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Auger-electron and x-ray production in 50- to 2000-kev Ne+Ne collisions
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The production of vacancies in the inner and outer shells of the target and projectile have been studied in
Ne'++ Ne collisions in the incident energy range of 45 keV to 2.2 MeV through the observation of K x rays
and Auger electrons. Data are given for incident charge states i = 0, 1, and 2. Parameters necessary for the
analysis of collision kinematics were extracted from previous data and used to investigate these effects on the
observed Auger spectra. The kinematic line broadening in the Ne collisions is shown to obscure the peak
structure characteristic of the multiple ionization states. The centroid energies and average energy widths of
the Auger groups, together with absolute intensities, are reported as a function of the Ne'+ energy and
electron emission angle for both target and projectile. After kinematic corrections, it is found that target and
projectile Auger-electron emission are isotropic to within +10% and that the K vacancy created is equally
shared between the target and projectile. The average number n„of electrons removed from the L shell
simultaneous with the K vacancy production is estimated from the centroid Auger-electron energies and
compared with previously measured data. It is found that n„ increases with the Ne+ energy from -2.5—3.6
over the energy range studied. Absolute cross sections for x-ray and Auger-electron production are reported
with an accuracy of about +15%, and mean fluorescence yields are determined from these cross-section data.
The fluorescence yield increases with incident Ne+-ion energy, and is consistent with the observed degree of L-
shell ionization. Total K-vacancy production cross sections agree well with available calculations below 200
keV, but the theoretical results underestimate the cross sections at higher energies. This reflects a breakdown
of the two-state approximation made in the calculation. Information regarding the coupling of outer-shell
molecular orbitals in the entrance channel is extracted from the comparison of the measured data and
previous calculations.

I. INTRODUCTION

Inner-shell ionization in slow Ne +Ne colli-
sions has received particular attention in the past
few years. Evidence for &-shell ionization has
been provided in energy-loss measurements of
violent Ne+Ne collisions. ' The energy-loss ex-
periments have established the basis of the Fano-
Lichten model' ' which describes inner-shell ion-
ization in terms of electron promotion via molec-
ular orbitals (MO) in a quasimolecule formed
during the collisions. In this model, K- shell ion-
ization takes place via vacancy transfer from the
2pn MO to the 2Po MO by a rotational coupling
mechanism. As pointed out by Lichten, ' the K-
shell ionization cross section is expected to be
proportional to the number of 2Prr vacancies pres-
ent before the collision. This "exit channel" effect
has partly been confirmed by McCaughey et al. ,

'
who have found in Auger-electron measurements
that the ratios of K-shell ionization probabilities
are 2:1:0.6 for 200-keg Ne", Ne+, and Ne im-
pact on Ne. The unexpected high ionization proba-
bility for Neo impact clearly showed the need for
further studies.

Using the technique of Auger-electron spec-
troscopy, Cacak et al. ' have determined total

cross sections for K-shell excitation in 50- to
300-keV Ne +Ne collisions. These results' are
in good agreement with calculations by Briggs and
Macek, ' who deduced cross sections for Ne & ion-
ization on the basis of the Fano-Lichten model.
The calculations yielded probabilities for transi-
tions by rotational coupling of the 2Pm and 2PO

MO's. Experimental information about the 2P n-

2Po transition probabilities have been achieved
in x-ray-ion coincidence experiments by Sackmann
et al.' and in energy-loss measurements by Fast-
rup et al. ,

' who have also found a 2:1 ratio for
Ne and Ne impact ionization probabilities. Re-
cently, using Auger-electron spectroscopy, Fast-
rup et at, ."have shown that the Ne' -Ne" cross-
section ratio is dependent on the projectile veloc-
ity. These measurements indicate that, in the
incoming part of the collision, additional 2Pr va-
canc ies are produced with increas ing probability
as the collision energy increases.

Apart from the possibility of obtaining total
ionization cross sections, Auger-electron spectra
generally yield further information. The spectra
are affected by collision kinematics; when ob-
served at specific observation angles, the peaks
of Auger electrons from the projectile and the
target atom are clearly separated for Ne+Ne due
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to the kinematic (Doppler) shift of the projectile
Auger peak. The peak separation allows for a
separate study of Auger-electron ejection from
projectile and target atoms. Thus, the K-shell
vacancy sharing between the two collision partners
can be deduced. Previously, inner-shell vacancy
sharing has been studied primarily in asymmetric
collisions. ""Furthermore, the degree of outer-
shell ionization produced in the &-shell ionization
collision can be estimated from the energy dis-
tribution of the Auger electrons from both par-
ticles. In the past, only a few Auger spectra have
been reported from Ne+Ne collisions. Kessel
et al."have measured a first spectrum of Auger
electrons from both the Ne projectile and the tar-
get atom. Auger spectra for 100-, 200-, and
400-keV Ne' impact on Ne have been analyzed by
Stolterfoht et al."using a different spectrometer
than applied in this work.

C ross sections for x- ray product ion in Ne + Ne
collisions have been reported" "for the projec-
tile energy range of 20-1200 keV. Saris and
Onderdelinden" have combined their x-ray results
for 50- and 100-keV Ne with cross sections for
Auger production by Cacak et al. ' to determine
Ne & fluorescence yields averaged over multiple
ionization states. A similar comparison in the
extended energy range of 50-200 keV has been
carried out by Tawara et al. ,

"who also used Ne'
projectiles. This analysis was made to study a
possible variation of the Ne K fluorescence yield
with projectile energy. Larkins' and Bhalla
et al."had previously shown theoretically that the
mean fluorescence yield is sensitively dependent
on the Ne outer-shell configuration produced in

the collision. However, it should be noted that
Tawara et al."quoted considerable uncertainties
in the fluorescence yield deduced by comparison
of results from different laboratories. Instrumen-
tal uncertainties can be reduced when x rays and
Auger electrons are simultaneously measured in
one apparatus as done by Burch et al."for 30-
MeV 0' +Ne. Recently, high-resolution x-ray
measurements have also been made by Matthews
et al."for 100-1000-keV Ne +Ne. Related studies
of the fluorescence yield of Ne have been reported
in Befs. 23-26.

In the present work, experimental results from
laboratories at the University of Aarhus and the
Hahn-Meitner-Institute at Berlin are combined for
a comprehensive study of x-ray and Auger-electron
production in Ne+Ne collisions. At Aarhus, Auger
electrons were observed at an angle of 96.6'with
respect to the incident beam to deduce E-shell
ionization cross sections for 45- to 2250-keV Ne
impact. Measurements were made with Ne', Ne',
and Ne' impact to study the "exit-channel" effect.

Furthermore, to obtain fluorescence yields, the
present results can be compared with the x-ray
data given by Schartner et al." At Berlin, Auger-
electron spectra for 50- to 600-keV Ne +Ne were
measured at 30', 90', and 150' to study angular
distribution in the ejection of Auger electrons,
&-shell vacancy sharing in projectile and target
atom, and multiple ionization effects. Moreover,
cross sections for production of x rays and Auger
electrons were measured simultaneously in one
apparatus to reduce uncertainties in the deter-
mination of the fluorescence yield. '

In Sec. II, instrumental details are given. Colli-
sion kinematics are analyzed in Sec. III. In Sec.
IV, experimental results are presented and dis-
cussed. Conclusions from the results are given in
Sec. V.

