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Abstract. The intensities of the Auger-electron lines from autoionizing (AI) states of Li-like
(1s2s2!) configurations excited in ion-atom collisions vary as functions of the collision
parameters such as, for example, the collision velocity. A statistical population of the three-
electron levels is at best incompiete and underscores the intricate dynamical development of the
electronic states. We compare several experimental studies to calculations using ‘hidden-
crossing' techniques to explore some of the details of these Auger-electron intensity vanation
phenomena. Our investigations show promising results suggesting that Auger-electron intensity
variations can be used to probe collision dynamics.

INTRODUCTION

It is instructive to first discuss the autoionizing levels of the Li-like configurations
which will be the subjects of investigation. There are four distinct leveis of (1s252/)

configurations which autoionize: (1525°)°S, *P_ and *P, both from (1s2s2p) [1,2],
and *P from (1s2s2p) with all spins aligned. The three doublets decay to the

({15°}'S +el) L ground state configuration where e_ represents the energy of a

continuum electron with angular momentum /_ (/, = L). The quartet wiil also decay via
an Auger-electron transition, however the decay is spin forbidden and the state is therefore
metastable. Our investigations involve the measurements of Auger-electrons from these

levels that were excited from (15 25)°S during ion-atom collisions and how and why the
intensities vary as functions of different collision parameters.
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Ziem et al. [3] measured the intensities of Auger-electrons from Li™ (152s527)
targets excited by protons with impact energies from 22.5 to 500 KeV using the crossed

beam method. The Auger-electrons from 25, *P_ and 2P, states formed from a single K-
shell electron excitation all exhibited intensity variations as a function of the proton

energy. In particular, at 22.5 KeV, the ’P /*P._ intensity ratio was 1:1 while at 400 KeV

the ratio had changed to 20:1. This they note is in sharp contrast to the idea of a simple
statistical excitation of levels independent of the collision energy. Deveney er al. [2]

measured and identified Auger-electrons from the series of (1s2snf)?L Al states with

n=23,....0 from Li-like carbon projectiles excited by He targets in 1 MeV/amu
collisions and note that a simple statistical excitation of the levels is insufficient to explain
the relative intensities of the Auger-electron peaks. D.H. Lee [4] observed strong energy
dependent variations of the same Auger-clectron lines emitted from O°* and F*

projectiles excited by He and H, targets for total collision energies between 4 and 33
MeV. The same variations are evident in Stolterfoht's work [5,6].

There has not been, to the best of our knowledge, an unambiguous explanation of
all of the before mentioned Auger-electron intensity varnation phenomena. In one of our

present studies the °S, *P. and *P. Auger-electron peak intensities from C** projectiles
excited from He, Ne , Ar ,Kr and Xe targets were measured. Rich intensitv variations
of the Auger-electron peaks were observed as a function of increasing Z. To determine
what effect the target recoil charge state has on the Auger-electron intensity distribution, a
coincidence experiment was done using the He svstem where the Auger-electrons were
measured with the specific recoil charge state produced in the coilision event. Again
strong intensity variations were observed. A ‘quasi’ one-electron model was considered in
which the transition probabilities for a single C** K-shell electron dynamically developing
in two distinct 'outward' collision fields (corresponding to the different potential fields from
C* with either the He'' or He™) gives good agreement with the experimental
observations. The transition probabilities are calculated using 'hidden~crossings’ {7-11]. If
this picture is correct, the Auger-electron intensities and variations provide a window into
the collision dynamics. In a final study to further explore this picture, we compare
calculations to experimental results for the intensity variation of the °S Auger-electron as
function of collision energy.

