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The method of 0° Auger spectroscopy was applied to measure state-selective K-shell excitation in Li-
like Ne’* incident with 170 MeV on H,, He, CH,, Ne, and Ar. The high-resolution technique allows for
the separate analysis of the states 2P and P whose dominant components are 1s(2s2p >P)*P and
1s(2s2p 'P)*P, respectively. The results are used to study time-ordering and interference effects in the
process of single excitation. For the state 1s(2s2p 3P)?P it is found that the phenomenon of Pauli block-
ing inhibits the loss of time ordering, whereas dealignment effects diminish interferences between first-
and second-order mechanisms. The 1s(2s2p 'P)?P state involves partial loss of time ordering; however,
non-spin-flip rules recover sufficient time ordering so that interference effects can be observed. The semi-
classical approximation is used up to second order to provide conclusive evidence for the measured in-

terference effects.

PACS number(s): 34.50.Fa

I. INTRODUCTION

In the preceding paper [1], hereafter referred to as I,
fundamental properties of time-ordered two-step process-
es were studied. A two-step process is time ordered when
the first step is needed to occur before the second one can
take place. Time ordering is a well-known phenomenon
in time-dependent perturbation theory, which describes
multistep processes by means of higher-order terms of the
Dyson series [2]. The time-dependent perturbation theory
constitutes the basis of the semiclassical approximation
(SCA) [3,4], which is an appropriate tool to treat mul-
tistep processes in energetic ion-atom collisions. Hence
the SCA is expected to provide also the basic tool
describing time-ordering effects.

Concepts of time ordering have been studied recently
in the field of ion-atom collisions by McGuire and Stra-
ton [5]. They pointed out for rather general cases that
time ordering is a necessary condition for interference
effects between first- and second-order processes involv-
ing electron-correlation effects. In the past few years, dy-
namic electron-correlation effects have received particu-
lar attention in energetic ion-atom collisions [6-8].
These effects are produced by the dielectronic interaction
[9], i.e., the residual part of the electron-electron interac-
tion which is not incorporated in the independent-
particle model. Interference between first- and second-
order processes have revealed detailed information about
electron correlation effects. McGuire and Straton [5]
have shown that these interference effects are affected by
the time reordering of the related two-step process.

In I the SCA has been used up to second order to show
that time ordering is lost in the independent-particle
frozen-orbital model. This is plausible since for indepen-
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dent electrons the action of one electron may take place
before or after the action of the other electron. Further-
more, it has been shown that, with the loss of time-
ordering, interferences between first- and second-order
processes are drastically reduced. However, it has also
been pointed out that effects of Pauli blocking [10,11]
provide a possibility to avoid the cancellation of the in-
terference effects. In view of the preceding work, it is
desirable to experimentally verify the theoretical predic-
tions.

Experimental information about higher-order effects
may be obtained in studying the process of single excita-
tion. However, in this case it is difficult to find a collision
system where the interference between first- and second-
order terms can be studied in detail. When the second-
order term becomes significant, usually third- and
higher-order terms become important too. A characteris-
tic effect of higher-order terms is that the transition prob-
ability tend to a finite value. Such ‘‘saturation” effects
have been observed by Brendlé er al. [12] investigating
single excitation of highly charged projectiles. However,
with regard to interferences between first- and second-
order mechanisms, detailed experimental work about the
single-excitation process are still missing.

In recent years considerable effort has been devoted to
study state-selective single excitation of inner-shell elec-
trons. The final-state selectivity is provided by high-
resolution techniques using the method of 0° Auger spec-
troscopy [13-17]. The high-resolution spectroscopy
offers the possibility to examine second-order effects with
high precision. This can be done by inspecting the line in-
tensity for a state whose production is influenced by
second-order effects, in relation to that of a reference
state whose production is less affected. It is evident that
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the precision of the cross-section ratio is significantly
higher than that of an absolute cross section. Thus,
analyzing the ratio of spectral intensities, interference
effects whose strength is of the order of a few percent can
be detected.

In this work, time-ordering and interference effects are
studied for the process of single excitation of 170-MeV
Ne’" colliding with different target gases. Interference
effects are verified for the production of singly excited
states associated with the K-shell excitation of Ne’™.
The high incident energy is chosen to suppress third- and
higher-order terms so that second-order effects become
visible. To gain high precision, cross-section ratios are
examined. In Sec. II the principles of the present method
are discussed. Section III presents the experimental data
that are obtained from the method of 0° Auger spectros-
copy [13]. In Secs. IV and V the experimental results are
compared with the SCA calculations providing evidence
for interference effects in the process of single excitation.