II. EXPERIMENTAL

The apparatus (A) used in the laboratory at
Aarhus has been described elsewhere. " Incident
ions were charge analyzed by a bending magnet
and subsequently monitored in a Faraday cup.
Neutral beams were produced in a charge exchange
chamber followed by an electrostatic deflection
system used to remove remaining ions. The neu-
tral beam was detected by a monitor which incor-
porates a Faraday cup and an extraction electrode
to measure the current of secondary electrons
produced in the cup. The monitor system for neu-
tral atoms was calibrated by a Ne beam of known

intensity. The pressure in the target cell was
measured by a calibrated Pirani gauge to within
a few percent. The target gas pressure was
-5&&10 4 Torr over a length of -3 cm, and it was
maintained sufficiently low to prevent the incident
beam from charge-exchange collis ions. Electrons
ejected at 96.6'+3' with respect to the incident
beam direction were analyzed by a spherical elec-
trostatic spectrometer with an energy resolution
of either 1.5' or 4.0/p full width at half-maximum
(FWHM). The electron detector was a Mullard
channel electron multiplier of type B419BL. The
combined analyzer plus detector efficiency was
determined to be 0.66 by comparing 50-keV Ar+Ar
L -MM Auger yields with corresponding yields
obtained by Cacak et al. ' at 90' emission angle.
The absolute value of Cacak et al. ' for the total
I--MM Auger cross section integrated over all
emission angles, which is 3.30&&10 ' cm', agrees
well with an L, , ionization cross section derived
from inelastic energy-loss measurements. " In
the latter case, an integration over der, ,
=2vn(R, )bdh, where o.'(R, ) is the I-, ~, electron-
promotion probability, &0 is the distance of clos-
est approach in the collision, and & is the impact
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parameter, yields the result 0& ——3.24X10 ' cm .
After having determined the detector efficiency,
absolute cross sections for Auger-electron pro-
duction could be deduced.

The apparatus (8) used in the laboratory at
Berlin for Auger-electron measurements has also
been described in detail previously. "'" In this
work, an x-ray detector was incorporated in the
apparatus. The collimated incident ion beam was
crossed by an atomic neon beam ejected from a
nozzle in the center of the chamber. The product
of the gas target density and thickness was -5
&10 ' Torr~3 mm. It was sufficiently small so
that single-collision conditions were provided in
the experiments. Pressure measurements were
made using an ionization gauge calibrated by a
capac itance manometer. Electrons produced in
the collision region were measured by a parallel-
plate electrostatic spectrometer. The resolution
was generally 2.6% FWHM. In specific cases the
resolution was improved by decelerating the inci-
dent electrons as described previously. " The
electron observation angle could be varied con-
tinuously from 22' to 152'; in the present study,
measurements were made at 30', 90', and 150'.
Angular acceptance of the analyzer is +3'. The
analyzer efficiency was calibrated by an electron
source of known emission per solid angle. X rays
were measured by a technique similar to that used
by Saris and Onderdelinden. " A flow-mode pro-
portional counter with a 2-pm Makrofol window
foil detected x rays at 90'. The transmission
of (41+3)% for the detector-window foil was de-
termined by using a second foil temporarily placed
in front of the detector window. The window trans-
mission was found to be independent of the Ne-
beam energy. The solid angle of 1.48~10 ' sr
and the viewed beam length of 12 mm were deter-
mined from the slit geometries. The measured
Ne K x-ray spectrum consisted of a well-defined
single peak with essentially no background. Ab-
solute cross sections for production of x rays
and Auger electrons were measured using a well-
known homogeneous pressure in the gas-target
region. These results were used to normalize the
data obtained with the atomic beam, whose density
was not known exactly. 'o

and momentum conservation that the values of
P„P„T„andT, can be determined if any one of
these four quantities is known. The deduction of
one of these quantities, none of which is deter-
mined in the present measurements, needs a mod-
el calculation including information about the
specific excitation process.

The differential scattering cross section dv(P, )/
dQ was folded with the P, -dependent probability
+i, for 2P+-2Pm transitions as measured by Fastrup
et al. '0 for 200-keV Ne++Ne, i.e.,

f (P,) =P„(P,)2n'sinP,
da(p, )

It was found that the distribution f(P, ) has a maxi-
mum at 10 and a FWHM of 6 . In the following,

P, denotes this centroid value and &P, the width of
the maximum. The projectile is scattered in a
cone symmetric with respect to the incident-beam
direction. For 200-keV Ne+Ne, the product of
the cone angle of 10' and the impact energy is
g, TO =2000 keVdeg. Since this product is found to
be nearly constant in a K-shell ionization colli-
sion, ' values of tI, could be derived for impact
energies other than 200 keV. The centroid values
P„T„adnT2 were then calculated from the colli-
sion kinematics with Q =1360 eV." The results
partly shown in Table I indicate that, generally,
a rather large recoil energy is transferred to the
target atom. Hence, Auger spectra from both
projectile and recoil atom are expected to be in-
fluenced by kinematic effects.

We consider now the intensities I and I' per sr
of Auger lines in the laboratory system and in the
rest frame of the emitter particle, respectively.
Let dA and dO' be the corresponding solid angles.
A simple analysis based on I/I' =dA'/dQ yields
for the electron observation angle 6I,

TABLE I. Scattering angle P& and energy T& of projec-
tiles producing%-shell ionization in Ne+ Ne collisions.
P& and T2 are the corresponding quantities for the target
recoil atom. TQ is the incident energy. The angle P& was
obtained from TQPg =2000 keVdeg.

III. COLLISION KINEMATICS

In the laboratory frame, we consider a particle
of energy T, incident on a target atom at rest.
I et &, and P, be, respectively, the energy and the
scattering angle of the projectile after the colli-
sion. T, and P, are the corresponding quantities
for the recoiling target atom. For a given 1~ and
inelastic energy loss Q, it follows from energy

TQ

(keV)

50
70

100
200
500

1000
2000

pg
(deg)

40
29
20
10
40
2.0
1.0

p~
(deg)

48
60
69
79
85

8 6.8
87.8

Tf
&kev)

28
52
87

192
496
997

1998

T2
(keV)

21
16

11.7
6.0
2.4
1.2
0.6
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where E and E' are the energies of the Auger line
in the lab system and the particle frame, respec-
tively, and P is the cone angle of the emitter par-
ticle. The reduced energy t =Z/& follows from
the energy & of the emitter particle and the ion
mass & in emu. The approximation I/I'=E/E' is
valid for t«E', which is fulfilled in the present
analysis.

The rest-frame energy of a kinematically shifted
Auger line is'

E'= E 2(E-t)'~' cos8cosP +& . (2)

There are different effects which cause Auger-
line broadening in ion-atom collisions. Broaden-
ing of (base} width &B, occurs since the emitter
particles are scattered into a cone rather than
at one definite azimuthal angle. Additiona. broad-
enings b,B&, ABo, and &Be are present when P, Q,
and 8 vary within the intervals &P, &Q, and 48,
respectively. Assuming the angular spread in the
incident-ion beam is completely negligible, rela-
tions for broadening effects can be summarized
as follows:

&B,=4(Et)' 2 sin 8 sing,

», =~@(S), '

b,Bo =DQG(Q),

ABe =b, 82(Et)''sin8cosC3 .

