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In the resonant (charge) transfer and excitation (RTE) process, resonance states in the
charge-changed projectile are formed due to Coulomb interaction with the target electrons.
The calculated RTE cross section is proportional to the cross section for dielectronic recom-
bination and its projectile energy dependence reflects the momentum distribution of the tar-
get electrons. Sample calculations for K x-ray production in Sil'*+He, S¥*++Ar, and
S13+ 4 He collisions are discussed. An estimate of the experimental background indicates
that RTE is more pronounced in collisions with light targets.

I. INTRODUCTION

In a fast collision of a highly charged ion with a
target atom, projectile vacancy production is mostly
due to Coulomb interaction with the target nucleus.'
It has recently been recognized,>~* however, that for
certain collision energies the interaction of a target
electron with the projectile may give a significant
contribution to the excitation of a particular projec-
tile state. This resonant transfer and excitation
(RTE) process will occur if a target electron is cap-
tured into a resonance state of the projectile.

II. DESCRIPTION OF RTE

In order to describe RTE, it is useful first to con-
sider radiationless capture (RC) and dielectronic
recombination (DR)>® in electron-ion collisions,

e—+zq+__}z(q—l)+___)z(q—1)++y_ (1)

Here, a free electron with the momentum p, mass m,
and the kinetic energy

€=p?/2m @)

collides with a positive ion of charge state g and is
captured into an intermediate resonance state (RC).
This resonance state will subsequently decay either
by Auger electron emission or by photon emission
(DR). In the isolated resonance approximation the
DR cross section’

opr~w/p*V(i—r)T[(e—€,)*+T%/4]71  (3)

is given by the product of the RC cross section ogc
and the fluorescence yield w for the particular reso-
nance state

OpR=WORC - (4)
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Here, V(i—r) is the excitation-capture probability,
and I is the width of the resonance. RC and DR
are resonant processes which will only take place if
the energy € of the electron in the rest frame of the
ion matches the energy difference €, of the reso-
nance and initial ion states, i.e., the corresponding
Auger energy.

McLaughlin and Hahn’ have calculated DR cross
sections for several resonance states of Si'°* and
S12+, which will be used for sample calculations of
RTE cross sections later on. They present their re-
sults in a form

Er+A€/2

C_TDR=1/A6L _AmdeaDR(E):wERC , (5)

where the cross section is averaged over a bin Ae=1
Ry of electron energies centered around €,. It
should be noted that Aegpg is constant as long as
A€ is large compared to the width of the resonance
r.

In RTE, the projectile ion captures not a free elec-
tron as in RC but a bound target electron. Under
conditions which allow neglect of the dynamic as-
pects of the interaction between the electrons and
the target nucleus (impulse approximation, see Sec.
III), the target electron may be characterized by its
momentum distribution. Thus in the rest frame of
the projectile, the target electron populates a con-
tinuous distribution of energies. In this respect RTE
bears much similarity to radiative electron capture
(REC)®~10 of a bound target electron into an inner
shell of the projectile. The difference is, however,
that in REC the electron can be captured from a
continuum state of any energy into a bound state of
the projectile, the excess energy being taken away by
photon emission (inverse of the photoelectric effect),
whereas in RTE the energy of the initial continuum
state has to match the energy of the intermediate
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resonance state (inverse of the Auger effect). It is
interesting to note that in the limit of very low col-
lision velocities, REC and RTE correspond to
molecular orbital (MO) x-ray emission’~!! and
molecular autoionization,'!? respectively.

III. IMPULSE APPROXIMATION

In the following, the impulse approximation'* is
applied to relate the RTE cross section to the RC
cross section for a free electron. This is directly
analogous to the calculation by Kleber and Jakubas-
sa,” in which the cross section for REC is related to
the cross section for radiative capture of a free elec-
tron. It is assumed that the collision velocity is
large compared to the velocity of the target electrons
and that the distortion of the projectile resonance
state by the target nucleus is small.

If B; is the electron momentum of a specific tar-
get electron in the target frame, then the momentum
of this electron in the projectile rest frame is given
by

B=Po+P: , (©)
where
po=m(2E /M)'? (7)

is the average momentum of the electron with
respect to the projectile, E is the laboratory projec-
tile energy, and M is the mass of the projectile.