II. GENERAL CONSIDERATIONS

In view of the theoretical analysis given in I, there are
various advantages in studying K-shell excitation of Ne’*
in collision with gas atoms. By choosing relatively high
projectile energies of 170 MeV, effects of second order
can be studied separately from those of third and higher
order. Moreover, useful simplifications can be made in
the data analysis so that characteristic features of the
time-ordering phenomena become more evident. The
highly charged ion Ne’" has the advantage that the ls,
2s, and 2p orbitals involved in the n <2 shells are
sufficiently far away from orbitals with principal quan-
tum number n = 3. Hence the interpretation of the exci-
tation processes may be based on a few states only.
Moreover, since the nuclear field of the highly ionized
projectile is only weakly screened, the bound electrons
can be treated as moving in a hydrogenlike system.

The principles of the single excitation process can be
seen from the diagrams in Fig. 1. The dominant excita-
tion path is due to a one-step process involving the dipole
transition 1s—2p from the initial configuration 1s%2s to
the final configuration 1s2s2p. This configuration in-
volves the final states 1s2s2p 2P and 1s2s2p 2P whose
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dominant components are 1s(2s2p 3P)?P  and
1s(2s2p 'P) 2P, respectively. Hence the two outer-shell
electrons form a singlet and a triplet state creating
different parent couplings in the final states. The triplet
parent state is primarily composed of Slater determinant
states 1s,25,2p; 2P labeled ¢, whereas the singlet parent
term is composed of 1s;2s;2p; 2P, and 1s,2s5,2p, 2P la-
beled s and s’, respectively. Furthermore, Fig. 1 indicates
associated paths representing two-step processes proceed-
ing via the intermediate states 1s22p 2P and 1s2s22S. It is
seen that two electrons are active in these processes
whereas one of the s electrons remains as a passive spec-
tator. Spin flip is very unlikely and thus the initial, inter-
mediate, and final states are doublets. From Fig. 1 it be-
comes evident that certain paths are closed due to the
non-spin-flip rule.

For the final Slater determinant state s’, both associat-
ed paths are open [Fig. 1(c)]. In this case, discussed in I,
the real parts of the second-order amplitudes cancel each
other completely and thus the interference disappears
with the first-order term, which is real for M =0. (The 0°
Auger spectroscopy, used in the experiment, is sensitive
primarily to the magnetic quantum number M =0 and
thus on AM =0 as the initial state is an S state.) Howev-
er, for the other determinant states the cancellation in the
amplitudes does not occur. For the component s the path
via the intermediate state 1s22p 2P is closed as spin flip
can be ruled out. Furthermore, the present multielectron
atom exhibits the phenomenon of Pauli blocking [11].
This mechanism prevents the population of the deter-
minant state ¢ via the 1s2s2 %S state as the active electrons
form a triplet. Two electrons with parallel spin cannot
both occupy the 2s orbital and hence the related path is
blocked due to the Pauli principle [Fig. 1(a)]. The excita-
tion mechanisms of the components ¢ and s become simi-
lar to those encountered for the one-electron system dis-
cussed in conjunction with Fig. 1(a) of I. For the single
path the real part of the second-order amplitudes is max-
imum so that significant interference with the first-order
amplitude is expected. The major aim of this work is the
experimental verification of these interferences effects.

The experiments are concerned with K-shell excitation
of fast Li-like projectiles Ne’* in collisions with gas
atoms. Hence the collision system is inverted, i.e., the
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K-shell electron of the highly charged projectile is excited
to a bound state by the neutral target atom. The K-shell
excitation is followed by Auger transitions ejecting
monoenergetic electrons. These electrons are measured
with high resolution to obtain state-selective information
about the final state achieved in the excitation process.
In particular, single excitation can be studied separately
from the process of double excitation.

III. EXPERIMENTAL METHOD AND RESULTS

The experiments were performed using the method of
0° Auger spectroscopy [13-18] at the VICKSI accelera-
tor facility of the Hahn-Meitner Institut Berlin. The ex-
perimental setup has been described in detail before [13]
so that only a brief description is given here. Li-like
Ne’™" ions of 170 MeV are collimated to a diameter of 2
mm and directed into a scattering chamber. The ion
beam traversed a gas cell of 10 cm length containing the
target gas of a typical pressure of a few 1073 Torr. In the
experiments, various target gases were used, such as He
and Ne. Without operation of the gas cell and residual
pressure was better than 10~ ¢ Torr. During operation of
the gas cell the target gas pressure was about 107> Torr
in the scattering chamber. These pressures were
sufficiently low so that single-collision conditions were
maintained during the experiments. Typical ion beam
currents of about 100 nA were collected in a Faraday cup
after passage through the scattering chamber.

