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We have renormalized our previously reported 0' cross sections for resonant transfer excita-
tion followed by Auger decay (RTEA), dnR&sp, (0')/dA obtained in 0.25—2 Mev/u collisions of
F + and 0 + ions with H2 by normalizing to calculated binary encounter electron yields rather
than the usual Ne K-Auger yields. The renormalized data are found to be in good agreement
with recent angular dependent impulse approximation calculations of RTE, showing the impor-
tance of alignment and the small infiuence of interference between RTEA and elastic electron
scattering for 0' observation.

Resonant transfer excitation~ 2 (RTE) in energetic ion-
atom collisions is a correlated two-electron process, me-
diated by the electron-electron interaction, involving the
transfer of a target electron to the projectile with the
simultaneous excitation of a projectile electron, giving
rise to doubly excited states. The study of RTE has re-
ceived considerable attention in the last few years, since
it can provide direct information on electron correlation
phenomena~ presently of great interest in atomic physics.

Theoretically, RTE has been described within the im-

pulse approximationz (IA) and as viewed from the pro-
jectile frame, has been considered2 to be analogous to the
time-reversed Auger electron process, in the limit where
the loosely bound target electron to be captured can be
considered to be free and having the speed of the pro-
jectile. In this way, one can relate RTE, an ion-atom
collision process, to that of radiationless capture (RC),
an ion-electron collision process. 8 Furthermore, the
production of the doubly excited intermediate states (d)
from the ground state (g) of the ion by an electron can be
essentially calculated only from knowledge of the Auger
rates (time-reversed d ~ g) without any reference to the
dynamics of the collision process itself.

The most stringent tests, to date, of any RTE calcu-
lation, have been supplied by state-selective studies
performed using high-resolution Auger electron spectro-
scopy (RTEA). In these measurements, state-selective
differential cross sections (SSDCS), do(8r, )/dQ, are de-
termined by detecting the Auger electrons ejected, at a
laboratory angle OL, with respect to the beam direction,
upon the decay of the intermediate projectile states (d)
formed by RTE. Good absolu/e agreement between the-
ory and experiment is expected since the absolute val-
ues of the RTEA SSDCS within the IA, depend only
on the various Auger rates. However, since no calcu-

lated SSDCS for the expected RTE angular distribu-
tions of the ejected electrons have been available, un-

til recently, to/al RTE cross sections were usually ob-
tained from the measured SSDCS by assuming isotronic
emission. ~"s' ~ Such a comparison with total RTE
cross sections, assuming isotropic emission, was recently
reported by the authors. It was found that the exper-
imentally determined cross sections were larger than the
calculated total RTEA cross sections by factors ranging
between 2 and 3.3.~7

In this communication, we have revised (see below)
our previously reported RTEA SSDCS,~s ~7 obtained at
zero degrees, and compare them to calculated SSDCS
using the recent theoretical treatment of Bhalla, where
the alignment of the intermediate doubly excited states is

included, as well as the efkcts of interference between the
RTEA and elastic scattering channel (binary-encounter
electron peak).

In a recent independent study of binary-encounter
electron (BEE) production, we reported excellent sys-
tematic agreement between the IA theory of BEE pro-
duction and our data for I—2-MeV/u bare projectiles
ranging from protons to F9+. Here, we use the theo-
retical BEE production formulas developed in Ref. 22 to
obtain a direct and accurate in situ absolute efIIciency
normalization (calibration) of our electron spectrometer
in the electron energy range of 1—5 keV. This way we

do not have to extrapolate the spectrometer e%ciency
by normalizing to the usual Ne target I~ Auger electron
cross sections'" from proton impact on Ne as done in Ref.
17. The Ne K Auger lines have an energy around 800
eV, while most of the RTEA lines are measured at labora-
tory electron energies between 1 and 3 keV for which the
spectrometer efficiency could drop by as much as 50%
The values of the e%ciencies following the two different
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methods are shown in Fig. 1. The discrepancy between

the H++Ne normalization and the BEE normalization

methods is not understood. We have used the new abso-

lute spectrometer eSciency to renormalize our recently

reported RTEA cross sections. The new efficiency,
depending on laboratory electron energy, results in an