Auger-electron Intensities as a Function Noble Gas Targets

There are five spectra in figure 1 showing electrons measured from the collision

systems 4.8 MeV (4 a.u. velocity) C** + He, Ne, Ar ,Kr and Xe [12]. This experiment
was performed at the ORNL EN Tandem accelerator facility under the same conditions
described in [2]. Briefly, electrons were collected from a differentially pumped gas-cell
region at 10° in the laboratory frame into a double-pass parallel-plate spectrometer {13]
without any deceleration. Table | is given along side of figure 1 to idenufy the states and

energies (in the frame of a C* emitter ) of the Auger-electrons observed [2]. In



Table 1. The Auger-electron energies
from doubly excited C**™ (152snl)
autoionizing levels, ld ) with respect to
the (C* {15°}'S + e, )’L ground state
(/=1, = L) and other Al configurations
(*P and a-d) observed in figure 1 [2].
Auger-
l d) e energy
line (eV)
15{25%}'S)°S
Y (Is{25°7'5) 227.5
‘ 1s2s2p)'P
+p ( P) 2299
15252 p)°P.
] | IR sk
..+Ar =
1260 ] 15252 py'P.
[ ] | (522 2393
1000 ! (?: (1s2s{n23}D)°L 2271
1 % view)
wl , )
] 1s{2 p*¥'D)°D
ot ] 1s{2p°}'S)S
) 5 p | PP | a0
gm, 3 (1s2s2p°YD |
rsook M‘WA\A ] c (transfer and 252.6
M excitation)
rooof —5 d | (2s{25s or 2p}) 265
g ..+Xe ]
%mw B
2000 W\/\NM Figure 1. Electrons measured at 10° in the
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1000 Gt C* + He, Ne, Ar , Kr and Xe collisions.
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comparing the spectra it should be noted that the only parameter changed from run-to-run
was the target gas.

There are intensity variations for almost all of the Auger features. The *P_ /P,
intensity ratio changes from 4:1 in He_ to 1:1in Ne, to 2:1in 4r, to 1:1 in Xr and
finally to 2:3 in Xe. We note the absence of the *P Auger-peak. This is attributed to it's
long life time, 10~ —107* seconds [14], which means it decays outside of the effective
target length seen by the electron spectrometer [2]. In measurements of zero degree
electrons from a very long effective target length (~20 cm) by Lee [4] the *P is one of the

dominant Auger-electron features. An important conclusion that we draw from one of
Lee's studies using retarding fields to separate in energy electrons bomn in different parts of

the target length is that the S, P and *P. Auger-clectron intensity variations are not
target length dependent.

Auger-electron and Recoil Charge State Coincidences

To investigate whether or not the particular charge state of the recoil had any

effect on the Auger-clectron intensitv distributions we measured the S, P and *P.
Auger-electron peaks in coincidence with either the He'* or the He*" recoil charge state
in C** + He (4 a.u. velocity) collisions. A Univ. of TN spectrometer at ORNL was used

for this measurement {15]. Here, ~4 pA C** beam was steered through a | cm target gas
cell maintained at 4 mTorr. Recoils. were extracted at 90° and down stream at 0+10°
electrons where directed into a single pass parallel plate spectrometer and onto a two-
dimensional position-sensitive-detector. A PC collected the position and coincidence
information which was partitioned into three separate 64 bv 64 arrays; two corresponding
to those electrons in coincidence with either the He'™ or He®* and a third for all other
non- and random-coincidences. The collection time for this data set was 84 hours. The

total number of electrons in coincidence with He'" was approximately equal to the number

in coincidence with He”™. An amount due to randoms was estimated and subtracted from
each of the coincidence arrays and the data was binned at the cost of a slight loss in energy
resolution. At this stage, it must be noted, the data analysis is preliminary and error
analysis has not been completed.

Figures 2a and 2b are the preliminary resuits of the coincidence measurements.

The solid line represents electrons measured in coincidence with He'" and the dashed line

represents electrons measure in coincidence with He®* in figures 2a and 2b. Fig. 2a
shows the data before a binarv-encounter electron (BEE) background subtraction. Fig. 2b
is the data following a BEE background subtraction. The line-shape of the BEE
distribution was approximated from our calculations using a CDW-EIS (continuum
distorted wave - eikonal initial state) code by Reinhold [16]. The x-axis is energy in the
emitter, or projectile, frame. There is good overall agreement with the energies of the
Auger-electrons from table 1.
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Figures 2a and 2b. Emitted-electron distributions measured in coincidence with He'* and
He** . Infig. 2b, a binary-encounter background has been subtracted.