Electrons produced in the target cell were observed at
an angle of 0° with respect to the incident beam direction.
In particular, projectile Auger electrons following K-shell
excitation of the incident Li-like Ne’™ ion were recorded
using a tandem electron spectrometer. The spectrometer
consists of two analyzers which are consecutively passed
by the electrons. The entrance analyzer was used to
deflect the electrons from the ion beam as well as to
suppress the background of stray electrons. The exit
analyzer was utilized as an energy dispersive device
which measured the electron with high resolution. The 0°
Auger spectroscopy avoids kinematic broadening effects
in first order [14]. With the spectrometer acceptance an-
gle of 1° the second-order broadening effect was
sufficiently small so that it could be neglected.

The width of the measured Auger lines are determined
by the energy resolution of the spectrometer. The intrin-
sic resolution of the spectrometer was 2.6%. A resolu-
tion of about 3.9 eV was achieved by decelerating the
electrons between the two analyzers to 150 eV. The Ne K
Auger electron spectra were observed at about 1800 eV in
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FIG. 2. Auger electron spectra produced in collisions of
170-MeV Ne’* with H,, He, CH,, Ne, and Ar. The electron en-
ergy is due to the projectile rest frame of reference.

the laboratory frame of reference. After transformation
of the Auger spectra into the projectile frame of reference
the effective resolution of 2.3 eV was obtained at the
Auger energy near 670 eV. This resolution of 0.349% was
sufficient to separate individual lines in the Auger spec-
tra.

The typical set of Auger spectra is shown in Fig. 2 in-
cluding data obtained with 170-MeV Ne’™" incident on
the target gases H,, He, CH,, Ne, and Ar [18]. The data
are normalized to equal intensity for the total spectrum.
The spectrum exhibits various lines which can be attri-
buted to single and double excitation of the Ne’™ projec-
tile. For instance, the term 1s2s22S, attributed to the
line at 652.6 eV, is produced by the monopole transition
1s —2s. In this work, particular attention is paid to the
lines labeled 15s2s2p 2P and 15s2s2p P, which are created
by the dipole transition ls—2p. The remaining lines
152p%2D and 152p?2S are due to the simultaneous dipole
transitions 1s —2p and 2s—2p.

It is noted that the configuration 1s2p? couples also to

TABLE 1. Energy, Auger yield ag, width T 4, and fine-structure (FS) splitting AE g associated with
the observed Auger lines. The Auger yields and widths are mean values of the Auger yields (from Chen

[19]) averaged using the statistical factor 2J + 1.

1525228 1s2s2p 2P 1s2s2p i P 1s2p22D 1s2p228
Energy (eV) 652.6 668.9 675.0 681.6 692.8
Auger yield 1 0.664 0.985 0.974 0.873
Width (meV) 12.2 43.3 86.2 16.4
FS splitting (meV) 118 6.7 9.4
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TABLE II. Intensities of the Auger lines shown in Fig. 2. The data, given in percent represent the in-
tegral of the corresponding line after normalization of the total intensity for each spectrum to 100%.

Target 1525228 1s2s2p 2P 1s2s2p 3P 1s2p22D 1s2p?2s

gas (%) (%) (%) (%) (%)
H, 9.6 68 20.3

He 11.8 67 18.3 2.0 0.9
CH, 9.9 66 18.5 4.2 1.4
Ne 12.1 65 15.1 4.8 2.9
Ar 10.2 66 14.1 6.3 3.8

a 2P term. However, due to parity selection rules, this an S state.

state cannot autoionize within the LS coupling scheme
and it is not observed in the Auger spectra. Also, since
spin flip is unlikely to occur during the collisions, the
quartet state 1s2s2p 4P is not expected to be produced by
an excitation process. Nevertheless, small intensities at
657 eV due to the 1s2s2p *P state can be seen in the
Auger spectra produced by the heavier particles Ne and
Ar. This finding is attributed to electron-exchange pro-
cesses from an inner shell of the target atom.

In Fig. 2 the spectral lines were analyzed using a fitting
procedure by Gaussian functions to deconvolute overlap-
ping regions of the lines. In each spectrum the sum of
the fitting curves is shown as solid line (Fig. 2). The fit
yielded energies and intensities of the Auger lines which
are given in Tables I and II, respectively. Table I shows
also Auger yields which can be used to convert the line
intensities into the corresponding excitation cross sec-
tion. These Auger yields are obtained by averaging cor-
responding data specified by the total angular momentum
given by Chen [19].