(3a)

(3b)

(3c)

(Sd}

The (approximate) relation (3a) has been derived
by Rudd and Macek. ' (A slightly incorrect formula
has previously been given by Ogurtsov et al.")
Formulas (Sb)-(3d) are deduced from Eq. (2) by
differentiation with respect to P, Q, or 8. Thus,
it follows that F(j3) =dE'/dP, and G(Q) =dE'/dQ,
where E' is given by Eq. (2) and expressions for
collision kinematics. It should be noted that line
broadening corresponding to Eqs. (3a}-(3c)follows
from collision kinematics, whereas Eq. (3d} de-
scribes an instrumental effect caused by the finite
acceptance angle of the electron analyzer. Fur-
thermore, it should be emphasized that Eqs. (I)
and (3) apply only to monoenergetic Auger lines
or to a group of sufficiently small width.

As an example, the broadening of Auger lines
is estimated for 50-, 500-, and 1500-keV Ne im-
pact on Ne. In the calculations, the centroid val-
ues t, =T, /& and P, for the projectile and t, =T,/&
and P, for the recoil atom are inserted in Eqs.
(3a)-(3d) for & and P, respectively. The analyzer
acceptance angle is &6) =6', as mentioned above.
The numbers of &P, and, consequently, those of
&P, for 50-, 500-, and 1500-keV Ne+Ne are esti-
mated from the FWHM &P, =6' for 200-keV Ne+Ne
under the assumption that P,T, =const. Results
are given in Table II for the electron observation

angles of 8=30', 90', and 96.6'. (The results for
150' are similar to those of 30'.) It is seen that
&B, and ~B8 decrease with increasing projectile
energy. This behavior is typical for broadening
produced by kinematic effects. For angles of
6)=30', 90', and 150 studied in this work, 4B,
dominates. However, for 0' and 180', the con-
tribution of &B~ is largest. Thus, the broadening
effects cannot be completely avoided by choosing
specific electron observation angles such as 0'
or 180'. Furthermore, it is seen that the values
of &B, and &Bz for the projectile are nearly equal
for the corresponding quantities of the recoil
atom. This follows from the fact that the velocity
components perpendicular to the incident beam are
equal for the scattered projectile and the recoil.
atom, i.e., t,'~'sintI, =t',~'sinP, . In contrast to the
behavior of &&, and &&8, the broadening 4Be
caused by the finite acceptance angle of the elec-
tron analyzer increases with increasing collision
energy, and it is relevant only for the projectile.
It is expected that the contribution of &&e plays
the dominant role in the projectile energy region
of several MeV.

TABLE II. Widths AB~, AB 8, and 4B e of line broad-
ening of Auger peaks observed at angle 6. Labels (P) and
(T) denote the projectile and the target atom. The inci-
dent Ne energy is T p.

Tp
(keV) Particle (deg)

b, Bc
(eV)

DB8
(eV)

Be
(eV)

50

500

1500

(P)

(P)

(P)
(T)

30
90
30
90

30
90
30
90

96,6
96,6

32
64
31
62

16
28
14
28

-16
15

19
0
18
0

0.7
0

0.6
0

2.5
4.8
1.1
2.2

12
20
0.06
0.12

34.5
0.04

IV. RESULTS AND DISCUSSION

A. Auger spectra

To obtain a general picture of Auger-electron
production in collisions of heavy ions on Ne, a
comparison is made in Fig. 1 for Auger spectra
of Ne excited by different projectiles. "'"'" Figure
1 shows primarily Auger electrons from the tar-
get; for Ne+Ne, the projectile Auger peak is
kinematically shifted outside the plotted energy
range. The Ne+Ne spectrum was measured with
relatively high resolution so that the shape of the
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plotted spectrum is not influenced by the limited
resolution. The prominent feature of the spectra
in Fig. 1 is the variation of the centroid Auger
energy. For the cases shown, the recoil energy
transfered to the Ne target is sufficiently small
that kinematic energy shifts can be neglected. The
Auger peaks are shifted to lower energies because
outer-shell vacancies are produced in addition to
the inner-shell vacancy. The average numbers of
I -shell vacancies are 0.23, 2.8, 2.9 and -6 for
4.2-MeV H, 500-keV Ne', 30-MeV g', and 50-
MeV Cl"' impact, respectively (see below and

50-MeV Cl

FWHM: -20eV

500- keV Ne+

2.6eY

C

O

Vl
Vl
O
L

30-MeY 05

2.1eV

4-MeV H+

l.2 eV

600 700 800

Electron Energy [eV]

I

900

FIG. 1. Ne E Auger spectra observed at 150' in var-
ious ion-atom collisions. The 500-keV Ne+ + Ne spec-
trum is from Berlin. The 50-MeV C1~5++ Ne, 30-MeV
05++ Ne, and 4.2-MeV H++ Ne data are taken from Refs.
23, 33, and 34, respectively. Energy resolutions
P'WHM) are -20, 2.6, 2.1, and 1.2 eV, as indicated.
Continuous electron backgrounds are subtracted. The
500-keV Ne+ Ne spectrum shows electrons primarily
from the target; electrons at energies below -660 eV
originate from the projectile.

Refs. 23, 26, and 34). These numbers show that
500-keV Ne and 30-MeV 0' produce nearly the
same number of L-shell vacancies, as indicated
by the centroid energies of the corresponding
peaks, which nearly coincide in energy. However,
there are considerable differences in the struc-
tures of the two peaks. The 30-MeV 0' +Ne spec-
trum shows a large number of distinct lines (see
also Ref. 35), whereas the 500-keV Ne +Ne spec-
trum appears as a broad maximum. This observa-
tion is explained by kinematic line broadening
which is relatively large for slow Ne impact. The
numbers in Table II show that for 500-keV Ne+Ne,
the line broadening of -20 eV is much larger than
the typical line separation of -3 eV. Therefore,
individual lines cannot be seen, although the reso-
lution of 2.6-eV FWHM is rather small. This
shows that improved resolution does not supply
additional information in the case of low-energy
Ne+Ne collisions. Thus, in this work, most
Auger spectra were measured with relatively low

resolution of 15- to 30-eV FWHM.
Apart from the main peak at 748 eV, the Ne+Ne

spectrum shows a smaller peak at 827 eV. A

similar peak is present in the Q+Ne spectrum,
and for Cl+Ne, additional structures appear at
even higher energies. It should be noted that these
peaks are higher in energy than the normal lines
seen in the H+Ne spectrum. Auger electrons of
such high energies may be ejected when the Ne
atom is doubly ionized in the K shell" or when
electrons excited to upper bound states participate
in the Auger transition. " Auger peaks resulting
from double &-shell ionization are expected to
be shifted to lower energies as additional vacancies
are produced in the outer shells. " However, Fig.
1 shows that the high-energy peak is hardly shifted
as different projectiles are used. This finding
supports the assumption that excitation to upper
bound states plays the dominant role in the present
case. For Cl+Ne, it is very likely that the high-
energy peaks are due to electron ejection from
multiply excited Li- and He-like Ne.

