy ¢,, and X;i) is the continuum distorted-
wave with momentum p,, (note that the overlap ( Xl(,i) | p,) is
negligibly small).

fsu describes the shake-up (SU) mechanism in which the
incident electron interacts with and knocks out one of the
two target electrons and then the other electron is excited as
a result of relaxation of the residual ion due to a sudden
change in potential. frg; represents the so-called two-step 1

: , (8)
py—-ps-2e—8,)—in

(TS1) mechanism [19,20]. The simplest scenario of this
mechanism is that one of the 1s target electrons is ejected by
the first collision with the incident electron and the other 1s
electron is raised to an excited orbital due to the second
collision with the ejected target electron.

S5 describes the so-called two-step 2 (TS2) mechanism.
It allows the incident electron to interact with the target
twice. Here three types of intermediate target states are pos-
sible: (i) with two bound electrons, (ii) with one bound elec-
tron and one ejected electron, and (iii) with two ejected elec-
trons. The first and second cases are referred to as the TS21
and TS22 mechanisms throughout this paper and the corre-
sponding scattering amplitudes are denoted as frg; and
Sfrs2o- The third case is neglected because the corresponding
contributions are expected to be very small under the present
experimental conditions. Thus we have

Sr2=frsa1 + frsaos (10)

2

<X1(I_2)|6Xp(in )= 1@, Py | -2+ > expliK; - r)|®)

j=1

2 .
Srso1=-— ?\E lim E dp,

7—0 v

[p2—{pg - 2(E, - E)} - in]K;K;

; (1

(¢rlexp(iK- 1) d,)x};) lexp(iK; - ) = 1]¢, ;)

2
frsn==—\2lim X f dp,
7=V u

The index v’ in Eq. (11) represents the state with two bound
electrons.

B. Plane wave impulse approximation

When X1(7_2) in Eq. (7) is replaced with a plane wave and the
impulse approximation [1] is used, fgy is equivalent to the
PWIA scattering amplitude. Under the symmetric noncopla-
nar geometry, the PWIA cross section is given by [1]

[p2—{p - p3 - 2(e, — E)} - in]K;K;

(12)

& opwia _pPip2 2K
dQ,dQdE,  py exp(Qmk) —

4
" FGf(q), (13)

2

1\ - N )
(Z) \yzf¢f("1)€[q'r2q)i("1J‘z)drldrz s

Gf(CI) =
(14)

where k=1/|p,—p,|. Equation (13) tells one that the PWIA
cross section is expressed as a product of kinematical and
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TABLE I. Intermediate target states involved in the present SBA
calculations.

Intermediate target state

He" final ion state He He* (+ ejected electron)
n=1
1s2S 1525 'S 2528, 2p 2P
n=2:
2s %S 1525 'S 1s %S, 2p *P
2p %P 1s2p 'P 1528, 25°S
n=3:
3528 1525 'S, 1s3s 'S 1528, 2528, 2p °P, 3p *P
3p 2P 1s2p 'P, 1s3p 'P 1528, 25 %S, 2p ?P, 35 %S
3d D 1s2S

structure factors, i.e., d*c/dQ,dQ,dE,=F G(q). The struc-
ture factor G/(g) is independent of E and is a function of ¢
only. Furthermore, under the present experimental conditions
the kinematical factor F is practically constant upon varia-
tions of g and E\;,4. It means that within the PWIA the shape
and relative intensity of momentum profiles are determined
only by G{q)s.

C. Calculations

We performed the SBA calculations by making two more
assumptions. First, we neglected effects of distortion of the
incident and outgoing electron waves. Thus, the distorted
waves )(I(f;) were replaced with plane waves and the contribu-

tions from the intermediate states ®, =®; or ¢,=¢;, which
describe effects of distortion of the incident electron wave
[20], were neglected. Secondly, only the intermediate target
states tabulated in Table I were considered, since they are
expected to make dominant contributions to the scattering
amplitudes.

In the SBA calculations fgy, frs1, and frgy, were obtained
using the configuration interaction (CI) wave function of
Mitroy et al. [35], which reproduces 98.6% of the correlation
energy. For evaluating the frg,; amplitude, CI calculations
were carried out for both the initial and intermediate target
states by means of the general CI code CIV3 [36] in order to
describe these states in a consistent manner. The CI wave
functions were constructed by the 1s Hartree-Fock orbital
[37] together with several s and p orbitals optimized for the
He 15> 'S and v’ states.