From Table I it is seen that the Auger yields generally
deviate from unity. In particular, the decay of the state
1s2s2p f,P is significantly affected by radiative transitions.
Therefore, when differential cross sections do(0°)/d 0 for
Auger electron emission at 0° are compared with theoreti-
cal results, the deviations of the Auger yields from unity
have to be taken into account.

In this work, particular attention is paid to the ratio of
cross sections do,(0°)/d6 and do,(0°)/d6O for the pro-
duction of the states 1s2s2p 2P and 1s2s2p P, respec-
tively. Close inspection of the data in Table II shows that
the cross section ratio decreases with the target nuclear
charge. This decrease is attributed to interferences be-
tween the first- and second-order excitation mechanisms
as discussed in the following section.

IV. THEORETICAL METHOD

Hereafter, excitation cross sections for the final states
152s2p 2P and 1s2s2p 2P are evaluated in second order
using the semiclassical approximation. For reasons of
convenient notation, these states are labeled a and b, re-
spectively, as indicated in Table III. In the present
analysis, transitions to the final magnetic quantum num-
ber M =0 play an important role, since the experimental
data are obtained by observation of Auger electrons at 0°.
With the LS coupling scheme, only states with M =0
contribute at 0°, as the Auger transition leaves the ion in

Deviations from the LS coupling scheme generally re-
sult in a contribution of the M =1 cross section at 0°.
This phenomenon is due to dealignment of the orbital an-
gular momentum caused by the spin-orbit interaction.
According to the analysis by Cleff and Mehlhorn [20] the
differential cross section for Auger electron emission at
0°, originating from the decay of the final state f, is given
by

d(rf(0°) 1
T—fa,((f)z[(l+2D2)of0+(2—-2D2)af1] (1)
where 0 4y and o, are the corresponding cross sections
for the population of the magnetic quantum numbers
M =0 and 1, respectively, and ag/ is the K Auger yield
for the final state f (see Table I). The dealignment is
governed by the dealignment coefficient D,=(3
+¢%)/3(1+€2) where the parameter e=AEgs/T", is
determined by the fine-structure splitting AEgg and the
Auger width I" ,. The data, given in Table I, show that
the dealignment is significant for the state @ whereas it is
small for the state b so that it can be neglected. Accord-
ingly, one obtains

do,(0°) 3
TZGK(a)E[CaOUaO_f_CaIUaI] s (2)
do,(0°) . 3

40 KWz %0 (3)

where ag(,) and ag ;) are the K Auger yields associated
with the states a and b, respectively. From the values in
Table I it follows that c,;=0.56 and c,; =0.44.

The cross sections are obtained from the corresponding
transition amplitude after integration over the impact pa-
rameter b:

a,M=27rfO | Ayppe|?b db 4)
If no conflict in notations occurs, we shall not explicitly
TABLE III. Labels used to abbreviate paths with intermedi-

ate states, dominant components in the final states, and final
states used in the present equations.

Path with Dominant component
intermediate state of the final state Final state
k: 1s2p?P t: 1s,2512p; °P a: 1s2s2p P
k: 1s525%2S st 1s42s:2p, %P b: 1s2s2piP
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refer to the quantum number M. Hereafter, if not other-
wise stated, the formulas are valid for both M =0 and 1.

We recall a few equations from the preceding paper I.
The first-order amplitude is given in the semiclassical ap-
proximation [2] by

AP=—i[" viine

As shown in Table I of paper I, the first-order amplitude
A} is either real or imaginary depending on the odd or
even symmetry of the interaction matrix element V;. An
individual second-order amplitude is obtained as

_fjo ka(T Iwkf d f
where ;

i =Ej—E] are transition energ1es and V;; are
coupling matrlx elements The quantity 4 i is referred to
as time-ordered amplztude The correspondmg double-
path amplitude A ¥ is obtained by combining A,f with
the associated amphtude A ,ffor which the time ordering
is reversed:

(5)

V(e “dr - (6)

A"‘k—A +A (7

If it can be factored by two single-electron amplitudes,
the double-path amplitude Ail}k is referred to as non-
time-ordered amplitude. As pointed out in I, the loss of
the time ordering is accomplished by the cancellation of
significant parts of the time-ordered amplitudes.