In Figs. 2 and 3 are plotted Ne+Ne spectra pro-
duced by projectiles of different charge states and

observed at different angles. The curves show

Auger peaks from the target atom and kinematically
shifted peaks from the projectile which are labeled
by P and T, respectively. The kinematic energy
shifts decrease with decreasing projectile energy.
This produces an increasing overlap of the pro-
jectile and target peak. However, it was found
that the shape of the Auger peak does not sub-
stantially change as the energy of the incident
ion is varied. Thus, the spectra could be unfolded,
fitting each peak by a generalized curve with posi-
tion, height, and width as variable parameters. "
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I I

0-keV Ne~+ Ne

96.6~

B. Outer —shell ionization

Vl

Qr

C4

E
O

hd 3
CV

CO

2-
C0

1-
V)
Vl
tA
O

Ne++ Ne

t t

Ne + Ne
2+

2-

400 500 600 700 800 900 1000
Electron Energy (eV)

FIG. 3. Double differential cross section for Auger-
electron production by 1.5-MeV Ne, Ne+, and Ne + in-
cident on Ne. Data are from Aarhus. Observation an-
gle is 96.6'. Peaks from the projectile and the target
are labeled by P and T, respectively. Energy resolu-
tion (F%'HM) is 4/g.Ne-K Auger

10=
Vl 8-

E
V

CV TABI,E III. IntensityI, , centroid energy E, , and
FTHM ~W& of the projectile (j =1) and target (j =2)
Auger peaks observed at laboratory angle 8. The inci-
dent projectile energy is To. The intensity I,. is normal-
ized by I ( ) ——[I((90') +I 2(90')]f2.

2
0

Or
o

u) 4-
0 g I& I2 gg g2 Qg

g Qg
g) Ii 2 If 2

(eV) (eV) (e&) (e V)
904V)

0
O

Or
4-

60 30 1 00 0 96 797 769
150 0 93 0 98 710 729

76
68

72
73

150 70 30 1.04 1.01 797 766
150 0.98 1.01 705 732

74
72

7Q

77
l I0

500 600 700 800 900 1000 1100

Electron Energy [eV j

100 30 0 92 0 99 816 762
150 0.89 0.89 686 738

75
69

70
73

200 30 1.08 0.99 860 757
150 085 095 646 744

67
70

70
61FIG. 2. Double differential cross sections for produc-

tion of Ne E Auger electrons in 500-keV Ne++ Ne colli-
sions. Data are from Berlin. Electron observation an-
gles are 30, 90', and 150', as indicated. Continuous
electron background is subtracted. Auger peaks from
the projectile and the target are labeled by P and T,
respectively. Energy resolution (FTHM) is 2.6%.

400 1.08 0.95 907 751
150 0.80 0.97 599 748

68
53

59
61

600 30 1.18 1.00 944 748
150 0.87 1.06 568 747

60
58

70
54

To study the Auger spectra we consider the in-
tensity I&, the centroid energy E&, and the FWHM
&W,' for the Auger peaks from the projectile (2 =1)
and target (j =2) in the rest frame of the corre
sponding particles; I, , E, , and &8', are the re-
lated quantities in the laboratory system. These
values were obtained by unfolding the Auger spec-
tra. Some results are given in Table III for ob-
servation angles of 30' and 150'. Integration of the
spectra observed at 90 or 96.6'yields the sum
21, , = I, ~ I, In. Table III the value I, ,,(9 0') was
used to normalize I, and I, for a given T~. Un-
certainties in I,/I, ,, are typically +10/z. Uncer-
tainties in the ratio of I, and I, for a given angle
are generally smaller than ~10% since these num-
bers were obtained from one spectrum. Uncer-
tainties of +3 and +4 eV were estimated for the
fitted energy E, and width &@',, respectively.

Using Etl. (2), the rest-frame energy E& was de-
rived from EJ, and is shown in Fig. 4(a). Hecalling
that the energy E,' is a measure for the degree of
outer-shell ionization, we can summarize the data
as follows:

(a) Hest-frame energies of the Auger peaks ob-
served at 30' and 150' are equal within the experi-
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760
P T

~750—

I
C
hl

:p 7IO—
0
C

O
I

~~ 730—
a) Ne2'

I.O—
2+

3.5—

g 3.0—

2.0—
e'

0.5 1.0 1.5

Ne Energy [MeV]

Matthews et at.

2.0

FIG. 4. Centroid energy of Auger peaks and mean
outer-shell charge state as a function of the energy of
Ne, Ne+, and Ne + incident on Ne. (a) Centroid energy
Z'. of an Auger electron ejected in the rest frame of the
corresponding emitter particles. Labels P and T denote
the projectile and the target, respectively. Laboratory
observation angles are 80, 90', 96.6', and 150', as in-
dicated. Labels A and B denote apparatus used at Aar-
hus and Berlin, respectively. (b) The average number
n; (i= X, A, and C) of outer-shell vacancies simultan-
eously produced with a E-shell vacancy in the projec-
tile or target atom. n~ is derived from the Auger cen-
troid energies E,', nz is obtained from x-ray spectra in
Ref. 19, and nz is derived in the Appendix using data
from Ref. 10 (see text).

mental uncertainties, as expected. This finding
confirms the results of Table I for kinematic pa-
rameters used to convert the laboratory energies
into the rest-frame energies. Alternatively, if
the kinematic parameters are not known, mea-
surements of Auger energies can be used to derive
these parameters, such as projectile scattering
angle or recoil energy. These quantities can fur-
ther be used to obtain information about the scat-
tering potential.

(b) Auger ene-rgy shifts are only slightly dif-
ferent when Ne', Ne, or Ne' are used as pro-
jectiles. This shows that the number of outer-
shell vacancies produced in the collision is only
weakly dependent of the incident charge state.

(c) The centroid energy of the Auger peaks from
the projectile and the target are equal in the energy

range of 60-600 keV, indicating that the incident
charge-state difference is not preserved in the
collision. The projectile Auger peak observed
in the range of 600-2000 keV suggests that the
energy E,' [not plotted in Fig. 4(a)] is slightly lower
than the corresponding E2 of the target; this dif-
ference increases with increasing incident energy.
Although the uncertainty of the centroid energy
does not allow a definite conclusion, the data give
some indication that the incident charge state dif-
ference is slightly preserved in high-energy colli-
sions. This might be expected when the quasi-
molecular model of the collision breaks down. Re-
cently, Stolterfoht et al."have shown, for 30-
MeV 0' +0, collisions, that the post-collision
charge state of the projectile is considerably high-
er than that of the target.

(d) The centroid energy Eq decreases as the Ne
energy increases, indicating that the degree of
outer-shell ionization varies noticeably in the
studied energy range.

The centroid energy of the Auger spectra can be
used to estimate the degree of outer-shell ioniza-
tion before the Auger transition. To do this, we
denote the mean number of electrons removed
from the L shell as n~, where the index A refers
to the method of Auger-electron spectroscopy used
to estimate the degree of I -shell ionization. (Be-
low we shall see that there are other methods for
making this analysis which treat electrons excited
to upper bound states differently. ) Assuming a
one-to-one correspondence between n„and the
Auger centroid energy E,', one can draw a smooth
curve through the data points given by n„=0.23,
2.9, and -6 vs E,'-=791, 746, and 677 eV for 4-
MeV H', 50-MeV 0', and 50-MeV Cl"' incident
on Ne, respectively (see Fig. 1}. From this cor-
respondence and the data for E,' given in Fig. 4(a),
the charge-state values were estimated as plotted
in Fig. 4(b}. (It was found that the uncertainty of
&~ for Cl+Ne is not significant for the present
analysis. ) The curves show that n„ increases from
2.5 to 3.6 as the Ne' energy increases from 0.1
to 2 MeV. Moreover, slightly higher and lower
&~ are produced by Ne' and Ne', respectively.