PWIA calculations were carried out using the CI wave
function of Mitroy ef al. [35]. In addition, to examine effects
of distortion of the incident and outgoing electron waves, the
momentum profiles were calculated using the distorted wave
Born approximation (DWBA) method with the aid of the
program supplied from McCarthy [38]. In the calculations
the static potential of the He ground state and that of the final
He* ion state were used to produce distorted waves for de-
scribing the incident and outgoing electrons. For compari-
sons with the experiments, all of the SBA, PWIA, and
DWBA momentum profiles were folded with the instrumen-
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FIG. 1. (Color online) Binding energy spectra of He at E,
=1240, 2080, and 4260 eV. For ease of comparison, the data re-
sponsible for ionization-excitation processes at Ep;,q=>45 eV are
scaled by a factor of 50. Deconvoluted curves are shown by broken
lines. The solid line represents their sum.

tal momentum resolution according to the procedure of
Migdall et al. [39].

IV. RESULTS
A. Binding energy spectra

In Fig. 1 we show Ag¢-angle integrated binding energy
spectra of He obtained at Ey=1240 and 4260 eV, together
with the spectrum at 2080 eV reported previously [12]. Ver-
tical bars indicate the ionization energies [40], showing the
transitions to the n=1, 2, and 3 states of He™ at Ey;,q=24.6,
65.4, and 73.0 eV, respectively. For ease of comparison the
data at Ey;,q>45 eV are scaled by a factor of 50.

It can be seen from the figure that the instrumental energy
resolution does not allow a complete separation of the n=2
transition from the adjacent n=3 transition at both E,
=2080 and 4260 eV. However, it is possible to extract con-
tribution of the n=2 transition by deconvolution, in which a
Gaussian curve with a width of the instrumental energy reso-
Iution is assumed for each transition. The results are shown
by broken lines and the solid line is their sum. A similar
fitting procedure was repeated for a series of binding energy
spectra at each azimuthal angle difference or ion recoil mo-
mentum. Experimental momentum profiles for the n=1 and
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FIG. 2. (Color online) Experimental momentum profiles of He
for (a) the n=1 transition and (b) the n=2 transition at E,=1240,
2080, and 4260 eV. The n=1 momentum profiles are individually
normalized by setting their areas equal to unity. See text for details.

2 transitions were subsequently produced by plotting areas
under the corresponding Gaussian curves as a function of the
ion recoil momentum. Likewise, the momentum profile for
the n=3 transition was obtained at E,=1240 eV where a
relatively better energy resolution was achieved.

B. Momentum profiles

Although the absolute (e,2e) cross section cannot be de-
termined with EMS, one can examine the experimental mo-
mentum profiles for the n=2 and 3 transitions in terms of
both shape and intensity relative to the n=1 cross section. A
secure base for such examination is the fact that the relative
magnitudes of the momentum profiles for individual transi-
tions are reliable as noted in Sec. II, as well as the findings of
the previous EMS studies that the PWIA provides a very
good description of the n=1 transition [1,5-8,12]. In the
present work we use two kinds of normalization procedures
for the n=1 cross section: one is employed for Fig. 2 and the
other for Figs. 3-5 (see below).

Figure 2 shows the experimental n=1 and 2 momentum
profiles measured at Ey=1240, 2080 [12], and 4260 eV, to-
gether with the theoretical ones within the PWIA. Here all
the n=1 results are individually normalized by setting their
areas in a momentum range of 0.1<g<1.7 a.u. equal to
unity. The normalization factors used for the n=1 results are
applied to the corresponding n=2 momentum profiles. Hence
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FIG. 3. (Color online) Comparison of experimental and theoret-
ical momentum profiles of He for the n=1 transition at Ey=1240,
2080, and 4260 eV. All the momentum profiles are shown as a
normalized intensity relative to the SBA momentum profiles at in-
dividual Ejs. See text for details.

all the n=2 momentum profiles are placed on a common
intensity scale, relative to the normalized n=1 momentum
profiles. It should be pointed out that the PWIA n=1 and 2
momentum profiles vary little in shape with the impact en-
ergy, even if they are folded with the instrumental momen-
tum resolution which is a function of E,. The observation
strongly suggests that the experimental results are affected
by the momentum resolution in a similar fashion. This fairly
well justifies the employed normalization procedure which
aims at clarifying experimentally whether or not the PWIA is
valid for the n=2 transition at the examined impact energy
values.