In the present analysis of second-order effects, we re-
strict the number of intermediate states to the » =2 man-
ifold as mentioned above. In this case, there are only two
intermediate states 1s2s2S and 1s2p?2P, which form as-
sociated paths (Fig. 1). Hence, in second order, the tran-
sition amplitudes for the states 1s2s2p 2P and 1s2s2p 2P
are obtained as

Aia:At'(al)+Ai]c(1E 4 (®)

Ap= AP+ afF ©)

These expressions contain the first-order amplitudes A .’
and 4} as well as the second-order terms 4% and 4}X*.

To further evaluate the transition amplitudes, the com-
positions of the final states 152s2p 2P and 1s2s2p P are
analyzed. These states have the dominant components
1s(2s2p 3P) %P and 1s(2s2p 'P) 2P where the parent terms
form a triplet and a singlet, respectively. Hence one ob-
tains the linear combinations

[1s252p 2P)=C|1s(2s52p 3P)*P)

+ells(2s2p 'P)2P) , (10)
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1P)2P)
—c|1s(2s2p *P)2P)

[15252p 2P ) =C|1s(2s2p
1y

where C is the dominant coefficient and c is the subordi-
nate coefficient of the expansion. From auxiliary calcula-
tions, using the Hartree-Fock code by Froese-Fisher [21],
we obtained the values C =0.995 and ¢ =0.10. Hence
the mixing of the triplet and singlet parent terms
amounts only to 1%. It will be shown that this mixing
barely influence the interference effects; however, it
affects noticeably the first-order cross-section ratio.

Within the framework of the independent-particle
model, the triplet and singlet parent states can be ex-
pressed by means of Slater determinants (Fig. 1) formed
by directed spin orbitals:

|t ——‘-/? (—1D)PP|1s,25,2p;) , (12)
s)=—= ‘/g —= 3 (—1)PP|1s,25,2p,) , (13)
s >_-\/_3'2(—1)PP\1s12sl2pT) (14)

where P stands for a permutation. Here, without limita-
tion of the generality, only the ““up’ direction of the total
spin is considered. The singlet and triplet parent states
can be developed in terms of these determinant states
where the expansion coefficient, obtained by means of 6j
symbols [2], are given in Table IV. It is seen that the trip-
let parent term is primarily represented by the com-
ponent t, whereas the components s and s’ form the
singlet parent term. Combining these coefficient with
those in Egs. (10) and (11), one obtains modified
coefficients (Table IV) used in the following expansions:

[1s252p 2P ) =g&,|t)+a,ls) +a,ls') , (15)
[15252p 2P ) =P, |t ) +B,|s ) +B|s") (16)

These expressions are applied to evaluate the transition
amplitudes

(17)
(18)

Aia Zat Ai(tl)+as Ai(s”+at Ai’td;—}—as Ails(E_}_as’Ai]x(’E ’
Alb =/§t Ai(tU+Es Ai(sl)+/§t Ai};};+ﬁs Ai]s(E+Bvs’Ails('E .

The second-order amplitudes associated with the states ¢
and s contain only one path labeled k and k, respectively.
As discussed in conjunction with Fig. 1, for the s state the
second path is closed, as spin flip can be ruled out. For
the ¢ state the second path is closed due to Pauli blocking.
Thus the non-time-ordered amplitudes 4% and Af* are

TABLE 1V. Expansion coefficient of different states in terms of Slater determinants formed by spin

ogbltals (see text). With a=a,—a,, B=8,—B,, ¢ =0.1, and C =0.995, it follows that & ’=1.67 and
B =0.33.
Component 1s(2s2p °P)2P 2s(2s2p 'P)2P 1s2s2p 2P 1s2s2p i P
1s,2512p; °P a=—1"2 a,=Caq, B.=—ca,
1s125,2p; 2P a;=1/1 =1/1 a,=Ca,+cp, B, =Cp,—ca,
1s12s12p, 2P ay=1/1 B=—1'1 a,=Cay+cBy By=CB,—cay
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replaced by 4 and A}, respectively, which are time or-
dered. In accordance with the previous discussion, these
time-ordered amplitudes are expected to produce in-
terference effects.