In Fig. 4(b), the n„are compared with experi-
mental results as obtained using different methods.
n~ is the mean number of outer-shell vacancies
as obtained from the charge-state and energy-loss
measurements by Fastrup et al "(see the App. en-
dix}. We note that nc represents the mean number
of electrons removed into the continuum, i.e.,
electrons excited to upper bound states are not
taken into account. In Fig. 4(b), n» are obtained
from high-resolution x-ray measurements. " Tran-
sition energies of x rays are primarily sensitive
to electrons missing from the I shell, regardless
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of whether they are removed to bound states or
the continuum. Thus, in the case of x-ray spec-
troscopy, electrons excited to bound states can
approximately be treated as if they have been re-
moved to the continuum. The difference in ic and
n~ might reflect the mean number of electrons ex-
cited to bound states. " The data for &~ are based
primarily on n~ =2.9 for 30-MeV 0' +Ne, which
is supposed" to represent the mean number of
I--shell vacancies as n~ does. The discrepancies
between &„and n~ are within the uncertainties of
the two methods used for the analysis.

C, Electron angular distribution and E-vacancy sharing

80—

P T

(0 ~ 300
Ne+

15P o

s 70

60

50
0

I

100
I I I

200 300 L 00
Ne Energy [keV]

I

500 600

FIG. 5. Width AW', of Auger peaks from the projectile
(P) and the target (T) as a function of the energy of Ne+
incident on Ne. Data are from Berlin. 6 8", refers to
the rest frame of the corresponding emitter particle.
Laboratory observation angles are 30' and 150, as indi-
cated.

First, a few remarks about the width of the
Auger peaks are in order. There are several
broadening effects present in Ne+Ne collisions.
This broadening produces widths of -20 to -40 eV
in spectra observed at 30' (or 150') for 50- to 500-
keV Ne+Ne, respectively, whereas the total width
of a'Ne+Ne Auger group is -60 eV. Thus, as-
suming the widths to add in quadrature, it is not
expected that the broadening effects considerably
influence the over-all shape of the spectra. In
particular, the difference in the widths of 54 and
70 e V for Auger spectra observed at 30' and 150',
respectively, for 600-keV Ne+Ne, is not under-
stood in terms of the broadening effects described
by Eqs. (3). This difference must be explained
by a transformation of the frame of reference. For
a given incident energy, the widths ~W,'. of Auger
peaks observed in the rest frame of the emitter
particles are actually found to be equal within the
experimental uncertainties as seen in Fig. 5.
Transformation into the laboratory system

"stretches" or "compresses" the Auger peaks as
they are shifted to lower or higher energies, re-
spectively. It should be noted that broadening
effects according to Eqs. (3) do wash out spectral
structures, whereas "stretching" leaves intrinsic
structures unchanged. Figure 5 shows that for
the total width of the Auger groups, broadening
effects are significant only at low incident ener-
gies. Here, the magnitude of &W,' is equal to that
which one would expect from the total Auger group
width and the kinematical width added in quadra-
ture.

It has often been assumed that emission of &-~I
Auger electrons is isotropic in ion-atom colli-
sions. ' In principle, this might not be true for
initial states with angular momentum ~& &, as
shown previously for Ar I,-shell excitation. " In
the case of K-shell ionization, the initial angular
momentum is J = z, if the outer shell remains un-
disturbed in the collision. However, because of
the strong outer-shell ionization in Ne+Ne colli-
sions, it is certain that some initial states with 0 & 2

are produced, and consequently, Auger-electron
emission might not be isotropic. The angular dis-
tribution of Auger electrons is generally de-
scribed" by a+&cos'(9, where a and & are con-
stants, so that the (rest-frame) intensities of the
Auger peaks are equal for a pair of observation angles
symmetric to 90, and a possible anisotropy can be
studied by comparing I](30')or I&(150')with IJ(90').
In the following we use the average value I,'. (30',
150') =-,'[I,'(30')+ I](150')] to reduce experimental
uncertainties. With the centroid energies E, from
Table III, it can be shown by means of Eq. (1)
that kinematic effects nearly cancel as intensities
are summed for a symmetric pair of angles, i.e.,
I,'(30')+I,'(150')=I;(30')+I,(150'). (This approxi-
mation is accurate to within 1'% for the cases
studied here. ) It follows that I,'(30', 150')/I,'. (90')
= [l,.(30')+I,(150 ')]/[I, (90')+I, (90')], where we
used I,'(90') = I;(90') [see Eq. (1)], and I,'(90')
= I,'(90') as shown below. Figure 6(a) indicates
that I,'. (30', 150')/I,'(90') is 1.0 within experimental
uncertainties. This demonstrates the isotropic
Auger emission from both the projectile and the
target atom in the studied energy range.

Recently, vacancy sharing between projectile
and target atoms has been studied in asymmetric
collisions. ' ' Meyerhof' has suggested that the
sharing deviates strongly from unity as the energy
separation of the 2Po and 1sa MO's increases at
large internuclear distances &. For Ne+Ne, the
2Pv and 1so MO's are degenerate at large &. This
degeneracy may be removed if the precollision
charge-state difference is preserved during the
collision. " In this case, K-shell vacancies may
not be equally shared between Ne projectile and
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D. Total cross sections

Total cross sections for production of x rays
and Auger electrons were derived by numerical
integration of the corresponding spectra. Both
x rays and Auger electrons were assumed to be
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FIG. 6. Angular distribution of Auger electrons and
K-shell vacancy sharing between projectile and target
atom as a function of the impact energy in Ne+ (Ne2+)

+ Ne collisions. Data are from Berlin. (a) The inten-
sity ratio I', (30',150')/I&(90 ) of Auger peaks observed
at 30', 150, and 90', where I (30, 150 ) =2[I,'(30')
+ I,'(150')]. Labels P and T denote the projectile and
the target, respectively. (b) The intensity ratio I~(30',
150 )/I2(30, 150') of Auger peaks from the projectile
and the target. Peak intensities refer to the rest frame
of the corresponding emitter particle.

target atom. The preservation of the precollision
charge-state difference and the nonequal vacancy
sharing has previously been observed in 30-MeV
0' +0, collisions. " A possible nonequal vacancy
sharing can be studied by comparing the Auger
intensities I,' and I,'. In Fig. 6(b), the ratio
I,'(30', 150')/I,'(30', 150') is plotted. The data show
that the sharing ratio is 1e0 within the experimen-
tal uncertainties, indicating that for 50-500 keV,
the &-shell vacancies are equally distributed in

projectile and target atom. This result is con-
sistent with the observation that the post-collision
charge states of projectile and recoil atom are
equal.
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FIG. 7. Total cross section o~ for Auger-electron
production in Ne'++ Ne collisions with i =0, 1, and 2,
as a function of the impact energy. Labels (A) and (B)
denote apparatus used in Aarhus and Berlin, respective-
ly. The results by Cacak et al. are from Ref. 7.

emitted isotropically. Before integration, the
spectra were corrected for background and the
anisotropy inducedby the kinematics of the colli-
sion. The background in the spectra was deter-
mined by fitting a second-order polynomial to the
logarithm of the spectral intensities in the regions
of the x.-ray or Auger-electron peaks. "

In Table IV are given the total cross sections
o'„' and ax for production of Auger electrons and
x rays by Ne' impact with i =0, 1, and 2. The
error in the absolute cross sections is +15%,
which is primarily caused by uncertainties in the
determination of the target gas pressure and the de-
tector efficiency. The relative uncertainty in the
cross sections with respect to the variation of the pro-
jectile energy or charge state is typically +10%
due to counting statistics, beam integration, and
background subtraction. In Figs. 7 and 8, a'& and
ox' are compared with data measured previously.
Taking into account the combined uncertainties
of the results obtained at different laboratories,
it is seen that the present cross sections agree
for the most part with the earlier data in the re-
gion of overlap.