overall 35—55% increase in the values of the renormal-

ized RTEA cross sections.
Our renormalized zero-degree RTEA SSDCS are shown

in Fig. 2 for collisions of F + and 0 + with Hz. De-

tails of the measurements can be found in Refs. 16,
17, and 24. Contributions from nonresonance transfer
excitation e ~s 2 (NTE) were found to be quite small

for Hg, allowing for a simple and direct comparison with

RTEA calculations. The F + + H2 data of Fig. 2 were

fitted to the incoherent sum of RTEA and NTEA,

d+RTEA ~+NTEA

dQ dQ dQ

Scaling factors aR and a& were obtained by scaling the

H2 RTEA (see below) and NTEA calculationszs to the H2

data. We obtained a~ ——0.70+0.05 and a~ = 0.20+0.05
for the D and aR = 1.00+ 0.08 and a~ ——0.20 +0.05 for
the D states, respectively. This scaling was also found to
be consistent with the 0 + + Hg data also shown in Fig.
2. The RC strengths extracted from this comparison are
listed in Table I. The uncertainty in the scaling factors
is due to the uncertainty in the fit. The absolute un-
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FIG. 1. Overall absolute spectrometer efficiency plotted
as a function of the laboratory electron energy. The solid line
was interpolated using the data points (solid circles) obtained
by normalizing the F + + H& binary-encounter electron yields
to the IA calculation as described in detail in Ref. 22. The
open circle is the efficiency measured using the known Ne tar-
get K Auger cross section (Ref. 23) at 800 eV for 3-MeV H+

+ Ne collisions. In Ref. 17 it was assumed that this efficiency
could be extrapolated to 1—3 keV by assuming it to be a con-
stant. The error bars are calculated from statistics alone.
The Ne Is Auger datum has an overall absolute uncertainty
of 20 '%%uo (Ref. 23).
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FIG. 2. Data. : Absolute Auger electron SSDCS, do(0')/dQ, for (1s2s2p ) ' D states produced in F + and 0 + (1s 2s) +
H2 collisions vs projectile energy. The Auger electrons result from transitions back to the ground state. Only relative errors
are shown. Solid line, sum of un(dcrn~Ea/dO) +a~(doN~sA/dO). Dashed line, an times RTEA [resonance term only, see Eq.

(2)] (Refs. 2 and 21). Dash-dotted line, aN times NTEA calculation (Ref. 28). Dotted line, an times RTEA [interference term

only, see Eq. (1) and Ref. 21].
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TABLE I. Calculated and experimental radiationless capture (Refs. 2, 17, and 29) strengths

(Dnc in units of 10 cm eV) for the production of 0 +(ls2s2p ) and F +(1s2s2p ) intermediate

states. The initial and final states are assumed to be pure 1s 2s states. sA and f are the Auger

energies (eV) and yields of the (ls2s2p ) 'D ~ (1s 2s) S transition, respectively.

Ion

05+
5+

F6+
F6+

State

ls2s( S)2p D
ls2s('S)2p 'D

1s2s( S)2p D
1s2s('S)2p' 'D

s~ (eV)

448.0
453.0

567.84
576.24

0.899
0.409

0.89
0.50

36.3
12.1

35.8
11.7

A'" '(H )

25.4 + .8
12.0 + .7

25.1 + .8
11.7 + .6

Calculation uncertainty ~ 15%.
Quoted experimental errors are the relative errors. Total uncertainty (including uncertainty in

calculation of () 20%.

certainty in the measured Auger SSDCS, using our new
efficiency, z is about 10%.