On the contrary, the state s’ can be reached by both as-
sociated paths so that the ron-time-ordered amplitude
AK* is retained. The formation of the non-time-ordered
amplitude involves significant reductions of the matrix
elements as pointed out in I. (Note also that the first-
order transition is missing in the excitation of the com-
ponent s'.) Hence the terms attributed to the component
s’ are neglected in the following. Also, since A} is
small, it follows that 4~ — A% [see Eq. (7)]. Further-
more, insertion of the Slater determinants (12) and (13)
into the first-order matrix elements shows that they differ
only by a sign, originating from the permutations P in the
Slater determinants. Similarly, it is found that the
second-order matrix elements are identical. Hence one
can define first- and second-order amplitudes which are
independent of the spin directions:

— 4 (D= _ 4(1) Is-2s — _ gk— 4k
rgop=A; '=— Ay, Ars2p ™ Ay=A; . (19)

Within the frozen-orbital approach, the first-order ampli-
tude a,;.,, can be evaluated by means of Eq. (5) using
single-electron matrix elements discussed in I. Similarly,

the second-order amplitude @335 can be expressed by

means of Eq. (6). It is noted that a,}3} is time ordered
describing 1s —2s followed by the transition 2s —2p. Fi-
nally, the transition amplitudes can be simplified accord-

ing to
Aia =a(als—2p_a%§:%;) ’ (20)
Ay =Blay . —az3) 2n
where &=a,—a, and B=p,—f,. It is noted that, be-
sides a constant factor, the amplitudes for the states a
and b are identical.

To compare with the experimental data, excitation
cross sections are evaluated in accordance with Eq. (4):

o=V —Xx,.), 22)
oo =B (oY =X, , (23)
where

a;yzzwfowlah_zpﬁb db ,
XMzzﬂfow?.Re(a]S_zpaiﬁﬁf, )b db ,

are the first-order cross-section and the interference term,
respectively. Here, the squared second-order terms are
neglected, assuming that they are small in comparison to
those of first order. The index M is added to specify the
magnetic quantum number. For the negative-
ion—electron interaction, it follows from the definition
(19) that the transition amplitudes a,.,, and a;}3; have
the same polarity. Thus the interference term X, is posi-
tive. Consequently, according to the minus sign in Egs.
(22) and (23), the interference effect is destructive.

It should be pointed out that the interference terms are
completely different for the magnetic quantum numbers

M =0 and 1. This is due to the fact that the first-order
amplitude, which represents a dipole transition, is real for
the population of M =0, whereas it is imaginary for
M =1 (Table I in paper I). On the other hand, as noted
before, the second-order amplitudes are essentially real
regardless of the M value. Consequently, the interference
term is expected to be significant for M =0, whereas it is
negligibly small for M =1. As the dealignment effects
reduce the M =0 contribution at 0°, a corresponding
reduction of the interference effect occurs. Therefore, as
the dealignments are different for the final states a and b,
the interference effect should be noticeable in the cross-
section ratio of these states.

In the experiment, differential cross sections
do(0°)/dQ for Auger electron emission at 0° are mea-
sured. Hence, from Egs. (2) and (3) we obtain the follow-
ing ratio of differential Auger emission cross sections:

dO'b(O")

o _p B o5’ ~Xo (24
do (0°) K2 (H_ (n )
o,(0°) a® c,olop’ —Xo)te, 00

dQ

where Ry =ag ,)/ax,)=1.48 is the ratio of the K Auger
yields for the states @ and b given in Table 1. Expression
(24) is further simplified to reveal the influence of the in-
terference term. With a statistical population of the M
quantum numbers, i.e., o\!'=~o{", the following approxi-

mate relations are obtained:

dO’b(Oo)
4o _, B 90X o B[, Xo
do,(0°) 4 52 otV —c0Xo 4 &2 al ol
4o

(25)

where small terms, such as |X,|2/|o{V|?, are neglected
and the relation c,;=1—c,o was used. It is noted that for
the numerical calculations of the cross-section ratio, Eq.
(24) was applied. However, it should be kept in mind
that for the present cases Eq. (25) represents a rather
good approximation. It indicates that the interference
effect, which governs the dependence on the target nu-
clear charge, remains destructive in the present cross-
section ratio. Moreover, it shows that the interference
term is normalized by the first-order cross section o
and is reduced by the constant c,;=0.44. For vanishing
interference, the cross-section ratio is given by the con-
stant RKBZ/azz. With the present values from Table IV,
one obtains RgB’*/@*=0.3. This ratio is in excellent
agreement with the experimental results for light target
atoms as discussed in detail further below.

V. COMPARISON BETWEEN THEORY
AND EXPERIMENT

To determine the normalized interference term, the
SCA transition amplitudes and related cross sections
were evaluated explicitly. The transition amplitudes were
based on the corresponding matrix elements obtained
within the framework of the independent-particle
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frozen-orbital approach. They were calculated analytical-
ly using hydrogenic wave function for the bound elec-
trons in the projectile. This approximation is expected to
be valid for the highly charged ion Ne’*. The SCA am-
plitudes and the corresponding cross sections were ob-
tained by numerical integration. The integration pro-
cedure is facilitated by the fact that the exciting particle
is neutral so that long-range Coulomb forces are not in-
volved in the calculations. However, the neutral target
atom creates significant screening effects [22-24] in the
excitation of the projectile. (Recall that the collision sys-
tem is inverted.) Therefore, particular effort has to be de-
voted to the adequate treatment of the screening of the
target nuclear charge. The screening effects were evalu-
ated in a rather accurate manner using the methods re-
cently developed by Ricz et al. [25].