The measurements of x-ray and Auger-electron
cross sections can be used to obtain total cross
sections a~ for &-shell ionization:



N, STQLTERFOHT et g L .

i iaz =~x+&~ ~

Single x-ray and Auger decay are in first order,
the only decay modes for atoms being ionized in
the & shell. Thus, we neglect second-order ef-
fects such as double-Auger decay which was
found to be a contribution of less than 10% for
Ne." Figure 9 shows the cross sections o~, which
can be compared with cross sections calculated
by Briggs and Macek. "" It should be noted that in
the earlier results' particle trajectories were
calculated using a simple Coulomb scattering po-
tential. Such a potential overestimates the repul-
sion between the particles; hence these results do
not reproduce the threshold behavior of the cross
section correctly. 4' In Fig. 9, improved theo-
retical data are given below 400 keV as calculated
more recently by Briggs. 4' The analysis was made
with a screened Bohr potential, and using 2Pn-2Po
energies and coupling appropriate for Ne -Ne.
Above 400 keV, scaled D -D results are given as
in the earlier work. ' (Scaled O' Dresult-s of
Vaaben-Andersen, "who performed exact one-
electron calculations and also used a screened Bohr
potential, agree well with the data of Briggs. ) It

can be seen that excellent agreement is found be-
tween theoretical and experimental results near the
K ionization threshold. The theoretical and experi-
mental cross sections begin to disagree above
200 keV, and at 1 MeV the calculated cross sec-
tions are a factor of 1.5 lower than the experi-
mental results. The major reason for these dis-
crepancies is that the calculations are based on a
two-state theory which is expected to be invalid
at high collision velocities, as discussed in Sec.
IV E.

E. Exit —channel effect

In the production of a & vacancy, essentially
two successive processes are involved. First, an
initial 2P vacancy may become a molecular 2Pn
vacancy; the probability for this to happen is
known as the 2P n-vacancy occupation probability.
The number of resulting 2Pn vacancies is the 2Pm
vacancy-occupation number ~;, where the index
i refers to the number of initial 2P vacancies, the
charge state of the incident particle. The N, have
been calculated by Macek and Briggs' to be 0, -', ,
and —', for i =0, 1, and 2, respectively. Secondly,

TABLE Iv. Cross sections vA', GA', and PA2 for Auger~lectron production by Ne', Ne', and Ne'+ impact, respectively
and cross section ox for x-ray production by Ne+. Also, OX=91x10 cm and 0&=29.5x10 cm were measured at
Berlin for 500-keV Ne2++ Ne.

To
(keV) p cm2) a

i

(10 0 cm (1p-20 cm2) b

2

(1p cm2) a
ax

(10 22 cm2) b

45
50
55
60
70
75
80
90

100
120
150
200
250
300
400
500
600
750

1000
1250
1500
1750
2000
2250

0.074

0.193

0.437

1.43
2.86

5.3
8.3

11.p

17.9
26.2

38.5

54
55

0.095
0.22
0.46
0.74

1.68
2.16
2.86
3.69

6.4
8.3

11.0
14.7
17.1

22.9
30.1
36.4
40
53
59
64

0.27

0.74
1.37

3.77
5.2
6.3
8.1
9.3

10.6
13.9
16.3
19.9

3.53

7.5

12.1

22,9
25.1
27.3

35.6
41

51
61
66
76

0.58

1.67
3.18

9.1
12.6
15.6
22.1
24.7
30.3
41
50
62

' Aarhus.
Berlin.
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a rotational coupling, at small internuclear sepa-
rations, between the almost-degenerate 2P~ and
2Po MO's may transfer the 2Pm' vacancy down into
the 2Pv MO. This process is characterized by
0„,, the rotational coupling cross section. The
two processes are combined into the following ex-
pression for the K-shell ionization cross section:

i
O~ ——N; Vro, . (5a)

As a result of this description, Ne', Ne, and
Ne' impacts on Ne should give ratios of o~ which
are 2:1:0, respectively. '

The exit-channel effect, well documented at low
collision veloc ities, "' rapidly loses signif icance
with increasing velocity. " This breakdown of the
exit-channel effect takes place in a well-defined
velocity range (0.4-0.7 a.u. ) for the first-row
atoms, " and is explained in the following manner.
As the collision velocity is raised, long-range
couplings between outer MO's become increasingly
important, so that vacancies from empty or partly
filled MO's may be transferred into the 2Pn MO
with appreciable probability. These dynamic cou-
plings that take place at an early stage of the col-
lision add a velocity-dependent component N;(v)

to the previously defined (static) vacancy-occupa-
tion number N';: N; =N, +N. , (v), and accordingly,
Eq. (5a) must be modified to

o'~ =[N;+N~(v)] o„, (5b)

Here, N, (v) decreases toward zero for small v,
and N0, ~ and N2 are 0, —', , and —', , respectively,
as stated above.

From the data in Table IV we derived the ratios
p, o =or/o~ and p, , =ox/o~r. (In this section we set
the ionization cross section o~ and the Auger-elec-
tron-production cross section o„' to be equal. ) The

P, ,~ data are shown in Fig. 10. We note that P, ,
is 10 at 60 keV (v =0.346 a.u. ) but drops drastically
towards unity as the velocity is raised. At 200 keV
it is reduced to 2.9. This value is 70/0 higher
than the earlier result of 1/0. 6 =1.67 obtained by
McCaughey et al. ' At present we are unable to
explain this discrepancy, which would appear to be
outside the experimental uncertainties. Similarly,
the P, , data, which start off at P2,, =2 at small
velocities, decrease toward unity as the collision
velocity is raised.

To evaluate N, (v) from the experimental data
by means of Eq. (5b), we have incorporated theo-
retical values of o„,. The two-state calculations
by Briggs ' and Vaaben-Andersen ' on o'z were
based on a constant N, =N', =—', , and hence o„& are
obtained directly by means of Eq. (5a). The ex-
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Macek are from Refs. 8 and 41.
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cellent agreement between experimental and theo-
retical o~ below 200 keV shows that ~,' is —', within
a few percent. Further, since P, , =2 at low ve-
locities, it also follows that ~ =—', to within a few
percent. We notice that these values for ~i com-
ply with a symmetric collision system and that the
initial charge state of one of the collision partners

Ve"+Ne

10
z

does not alter this fact. The surprisingly good
agreement between theory and experiment at low
velocities makes it tempting to adopt the theo-
retical v„t data also at higher velocities. In doing

so, however, we should bear in mind that as the
velocity is raised, not only is the tail of the rota-
tional-coupling element at larger R becoming in-
creasingly important but also the effective trans-
lational factors being used. Hence, the theoretical
curve may be less reliable at higher velocities.
However, theoretical studies of Vaaben-Ander-
sen, 4' where various reasonable coupling elements
and translational factors have been used, suggest
that the theoretical data are reliable to within
-10/p. Having set the a„t curve, we can now use
E11. (5b) to derive the dynamic vacancy-occupation
number N, (u) over the m. easured velocity range,
i.e., up to 2.1 a.u. The N, (v) data have been fitted
by a least-squares fit to the following expression
as similarly proposed by Barat and Lichten4 and

by Meyerhof

N, (U) =A1e '1~". (6)

I=2

I=O

Except at very small v (v &0.5 a.u. or E&125 kep),
the N, (U) data fit such a relationship very well, as
shown in Fig. 11. The constants used in Eq. (6) are
A =1.0, A., =1.28, and A, =1.1, and c =1.85 a.u. ,
c, =3.0 a.u. , and c, =3.4 a.u.