On the other hand, in Figs. 3 and 4, the experimental n
=1 and 2 momentum profiles are plotted so as to share a
common intensity scale with the SBA calculations. This is
realized as follows. First, the n=1 results at individual im-
pact energies were scaled so that their areas in the momen-
tum range up to g=1.7 a.u. become equal to those of the
corresponding SBA calculations. The scaling factors ob-
tained for the n=1 results were subsequently applied to the
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FIG. 4. (Color online) Comparison of experimental and theoret-
ical momentum profiles of He for the n=2 transition at Ey=1240,
2080, and 4260 eV. All the momentum profiles are shown as a
normalized intensity relative to the SBA cross sections for the n
=1 transition at individual Ejs. See text for details.

n=2 results, as well as to the n=3 momentum profile at
1240 eV shown in Fig. 5. Note that the n=2 and 3 results in
Figs. 4 and 5 are plotted on a linear scale, while the n=1
results in Fig. 3 are presented on a logarithmic scale in order
to make clearly visible the differences between momentum
profiles at large momenta where the (e,2e) intensity is rela-
tively small.

Also included in Fig. 3 are the theoretical n=1 momen-
tum profiles generated by the PWIA and DWBA calcula-
tions. The PWIA (DWBA) results at E,=1240, 2080, and
4260 eV are scaled by factors of 1.43, 1.31, and 1.21 (1.06,
1.02, and 1.01), respectively. Each factor has been obtained
so that the area under the momentum profile in the momen-
tum range is the same as that of the corresponding SBA n
=1 calculations. The n=2 and 3 momentum profiles by the
PWIA and DWBA methods, shown in Figs. 4 and 5, are
scaled by the same factors. This normalization procedure is
employed for comparing the experiments with different
kinds of theoretical calculations on a common intensity
scale, while they are being presented on the basis of the SBA
cross sections for the n=1 transition.
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C. Scattering amplitudes of individual SBA terms

Within the SBA method developed in this work, the total
(e,2e) scattering amplitude is given by the sum of the fgy,
Sfrsis frsa1> and frgr, terms. One of the advantages of the
present SBA method is that the terms have their own scatter-
ing scenarios and they can be assessed individually. Hence
we have calculated their scattering amplitudes for the n=2
transition in order to gain deeper insight into dynamics of the
ionization-excitation process. The absolute squares |fsyl|*,
Ifrsil® [frsail? and |frsx|? calculated at Ey=1240 eV are
plotted in Fig. 6. Note that |fq|* is scaled by a factor of 0.3
for ease of comparison.

V. DISCUSSION

A. Impact energy dependence

It is evident from Fig. 2 that the normalized experimental
n=1 momentum profile does not vary in shape with the
change in impact energy. This is consistent with the findings
of the previous EMS studies [1,5-8,12] that PWIA provides
a very good description of the n=1 transition at E,
>200 eV. Indeed, the PWIA calculations reproduce the ex-
periments satisfactorily.

On the other hand, for the n=2 transition, although the
experimental momentum profiles vary little in shape, the ex-
periment clearly shows an impact energy dependence that the
PWIA cannot predict. While the PWIA momentum profile
remains almost unaltered, the experiment exhibits about 45,
25, and 13 % larger intensity at small momenta than the
PWIA prediction at E,=1240, 2080, and 4260 eV, respec-
tively. The reason why the PWIA results are unaltered is due
to the fact that the ratio of kinematical factors for the n=1
and 2 transitions is always very close to unity: F,_,/F,_;
=0.96, 0.98, and 0.99 at E;=1240, 2080, and 4260 eV, re-
spectively. Let us recall that relative intensities of the mo-
mentum profiles within the PWIA are determined only by
structure factors G{g)s and do not depend upon impact en-
ergy. Thus the marked impact energy dependence of the ex-
perimental n=2 momentum profile provides strong evidence
that higher-order approximations beyond the PWIA approach
are required.

B. Comparison between experiment and SBA calculations

Two possible improvements over the PWIA description
can be conceived: one is effects of the electron wave distor-
tion, and the other is those of the TS mechanisms, which are
taken into account in the present DWBA and SBA calcula-
tions, respectively. Thus, the importance of these effects can
be examined simultaneously.

It can be seen from Fig. 3 that the SBA momentum profile
for the n=1 transition is indistinguishable from the PWIA
results at every examined impact energy value, and that all
the theoretical momentum profiles wholly reproduce the ex-
periments. However, one may notice small discrepancy at
large momenta; the experimental intensity is a little bit larger
than the theoretical prediction. Furthermore, one can see a

052701-6



TWO-STEP MECHANISMS IN IONIZATION-EXCITATION ...

T T T T T T T T T T T T
He' (n=3) E;=1240eV 1
— 1:PWIAx1.43 -

45107 - 3{ H{ ------- 2:DWBAx1.06 |
_ < } —— 3SBA

2x10° |-

Triple Differential Cross Section [a.u.]