Information about the screening effects is given in Fig.
3, where the first-order excitation cross section 05‘1,’ is
plotted as function of the target nuclear charge Z,. (For
CH, the H atoms are disregarded in the calculations.)
The data are evaluated for the magnetic quantum num-
bers M =0 and 1. To demonstrate the screening effects
for the neutral target atoms, a comparison is made be-
tween cross sections obtained with and without target
electrons. It is recalled that the cross sections for the
bare target atom are proportional to Z?, yielding a
straight line in the doubly logarithmic plot. From Fig. 3
it is seen that the dressed target atoms involve significant
screening effects which are particularly pronounced for
the target atoms He and Ne. This is understood from the
fact that the valence electrons of these atoms are strongly
bound so that their screening lengths are particularly
small. Furthermore, it is seen that the cross sections for
M =0 are more reduced by screening effects than those
for M =1. This can be attributed to the finding that for a
given mean impact parameter the M =0 population

7+
15> 2p 170-MeV Ne J

.
18 | M=0 . L M=1 |
.

2

Total Cross Section (cm®)

Screened
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occurs at distances which are larger than those relevant
for the M =1 population.

The screened target nucleus does not provide the only
contribution to the excitation of the projectile ion. Be-
sides reducing the effect of the nuclear charge, the target
electron can act independently of the target nucleus, giv-
ing rise to an enhancement of the projectile excitation
[22]. It should be mentioned that this dielectronic two-
center scattering mechanism [9] has also been denoted
“antiscreening” [26]. In this work we calculated the
dielectronic contribution using methods similar as those
used by Montenegro and Meyerhof [27]. The different
contributions to the cross section o} are summarized in
Fig. 4, showing also the interference term X,,. The data
confirm the previous conclusion that the interference
term X,, is negligibly small for M =1. However, for
M =0 the interference term becomes noticeable as the
charge Z, of the target atom increases.

From Fig. 4 it is seen that for light target atoms H,
and He the dielectronic cross sections are as high as those
originating from the screened nucleus. For H, the
summed cross section exceeds the results attributed to
the bare nucleus (Fig. 3). However, it is seen that the
dielectronic excitation looses importance for the heavier
target atoms Ne and Ar. It is pointed out that the clo-
sure relation [22,27] used in the calculations introduces a
certain approximation into our results for the dielectron-
ic contribution. Fortunately, the dielectronic interaction
affects the states 1s2s2p 2P and 152s2p 2P in a similar
manner so that it plays no role in the cross section ratio
of these states. Hence, in the following analysis of the in-
terference terms, the dielectronic contribution was
neglected in the cross section ratios.

In Fig. 5(a) the cross-section ratio for the states
1s2s2p 2P and 1s2s2p 2P is plotted as a function of the
nuclear charge Z,. For light target atoms, one obtains
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— .
«~ 7 Dielectronic .
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FIG. 3. Total cross sections o' for 1s—2p transitions in

170-MeV Ne’* projectile ions colliding with the target atoms
H,, He, CH,, Ne, and Ar as a function of the target nuclear
charge Z,. The data for the magnetic quantum numbers M =0
and 1 are shown on the left- and right-hand sides, respectively.
The cross sections are calculated by means of the semiclassical
approximation using unscreened target nuclei (curve labeled
“bare”) and target atoms dressed with electrons (curve labeled
“screened”).

FIG. 4. Calculated contributions to the cross section o'} for
the 2p excitation of 170-MeV Ne’™ colliding with H,, He, CH,,
Ne, and Ar specified by the nuclear charger Z,. The data due to
the screened target nucleus, referred to as “screened,” are also
shown in Fig. 3. The curve denoted ‘““dielectronic” is due to the
interaction between the target and projectile electrons. The
curve labeled “interference” represents the interference term
Xyr- The sum of the “screened” and ‘““dielectronic” contribu-
tions is given by the “sum” curve.
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values for the cross-section ratio close to 0.3, which is in
complete agreement with the theoretical value mentioned
above. For charges Z, > 1, the interference term X, gains
importance. It is noted that the interference between the
first- and second-order term is essentially proportional to
Z,3 whereas the first-order cross section aé)l ) used for nor-
malization, is proportional to Z2. Hence the normalized
interference term is expected to depend linearly on Z,.
However, the present cross-section data are influenced by
screening effects which produce a certain fluctuation in
the cross-section ratio plotted versus Z, [Fig. 5(a)]. These
fluctuations can be removed in a plot where the cross-
section ratios are normalized to the corresponding
theoretical cross-section ratios obtained without interfer-
ence term. The normalized results, given in Fig. 5(b),
show that the expected Z, dependence is confirmed by
the theoretical data including the interference term.
Moreover, good agreement is obtained between the ex-
perimental and theoretical results. It is seen that these
results exhibit an overall decrease of the cross-section ra-
tio as Z, increases. This decrease is attributed to the des-
tructive interference associated with the term —X,.