10
1.0

I

1.5

(1/vj a.u.

2.0 2.5

I'IG. 11. Vacancy-occupation number N;(v) (i =0, 1,
and 2) of the 2p7I MO in Ne'++ Ne collisions vs the in-
verse projectile velocity. Data are from Aarhus. The
solid lines are fits N&(v) =A; '&" with A; and c& given
in the text.

3.0
F. Fluorescence yields

Cross sections for x-ray and Auger-electron
production can be used to derive the fluorescence
yield averaged over the various states of the ex-
cited ion produced in the collision:

&ir =o'x~(ox+o~) ~
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where ~~ is the mean fluorescence yield resulting
from Ne" +Ne collisions. In Fig. 12 experimental
results are given for ~~~. The data were obtained
from o'„measured at Aarhus and ox' reported else-
where. ""Furthermore, values for co~ were de-
duced from o~ and 0'„' measured simultaneously at
Berlin. In Fig. 12 are also given fluorescence
yields for H' impact. The uncertainty in the
absolute values of the fluorescence yield is about
+25%. The relative error in &u~r with respect to a
variation of the projectile energy and charge state
is about +15/o for the simultaneous measurements
of the cross sections. The relative error is ex-
pected to be larger than +15% when cross sections
from different laboratories are combined. In par-
ticular, systematic errors may be significant at
the ionization. threshold, since in this region the
experimental data are strongly dependent on the
energy calibration of the ion accelerator used.
Tawara et al."combined their results with those
of Cacak et a~.' and reported fluorescence yields
which are higher by a factor of -1.7 than the pres-
ent data for 100- and 200-keV Ne +Ne. This dis-
crepancy, however, is still within the large un-
certainties quoted by Tawara et al."

The fluorescence yield for Ne" +Ne can be ob-
tained by comparing a'„ from Table IV and ox re-
ported by Tawara et a/." It is found that co~ is
-15% higher than ~'„at corresponding energies.
Since this deviation lies within the experimental
uncertainties, we cannot definitely conclude that
~~ is higher than ~~~. The fluorescence yield
~~ =0.030 was measured at Berlin for 500-keV
Ne +, in agreement with w~ =0.029 for that energy.
The difference in the outer-shell charge state
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FIG. 12. Mean Ne K-shell fluorescence yield for Ne
and H+ incident on Ne. Data labeled by A& and A2 are a
comparison of Auger-production cross sections mea-
sured at Aarhus and x-ray production cross sections
taken from Refs. 16 and 18, respectively. Label 8 re-
fers to data measured at Berlin.

produced by Ne and Ne' is relatively small at
energies &500 keV [see Fig. 4(b)], so that no signif-
icant deviation between ~~ and co~ is expected in
the studied energy range.

Above -100 keV, the fluorescence yield in Fig.
12 shows a smooth increase with increasing Ne ion
energy. This variation is qualitatively understood
by the variation of the outer-shell charge state
produced. The influence of outer-shell ionization
on the fluorescence yield has previously been pre-
dicted, ""and recently, fluorescence yields &ux(n)

for specific vacancy states &L" have been re-
ported. ""' Thefluorescence yield determined in

this study is a mean value ver = Q„q„~r(n), where
q„ is the probability for producing the KI-" states.
This expression can be used to verify the proba-
bility q„by comparing experimental and calculated
cu~r. The probabilities Pr(n) for removal of + L-
shell electrons into the continuum are deduced in the
Appendix. Moreover, probabilities for production
of KL" states were determined from x-ray spec-
tra, " i.e., v'„/Q„o„, in the notation of Ref. 19.
The o„/Q„o„differ significantly from Px(&), as
demonstrated in Fig. 4(b) by means of the corre-
sponding average numbers &~ and nx. Above, this
was attributed to electron excitation to upper bound
states which leaves n~ unchanged, whereas it
probably increases nx. Similarly, we find discre-
pancies in ~~r calculated by replacing q„by Pr(&)
or o„/g„o„'. As an example, for 400-keV Ne'+Ne,
we obtain +~=0.021 and 0.030, respectively, using
&u„(n) by Stolterfoht et al.2' It is seen that the ~»
derived from the x-ray data compare well with the
present experimental value of ~~ =0.029. This
shows that p„ is more adequately represented by
o~/Q„o„' rather than by Pr(n). This in turn suggests
that the fluorescence yield is primarily deter-
mined by the number of I--shell vacancies and is
only weakly dependent on whether the correspond-
ing electrons are removed to upper bound states
or into the continuum.

In Fig. 12 the fluorescence yield appears to drop
rapidly at the excitation threshold. For 45-keV
Ne, the fluorescence yield ~~ is lower by a fac-
tor of -2 than the corresponding value at 50 keV.
A similar variation of the Ne & fluorescence yield
has previously been observed by Saris and Onder-
delinden" and Tawara et al. ,

"who both compared
cross sections measured at different laboratories.
In this case, fluorescence yields determined at
threshold are rather uncertain, as mentioned
above. Although the results from Berlin for the
simultaneous measurement of the cross sections
also give slight indication for a possible drop of
the fluorescence yield at ionization threshold, it
is not certain whether the factor of 2 variations
between 45 and 50 keV is a real effect. We suggest
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that further measurements of the fluorescence
yield are needed near the ionization threshold.

V. COMMENTS AND CONCLUSIONS

In this work, Auger-electron and x-ray produc-
tion is measured in slow Ne+Ne collisions. Data
from two laboratories are combined to give re-
sults for various experimental parameters, such
as the electron observation angle or energy and
the charge-state of the incident ion. The interpre-
tation of the experimental observations is based on
the molecular-orbital (MO) model, which is ex-
pected to be applicable in the studied energy range.
Collision kinematics are studied in some detail
to make possible an adequate analysis of the Auger
spectra. The data yield results for inner-shell
excitation as well as simultaneous ionization of
outer-shell electrons. Particular attention is
given to outer-shell ionization influencing the
production of inner-shell vacancies as well as the
subsequent emission of Auger electrons, i.e., K-
shell ionization cross section, the mean fluores-
cence yield, angular distribution of Auger elec-
trons, etc.