Momentum [a.u.]

FIG. 5. (Color online) Comparison of experimental and theoret-
ical momentum profiles of He for the n=3 transition at E
=1240 eV. All the momentum profiles are shown as a normalized
intensity relative to the SBA cross sections for the n=1 transition at
1240 eV. See text for details.

tendency that the discrepancy becomes less noticeable as the
impact energy is higher. Such discrepancy is almost com-
pletely resolved by the DWBA method and hence it can be
attributed to distorted wave effects.

Similar to the case above, at large momenta, the DWBA
method improves the description for the n=2 transition when
compared with the PWIA. However, it is clear from Fig. 4
that the DWBA results are almost indistinguishable from the
PWIA ones when they are plotted on a linear scale and that
for every examined impact energy value the n=2 experiment
exhibits a few tens of % larger intensity at small momenta
than the DWBA and PWIA. Thus the intensity difference
between experiment and PWIA observed for the n=2 transi-
tion cannot be attributed to the distorted wave effects only, as
opposed to the n=1 case.

One can immediately see that the intensity difference is
substantially reduced by the SBA calculations. Considerable
contributions of the TS mechanisms to the (e,2¢) cross sec-
tion are unambiguously identified for the n=2 transition. In
particular, at 4260 eV the SBA calculations reproduce the
experiments very well. Importance of the TS mechanisms is
also evident for the n=3 transition (see Fig. 5). While the
PWIA and DWBA calculations underestimate the experi-
mental cross section by as much as about 45%, the SBA
calculations reduce the deviation from the experiment to
about 13%. These observations strongly suggest that the TS
mechanisms play important roles not only in ionization ex-
citation but also in other double processes. In fact, for double
ionization of He a substantial difference in intensity between
experimental and PWIA (e,3—1e) momentum profiles has
been found in our previous EMS study at E,=2080 eV [12].
Surprisingly, the experiment has exhibited about three times
larger intensity than the PWIA prediction. An extension of
our present SBA approach to double ionization of He at large
momentum transfer is now in progress.
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FIG. 6. (Color online) Absolute squares of the scattering ampli-
tudes fsu» frsi» frs21» and frsoo, calculated at Ey=1240 eV. |fgyl? is
scaled by a factor of 0.3 for ease of comparison.

C. Contributions of individual TS mechanisms

It can be seen from Fig. 6 that intensities of |frg;|*> and
|frs2|? are comparable to that of |fsy|>. On the other hand,
|frs21]? is negligibly small compared with |frg;|?, |frs22/? and
|fsul>. Dominant contributions from frs; and frsy, over frsy
can be qualitatively understood by considering their simplest
scenarios. In the TS1 (TS22) mechanism one of the 1s target
electrons is ejected by a binary (e,2e) collision with the
incident electron, and another target electron is subsequently
raised to an excited orbital due to the second collision with
the ejected (scattered incident) electron. Note that the projec-
tile energy in the exciting collision is about Ey/2. On the
other hand, in the TS21 mechanism, the exciting collision
occurs before the ionizing (e,2e) collision and hence the
projectile energy in the exciting collision is the same as E,.
Thus the observation of dominant contributions from frg;
and f1g,, is consistent with the fact that the electron scatter-
ing cross section becomes smaller at higher impact energy.

The observation for He is, however, essentially different
from that for H, reported by Dal Cappello et al. [30]. In their
calculations, contributions from the frg; and frg,, terms [de-
fined by Egs. (14) and (12) in Ref. [30]] are negligibly small,
and the most significant second-order contributions are due
to the frg,; term [Eq. (10) in Ref. [30]] but are much smaller
than the PWIA amplitude. Consequently, the difference be-
tween the SBA and PWIA predictions for H, is very small
and there still exist significant discrepancies between theory
and experimental results [16,17]. Further experimental as
well as theoretical EMS studies on ionization excitation are
thus eagerly awaited.

VI. SUMMARY

We have carried out an EMS study on the ionization-
excitation processes of He. Experimentally, the EMS mea-
surements have been performed in the symmetric noncopla-
nar geometry at impact energies of 1240 and 4260 eV. The
n=2 momentum profile has been found to exhibit a marked
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impact energy dependence, clear evidence that higher-order
approximations beyond the first-order PWIA are required.
Theoretically, we have made the SBA calculations that incor-
porate the TS mechanisms. The SBA momentum profiles re-
produce well the experimental results at every examined im-
pact energy value. The present work has clarified crucial
roles of the TS mechanisms in ionization-excitation pro-
cesses under the high-energy Bethe ridge conditions.
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