VI. CONCLUDING REMARKS

In conclusion, the method of 0° Auger spectroscopy
was used to study time-ordering effects in the process of
single excitation. The experimental data are analyzed

H, 170-MeV Ne'*

& | & 030} ]
HE (a)
N N
: I B P~ N
2 A I\ G55l N N
ﬁ‘.—‘ ﬁ—‘ 0'25 L |
Q o
2iclelg
ool & |°
°© kel

0.20 i

]norm.
-
a
T
1

ND:Q (\An‘m
Q.
& |
&g 10f .
) )
= | =
oy o
S|l ele 09} 4
o (Tl B|T .
o el
N———

------ SCA: Without Interference
—— SCA:With Interference
+ Experiment _

o
@
T
—
L

0.7 f

0 5 10 15 20
Nuclear Charge Z,

FIG. 5. Ratio of differential cross sections do,(0°)/dQ and
do,(0°)/dQ for Auger electron emission at 0° for the states
1s2s2p 2P and 1s2s2p P, respectively. The experimental data
are due to collisions of 70-MeV Ne’* with H,, He, CH,, Ne,
and Ar, plotted as a function of the target nuclear charge Z,.
Theoretical results from second-order calculations obtained
with and without interference are shown for comparison. In (a)
the cross-section ratios are given and in (b) these ratios are nor-
malized to the theoretical data obtained without interference
term.
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theoretically using the semiclassical approximation
within the framework of the independent-particle
frozen-orbital model. Within this model, time ordering is
likely to be lost for multielectron systems. Hence specific
mechanisms, leading beyond that model, are required to
recover time ordering of multistep processes. For in-
stance, orbital relaxation due to screening effects and
electron correlation may reproduce time ordering. How-
ever, no indications were found that these phenomena are
significant for the single-excitation process studied here.
Rather path blocking mechanisms, based on the Pauli ex-
clusion principle, are used to retrieve time ordering. In
the present case of 2p excitation of the Li-like Ne’ ™, time
ordering is achieved by Pauli blocking as well as non-
spin-flip rules.

According to the analysis of the preceding paper I,
time ordering of a two-step process is a necessary condi-
tion for its capability to interfere with the corresponding
one-step process. These interferences can be observed
with high precision by studying cross section ratios for
the states 152s2p 2P and 1s2s2p 2 P. It is found that, dur-
ing the collision, both states are similarly affected by in-
terferences between the one- and two-step processes.
However, in the case of the 1s2s2p 2P state, the interfer-
ence term is reduced by dealignment effects so that it be-
comes smaller than that for the 1s2s2p iP state. Hence,
the interference can be observed in the corresponding
cross-section ratio. Intentionally, by using a high projec-
tile velocity, the interference effects are kept small to
avoid the third- and higher-order effects. Nevertheless,
the interference effects are found to be significant within
the experimental uncertainties.

The experimental data are supported by calculations.
Apart from the semiclassical approximation, the theoreti-
cal data are based on various model assumptions most of
which are well justified. The independent-particle model
is used by composing the measured states in terms of
Slater determinant states. Frozen orbitals are assumed as
single-electron matrix elements are evaluated. The ma-
trix elements are calculated using hydrogenic wave func-
tions, which are expected to be a good approximation for
the highly charged ion Ne’". The most significant ap-
proximation is due the limitation of the number of inter-
mediate states involving only the n <2 manifolds. Hence
the analysis is based on a few states which involves vari-
ous simplifying features. This is expected to be justified
for the highly charged Ne’" ion whose n =2 shell is
sufficiently separated from higher-lying shells. However,
it is felt that further work is required to verify the validi-
ty of the few-state approximation. More information
about the application of the few-state model may be ob-
tained from a planned paper [28] where time-ordering
effects are studied in conjunction with the process of dou-
ble excitation.
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