In the impulse approximation the cross section
ogrc for the production of a particular resonance
state in ion-electron collisions and the cross section
orte for the production of the same resonance state
in ion-atom collisions are related by

+
orte= [ d*Bilorc), |4:(Fi)| . ®)

The momentum wave function ¥;(P;) of the target
electron is assumed to be undisturbed, and (ogr(), is
the RC cross section for a free electron of momen-
tum p with respect to the ion

p=po+pi+2popi)"? . 9)

The projectile energy dependence of ogrrg enters
through the dependence of p on p,. For small elec-
tron momenta,

Pi <po > (10)
the quadratic term in p; can be neglected,
p=~(pi+2popi)'”? . (11)

Then, the RC cross section depends only on the
component p;, of P; parallel to By,
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+
ORTE= f _ . 3Pizorc(pi;)
X f fdpixdpiy | (B | (12)
Introducing the Compton profile J;(p;,),
+ o = 2
Ji(piz)fo_wdpixdpiy ()], (13)

which gives the probability of finding a particular
target electron with a momentum component p;,; it
follows that

+
orre=J__ dpuonclpis)i(pi) - (14)

The RC cross section is sharply peaked around
P=Pr,

p,=(12me,)"? . (15)

Hence it contributes to the integral (14) only for
values p;, close to p;, =p;;,

pi:=(e,—Em /M)(M /2E)"/? (16)

The Compton profile, on the other hand, varies
comparatively slowly as a function of p;, so that it
may be taken out of the integral,

, +
URTE=J,-(p,-z)f_w dp,-zogc(p,-z) . (17)

The reasonableness of this approximation may be il-
lustrated by a typical example for the width of
orclpi;) and Ji(p;,). Assuming a resonance width
'=0.02 a.u. and a projectile momentum p,=10
a.u., the width of ogc(p;,) comes out to be about
0.002 a.u. [full width at half maximum (FWHM)].
This may be compared to a value of about 1.6 a.u.
for the width of the He Compton profile (FWHM).

Replacing the integration variable p;, by the kinet-
ic energy € of the electron in the projectile frame

€=Em /M +p,(2E/M)'"? (18)

and restricting the integration to a finite range
Ae>T around e=¢,, it follows that

orte=(M/2E)""%J(p};)
Er+As/2
X e,—Ae/ZdeaRC(e) . (19)

The integral in Eq. (19) is proportional to the energy
averaged cross section for RC [see Eq. (5)],

orre=(M /2E)"* A€t Ji(p},) (20)

The projectile energy dependence of ogtg is most-
ly determined by the implicit dependence (16) of
Ji(p;) on E. It exhibits a maximum close to
E=Eq,,

Emax=erM/m ’ 210

since the Compton profile has its maximum at
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Piz=0.
The RTE cross section for a certain target atom is

derived by summing over the contributions of all
target electrons, denoted by the subscript i,

ogrTe(tot)=(M /2E)'*A€orc 2 Ji(p) - (22)

The cross section ogyg for RTE followed by Auger
electron emission is then

UQ%E=(1—w)O'RTE (23)

and the cross section oxtg for RTE followed by x-
ray emission is given by

okte=(M/2E)"*AeGpr 3.Ji(pir) - (24)

This can be compared directly with calculations of
DR cross sections, which implicitly include the
fluorescence yield w.’

It should be noted that the above calculations rely
on the validity of condition (10), which is fulfilled
best for projectile energies close to Ep,, [compare
Eqgs. (16) and (21)] and electrons with a small aver-
age momentum

|pi | <pr > (25)

i.e., for light target atoms with narrow electron
momentum distributions and for heavy projectiles
with high Auger energies.

In conclusion, the RTE cross section is found to
be proportional to the energy averaged DR cross
section and a sum over the Compton profiles of the
target electrons. Varying the projectile energy E has
the effect of scanning the Compton profiles of the
target electrons, so that oy reflects the momentum
distribution of the target electrons in much the same
way as the REC cross section as a function of the
photon energy does.

IV. DISCUSSION OF SAMPLE CALCULATIONS

Figure 1 shows calculated RTE x-ray cross sec-
tions as a function of projectile energy from the de-
cay of the resonance states Si!®* 15252p*S + D and
S!2+ 15252p%S +D in Si''* + He and S+ + Ar
collisions, respectively. McLaughlin and Hahn’ cal-
culated these to be the most prominent K excited
resonance states with Auger energies and energy-
averaged DR cross sections (Ae=1 Ry) of €, =1427
eV, opr=1.89%x10"2° cm? for Si'°* and €,=1850
eV and Gpr=2.40%x10"% cm? for S'2*. The
Compton profiles for the He and Ar target electrons
are taken from tabulated Hartree-Fock calcula-
tions.!®

For the Si''* 4+ He collisions the cross-section
maximum occurs at 72-MeV projectile energy, close

to Ep.=73 MeV, as expected from Eq. (21). The
shape of the RTE peak shows an asymmetry, even
though the Compton profile J(p;,) is symmetric
with respect to p;, =0. This asymmetry is mainly
due to the nonlinear relation (16) between p;, and E.