There appears to be significant Auger-electron intensity variation for the S, *P._ and *P

Auger-electron peaks when measured in coincidence with either He'™ or He*". The *P

/*P. intensity ratio changes drastically and the (1525°)°S Auger-electron disappears in the
He*" spectrum in conjunction with the increase in the number of Auger-electrons from the

(152530) ** state (the peak at 273 eV). It is this later aspect of the intensity variations
that we will consider more deeply.

Model and Calculations for the Intensity Variations

The coincidence measurements suggests that there is an interaction characterized
by the distinct post-collision fields produced bv either the He'" or the He"" acting on the

outward C*™ that plavs a role in determining the final Auger-electron intensity
distribution. Having selected smail impact parameters (the final Al configurations,
1s2snl, can be associated with 1s—#/ excitations at small impact parameters of ~1/6 a.u.
for carbon) on the inward part of the collision a carbon K-shell electron will develop in the
combined field of it's own nucleus and an unscreened He. If the He target is ionized
quicklv on the inward part of the collision by impulsive Coulomb interaction with the
projectile (binarv encounters), the K-shell electron will develop on the outward part of the
collision in a post-collision field that depends on the ionization state of the He. The
outward potential curves for C**™ with either the He'" or the He*" are very different as
are the inelastic excitations and population probabilities amongst the quasi-molecular
states calculated using hidden-crossings. In the limits of the far separated atoms (ions), it
is the expansion of the differently populated outward quasi-molecular levels for either the
C* and He' or C* and He® systems onto the final Al atomic basis states that can
lead to some of the Auger-electron intensity variations.



Hidden-crossing theory and techniques offer 2 means to calculate nonadiabatic or
inelastic radially-coupled transitions {7-11]. In this theory, transition probabilities rely
only on the evaluation of the Massey-parameter around branch points connecting different
potential surfaces that are constructed from time independent eigen-value solutions to the
Schroedinger equation for complex internuclear distance. The probability for a transition
from an initial state, i, to a final state, j, is given by;

P, = exp{-zfAi_’%} (1)

where A, ; is the Massey parameter and v, is the collision velocity. Equation (1) is

expected to give good results for A,_, > v,. Krstic and Janev [10] used hidden-crossings

to calculate 1s—2s excitations in He?* + H(1s) collisions up to 1.7 a.u. of internuclear

velocity, which is larger than the A (1s) electron velocity, with good results. It should be
noted that hidden-crossing techniques have thus far only been developed for and used in
one-electron systems and ours is the first extension of such techniques to a complex 'quast’
one-electron system. The potential curves for complex internuclear distances needed to
evaluate the Massey parameter are numerical solutions to the three-body (two-center)
instantaneous eigen-value problem. A cut of the potential surfaces with zero component of
complex internuclear distance is shown in figure 3.

The first potential curve in fig. 3 takes the ion-atom collision event from an
internuclear distance of minus infinity (shown starting at -5) to 0 a.u. for the inward part
of the collision. The effective nuclear charges experienced by the carbon K-shell electron
developing from - to the united atom limit are Z° = 5.7 and Z° = 5.7 + 2 respectively
(using Slater's screening rules [17]). There is a strong radial coupling of the 1sc to the 2p
o molecular orbital which shows up as a branch point at 0.4 +70.3 a.u. in the complex

plane. For this coupling, the Massev parameter 1s 5.2 which is greater than v, (4.0 a.u.).
This T-series coupling is characteristic of saddle-point excitation in which the electronic
probability amplitudes build up on the unstable equilibrium point or saddle of the two
nuclear coulomb centers. Electrons promoted to the 2pc may also experience a rotational
coupling to the 2p=x that can be estimated from a model bv Demkov [18]. At plus infinity,

a 2po molecular orbital collapses into an atomic orbital resulting in a C**™ (1525°)%S
three-electron level. Similarly, the 2px and 2so electrons vield the C**™ (15252 p)°P. and
C*" (15252 p)°P. levels respectively. K-shell electrons promoted into principle quantum

states, 72> 2, develop into C*>**" (152s{n = 3}/)°L levels in the separated ion limit.