The RTEA calculation (dashed lines in Fig. 2),
was computed using the angular dependent IA treat-
ment of RTE by Bhalla. The theoretical SSDCS for
the (Is2s2pz) D and iD states decaying to the (1sz2s)
ground state, emitting an Auger electron at an angle 8
within the projectile rest frame can be described within
the LSML, Ms-coupling scheme as follows (in units of
cmz/Sr):

[I„,(8) I;„,(8)],
Vp &o

where I,~, (8), the Auger angular distribution of the de-

caying RTE resonance, is given byzi

I„„(8)= —[1 + '7 Pz(cos8) + '7 P4(cos8)] .
4x (2)

The RC strength Qnc is given (in cm~ eV) byi7 zi M

M(2Ls+ 1)(2'+ 1) Ag(d ~ g)
(2Ls + 1)(2Ss + 1)

with the momentum transfer Q (in a.u. ) given by

&A+&I
2

Vpzo
(4)

Vp is the projectile velocity in a.u. , co ——27.212 eV is
the atomic unit of energy, and el is the ionization po-
tential of H2 equal to 15.5 eV. The experimental Comp-
ton profile, 3(Q) (in a.u. ), was used for Hq. Lq and
Sg, as well as Ls and Ss, represent, the orbital and spin
angular momentum quantum numbers of states ~d) and

~g), respectively. The Auger rates A~ are in s i. The
RC strength QRc, the Auger energy cg in eV, and the
Auger yields f, were calculated~i ~s in the intermediate
coupling scheme with the Hartree-Fock atomic model and
are given in Table I. We note that for zero-degree labo-
ratory observation (8L, = 0 ) 8 = 180' in the projectile
frame. 2 Thus Eq. (1) above becomes, for 81, = 0'

drrRTEA(8L = 0 )

5 I;„t(8 = 180')
i

. (5)
Vp sp I 4z )

In previous analyses of RTEA with heavy ions, the
Auger emission was assumed to be isotropic and therefore
do'nTEA(8L, ——0')/dA was taken to be equal' " to

~(q) flRc 0
Vp go 4x

It is clear from Eq. (5) that this assumption underes-
timates the resonant contribution at 0' by a factor of

The angular distribution of the Auger electrons, I„,(8),
due purely to the autoionization resonance ~d) arises from
a nonstatistical population of the magnetic substates.
The amplitude for the formation of these states (i.e. ,
sD and iD) is only nonzero for M~, —— 0, when the
axis of quantization is defined along the collision direc-
tion, and therefore the doubly excited state is collision-
ally aligned. sz This seems to be corroborated by recent
angular-dependence studies of RTEA in which only the
total MI, , ——0 substate was found to be populated.
We note that the nonstatistical population of magnetic
substates (and therefore leading to a nonisotropic distri-
bution of Auger electrons and x rays) has been previously
reported for nonresonant processes, such as ionization of
atoms by electrons and ions.

The interference term, I;„t(8), arising from interfer-
ence between the elastic scattering amplitude and the
resonance amplitude is given in Ref. 21. It depends sen-
sitively on the relative phases of the two amplitudes and
can be either positive or negative depending on the values
of the phases and 8. For the collision systems investi-
gated here and at zero degrees, the interference (dotted
lines in Fig. 2) was found to be smaller than 3%.

In conclusion, we have modified the values of our
previously measured' zero-degree SSDCS for RTEA,
drrnTEA(0 )/dQ, obtained in F + and 0 + collisions with
H2, in accordance with reevaluated electron detection ef-
ficiencies obtained by using the IA treatment of binary-
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encounter electron production as an absolute normaliza-

tion standard. This renormalization was found to in-

crease the measured SSDCS by about 35 —55%, de-

pending on the laboratory electron energy. The mod-

ified SSDCS were compared to calculated values of
doRTEA(0')/dQ obtained within the angular-dependent

impulse-approximation treatment of RTE by Bhalla, 2~

which considers explicitly the alignment of the doubly ex-

cited states and interference eA'ects between RTEA and

elastic electron scattering. The calculated interference
between elastic electron scattering and RTEA for the
collision systems investigated was too small to be ob-

servable at zero degrees. Extracted radiationless capture

strengths OR~ were found to be in agreement with theory
in the case of the D states and about 30% smaller than
theory for the D states, but probably within the overall

theoretical and experimental uncertainty. The experi-
mental ratio of Qtt&( D)/ARc(iD) was found to be equal

to 2.1+0.14 and 2.2+0.13 for 0 + and F +, respectively,
as compared to 3, the expected theoretical ratio.
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