The RTE cross section calculation for $*+ 4 Ar
collisions corresponds to the experiment reported by
Tanis et al.>* Here, target electrons from different
shells contribute to the cross section. The Ar M
electrons contribute the most to the calculated max-
imum at 106-MeV projectile energy due to their nar-
row Compton profiles. The Ar 1s electrons are not
included in the calculation, because their inner velo-
city exceeds the projectile velocity and thus they do
not qualify for the impulse approximation; their
contribution to the yield of the observed process is
expected to be small. For the S'** 4 Ar collision
system the RTE peak is broader than for the
Sill* + He collision system, due to the following
two reasons: The RTE feature can be viewed as a
magnified image of the respective Compton profiles,
the magnification and thus the width increasing
with E,,; the other reason is that the total Ar
Compton profile constructed from the Compton
profiles for the Ar L and M electrons is broader
than the total He Compton Profile. This also causes
the ratio of the S+ + Ar and Si''* + He RTE
cross-section maxima to be only =5, even though
the ratio of the number of target electrons partici-
pating in the two cases is 8, and the respective DR
cross sections are equal within 25%.

For a quantitative comparison with the S1** + Ar
experiment® the contributions of all resonance states
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FIG. 1. RTE x-ray production cross section from the
decay of the S'2* 15252p%S + D states in S'** 4 Ar col-
lisions (solid line) and from the decay of the Si®+
1s2s2p*S +D states in Si''* 4+ He collisions (dashed
line).
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as calculated by McLaughlin and Hahn’ have been
added up, since the corresponding x-ray energies are
not resolved experimentally. The resulting x-ray
cross section is shown in Fig. 2. It has a maximum
value of 1.23 1072 cm? at 120-MeV projectile en-
ergy and a FWHM of 61 MeV. The calculation in-
cludes resonance states with energies €, ranging
from 1817.6 eV for the S!>* 152522p !P state to the
series limit at 2421.7 eV. These correspond to RTE
cross-section maxima for the individual states at
projectile energies between 105 and 140 MeV. They
are not resolved, however, since the RTE peaks for
each state are quite broad because of the width of
the Ar Compton profile. Also shown in Fig. 2 is a
calculation for the collision system S'** 4+ He.
Here, some structure in the RTE cross section can
be observed, since the He Compton profile is nar-
rower than the Ar Compton profile. The cross-
section maximum of 2.25X 10™2! cm? occurs at 125
MeV in this case, and the FWHM is 54 MeV.

The signature of RTE is that the cross section for
the formation of a particular resonance state in the
charge-changed projectile depends in a characteristic
way on the energy of the incident ion. The decay of
this state can then be monitored by detecting charac-
teristic x rays and/or Auger electrons in high resolu-
tion.

There is, however, a competing process for the
formation of resonance states due to projectile exci-
tation by the target nucleus and one-electron capture
in the same collision. If the probability for excita-
tion P,,(b) and the probability for capture P,,(b)
are uncorrelated, the integration over all impact
parameters b yields

Oexcap=27 [ Pex(b)Peay(b)b db (26)

for the cross section 0, c,p Of the competing process.
The magnitude and the projectile energy dependence
Of Oy cap Will vary for different collision systems. A
qualitative feature concerning the target nuclear
charge Z; should be mentioned though.

With increasing Z; the probability for projectile
excitation due to Coulomb interaction with the tar-
get nucleus becomes larger and so does the capture
probability since more target electrons are available
for capture. As the main contribution for ogrg
stems only from the outer target electrons, the ratio
ORTE/Oexcap 18 likely to decrease with increasing Zr,
even if the absolute magnitude of ogyg increases (see
Fig. 2).

V. CONCLUSION

RTE contributes in a characteristic way to the
projectile vacancy production in ion-atom collisions.
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FIG. 2. Total RTE K x-ray production in S"** + Ar
collisions (solid line) and in S'3* + He collisions (dashed
line).

The measurement of RTE cross sections as a func-
tion of projectile energy allows one to test calcula-
tions of resonance energies and DR cross sections
for the projectile and Compton profiles for the tar-
get, providing the impulse approximation holds.
Then, the shape of the RTE feature reflects the
momentum distribution of the target electrons, the
position of the cross-section maximum is deter-
mined by the resonance energy, and its absolute
magnitude is proportional to the DR cross section.

As RTE and REC reflect the momentum distri-
bution of the target electrons in an analogous way, a
collisional distortion of the atomic Compton profiles
will cause a deviation from the expected shape of
both the RTE and REC feature. Thus an experi-
mental study of the same projectile-target combina-
tion by both methods would be very interesting.

The experimental observation of RTE can be ob-
scured by a competing process, i.e., excitation due to
Coulomb interaction by the target nucleus and elec-
tron capture in the same collision. It should be
mentioned that interference between RTE and un-
correlated excitation and capture is expected since
both processes can populate the same resonance
states.
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