Also shown in fig. 3 are the outward potential curves calculated for the cases
C> +He'" (top) and C’" +He’ (bottom). At an internuclear distance of zero
Z°=48+1and Z° =4.8+2 are used as the united atom effective nuclear charges for
the He'* and He®" cases respectively. The 4.8 is the effective charge for the 2/
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C* (152521) electron screened by a 1s and 2 electron. In both of the outward potential

curves there is a branch point connecting the 2poc level to the 3do level by a T-series
transition at 2-4 a.u. of internuclear distance. The Massey-parameters evaluated for the 2p

o to 3do transitions in the He'" system is 1.4 while in the He®" system it is 0.12. Under
these conditions the absolute probabilities might not be expected to be exact but the
relative ratio of probabilities for the two cases should be good. Using equ. 1, the 2pc —3d
o transition probability in the C** + He*" system is found to be 10 times larger than it is
in the C* +He" system. In other words, the 2po population (connected to the

C*"(1525°)%S in the separated atomic basis) is essentially dumped into the 3do

(connected to the C**™ (152s{n = 3}/)’L population by a factor of 10 more often in He**
than it is for He'*. This is evident in fig. 2b; the Auger-electron intensitv from

C*"(1s25%)S in He*" has nearly vanished while the intensity of Auger-electrons from

C*"(152s{n = 3}))°L at roughly 273 eV has increased.

Energy Variation of the s Auger-electron Intensity

To investigate the promotion of the 2pc into the =73 level more closely,
previous singles data from the C** + He system at 4.8, 6.0, 8.0, 12.0 and 16 MeV total
collision energies was analyzed for energy dependence of the -S and the

C*"(152s{n = 3}1)’L Auger-electron intensities with 227.5 and 273 eV Auger-clectron

energies respectively. The autoionizing level C*™ (152s{n = 3}/)’L is associated with a

K-shell electron promotion into the lowest lying 72 =3 level, the 3do. without further
excitation. Figure 4a is the energy dependent Auger-electron spectra taken under the same
experimental conditions as in [2]. As a function of the collision internuciear velocity, the
ratios of the number of 7 = 3 Auger-electrons at 273 eV divided by the number of ~S
Auger-electrons are plotted (open circles) in fig. 4b.

Using equ. (1) the probabilities £,_, for 2pc - 3do promotion and the number of

n=3 electrons, and 1— P_, , electrons that stay in the 2pc and the number of °S
electrons, are computed as a function of the internuclear velocity and for each of the two

distinct outward potential fields. The ratio £_, /(1 B_, ), is given for each case: C *

with He'" and with He** (diamond and star symbols) respectivelv in fig. 4c. To compare
with the experimental data, the calculated ratios were averaged (the singles data does not
differentiate the charge state of the recoil and we have determined that the number of He'™
is roughly equivalent to the number of He"") and scaled down bv a factor of 8.5. In fic.
4b, the comparison is made between theorv, dashed curve, and experiment, open circict.
There i1s good overall agreement between theory and experiment. Scaling the computed
values down is reasonable because additional transitions out of the 3do and into the n24
levels are not taken into account.
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Fig. 4b. Comparison of the experimental
ratios of the measured intensities for
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Fig. 4c. The calculated ratios of
(n=3.2L)S for He'" recoils (diamonds)
and for He’™ recoils {stars).



Conclusions }
Having measured the Auger-clectron intensity varations from C> (1s2sn/) levels

excited in various C* (15°25)'S+atom collisions. we also explored the possibility that the
variations can be used as a window into the detail of some of the intricate dynamical
developments of electrons-during collision events. A 'quasi' one-electron approximation in which
a single active K-shell electron develops in different outward potential fields and whose
transitions can be calculated using 'hidden-crossings' techniques shows promise for the *S Auger-
electron variation in the He coincidence data and for the data with He as a function of the
internuclear velocity. One of the strongest intensity variation features observed remains

unexplained: the *P./*P, intensity ratio. One possible explanation is the mixing of quasi-
molecular levels on the outward part of the collision from Stark and Zeeman interactions

connecting A/ =1 and c—n levels together respectively. In this picture, the °S. “P. and *P. share

the popuiation of electrons from » = 2 (the 2ps. 2pn and 2so levels) in a complicated manner
depending on the internuciear velocity, the charge state of the recoiled target and the Auger-
electron launch angle. Exciting experimental and theoretical work remain for these questions.
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