Information regarding outer-shell ionization in
K-shell ionization collisions are extracted from
the centroid energy of the Auger spectra. Here,
the major observations are: (a) Various electrons
are removed from the L shell during the collision.
The mean number of L-shell vacancies observed
in the particle with the K-shell vacancy is 2.5 to
3.6 as the Ne' energy increases from 100 keV to
2 MeV. (b) The incident charge state of the pro-
jectile has no significant influence on the charge
state of the collision products. (c) The precolli-
sion charge-state difference between target and
projectile is not preserved during the collision,
i.e., the post-collision charge states are equal for
the two particles. Hence, it follows that a certain
number of electrons (or vacancies) cannot be
specified as belonging to one particle during the
collision. This is an observation confirming the
molecular nature of the collision, which is the
basis for the MO model. (Slight deviations might
appear at the high-energy limit of 2 MeV studied
here. )

Because of the high degree of outer-shell ioniza-
tion, the ejection of the &-LI- Auger-electrons
might not be isotropic. However, such an effect
was not observed in the present study. Hence, a
possible alignment of the emitter is probably weak
due to the averaging effect over the large number
of multiplet states produced. To further investi-
gate a possible anisotropy of &-LI- electron emis-
sion, it is necessary to study specific multiplet
states. This may be done by picking out certain

satellite lines in higher-resolution spectra, as
measured recently. "'"

It might be argued that outer-shell ionization
influences the &-shell vacancy sharing between the
two collision partners. The model by Meyerhof"
predicts that vacancy sharing is strongly dependent
on the &-shell binding energies of both collision
partners, which might be altered differently when
the collision partners carry different numbers of
electrons. " Such effects may be expected when
the precollision charge-state difference is pre-
served during the collision. A good indication for
this to happen would be that, on the average,
target and projectile have different post-collision
charge states. Indeed, partial preservation of
charge-state differences and deviations from equal
vacancy sharing have been observed in symmetric
high-energy collisions. " However, in the present
energy range, such effects were not observed.

It might further be argued that, in this work,
equal charge states are only observed averaging
over several collision products. Singular cases
are expected where the post-collision charge states
differ significantly and, there, vacancy sharing
might not be equal. To verify this possibility,
specific coincidence experiments are required;
our experimental method does not allow for such
a detailed analysis. However, theoretical con-
siderations indicate that such effects are unlikely
at lower energies for which the MO model is valid.
Formation of specific atomic outer-shell charge
states is probably best described by a statistical
distribution process. This is expected to take
place at large internuclear distances as the par-
ticles separate. At intermediate distances, where
no specific atomic charge states are formed, the
2P0 and iso' MO's are probably degenerate; this
picture of the collision most likely suggests that
& vacancies are equally shared, even when indivi-
dual charge states of the collision products are
quite different. Measurements of post-collisional
charge states and K-shell vacancy sharing are
expected to be sensitive tests for the breakdown
of the MO model at higher energies. We suggest
that Ne+Ne collision experiments are required in
the energy range of 2-30 MeV.

Outer-shell excitation affects the total cross
section for K-shell ionization. These cross sec-
tions were found to be in excellent agreement with
a two-state rotational-coupling theory at the ion-
ization threshold. However, at higher energies
discrepancies appear as additional electrons are
removed from the 2Prr MO in the incoming part
of the collision. Using the theoretical cross sec-
tions from the two-state model, we were able to
derive N, (v), the dynamic vacancy-occupation num-
ber, which apparently results from long-range
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interactions between outer MO's. Experimen-
tally, we found N, (v) to obey an expression of
the form N, (v) =A. ;e '& ", where A; and c; depend
on the charge state of the incoming particles. By
adopting a reasonable model for the creation of
2Pr vacancies due to long-range interactions be-
tween outer MO's, one may be able to remove
some of the charge-state dependence of A. ; and c, .
It has been suggested by Meyerhof that his success-
ful & vacancy-sharing formula may also be ap-
plicable to the outer shells. " Meyerhof's model
predicts an exponenti. al -1/v dependence of the
vacancy-occupation probability, in agreement with
our empirical formula for N, (v}. However, we
expect that the interactions among outer MO's,
leading to additional formation of 2Pr vacancies,
are far more complicated than anticipated in the
Meyerhof model. Hence, we may suggest that the
exponential -1/v expression is valid under more
general assumptions than incorporated in Meyer-
hof's model.
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APPENDIX: THE EXCITATION PROBABILITIES, P (n)

The probabilities P, (m) for producing the final
charge states m of the projectile in Ne'-Ne colli-
sions have been measured by Fastrup et al." The
data were obtained for collisions which produce
I-shell ionization alone, i =I, and for I -shell
ionization plus a single K-shell excitation, i =II.
Since the Auger transition, which predominantly
(97%%uo) fills the K vacancy, occurs prior to the
P»(m} measurements, and since the K vacancy via
the 2PO-2Pn coupling ends up in the L shell of either
of the collision partners, these distributions P;(m)
do not directly provide the quantities relevant to
the x-ray and Auger spectra analysis. Needed,
rather, are the probabilities for producing the
initial defect configuration, where one K vacancy
and n L vacancies are excited. In this appendix
we show that the probability Pr(n} for removal of
one & electron and n L-shell electrons into the
continuum can be determined from the P, (m), pro-
viding certain simplifying assumptions about the
collision process are made. (We note that in this
definition of Pr(n), electrons being excited to upper
bound states are not accounted for. } The major
assumptions are: (i) The promoted K electron in
a collision of type II becomes an L electron of one
of the collision partners, and (ii) Apart from pro-
cess (i), the removal of L-shell electrons and the

promotion of the & electron are independent pro-
cesses. We also neglect the effects of the -3%%u»

x-ray branch, and carry out the analysis only for
the projectile; from the symmetry of the colli-
sion, the results are equally valid for the K va-
cancy production in the target recoil.

In a collision of type I no & vacancy is produced,
and the defect distribution in outer shells is im-
mediately seen to be given by P, (n). From this we
may easily construct the outer-shell defect dis-
tribution Pr(n} for the case where a K vacancy had
been produced in the projectile. In doing so, we
must, however, bear in mind that the promoted
& electron has the probability 0. to become an I
electron in the projectile and thereby reduces the
original defect configuration by unity, i.e.,

P (n) = (1 —n)P, (n) nP, (n 1). (Al)

Let us now consider a collision of type II, where
a & vacancy has been produced with equal proba-
bility in either the projectile or the recoil atom.
If a K vacancy has been created in the projectile,
its outer-shell defect distribution is given before
Auger decay by Pr(n). After the Auger process,
the outer-shell charge state is increased by 2.
One outer-shell electron is emitted and one outer-
shell electron has been transfered to the E shell
to fill the vacancy there. Since half of the colli-
sions lead to the creation of a & vacancy in the
projectile, we have

P„(n i2) =—,'P, (ni2)+ 2'(n), — (A2)

where P0(n+2} is the defect distribution of the pro-
jectile in case the K vacancy is produced in the
recoil atom. We cannot immediately set P, (n+2)
equal to P(n+2), because the & electron promoted
from the recoil atom may end up as an I- electron
in the projectile and thereby reduce the defect
configuration by unity. The probability for this
to happen is (1 —n). Thus, we obtain

P, (n + 2) = nP, (n + 2) + (1 —n) P, (n + 3).

Substitution of Eq. (A3) into Eq. (A2) yields

(A3)

Pz(n) =2P„(n+2) —aP, (n+2) —(1 —n)P, (n+3).

(A4)

Since at least two outer-shell electrons are in-
volved in an Auger process, it follows that O-m&6.
When n=6, the last term in Eq. (A4) vanishes,
and P, (6) =2P„(8)—P(8). The distributions P(m)
and P„(m) are both normalized when summed over
all m, i.e., 0~m ~8. Consequently, P~(n) derived
from either Eq. (Al) or Eq. (A4) are not automat-
ically normalized, and care must be taken with
renormalization so that Q„Pr(n) =1.

We have yet to determine the probability n. Two
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and

Pr(n} =P, (n+1) (A5)

limiting possibilities exist here. If the MO corre-
lations are unchanged by the creation of a & va-
cancy, we expect that the promoted E electron
will have equal chances of being attached to the
projectile or the recoil atom. This is the same as
setting Q. = 2. If, however, the creation of a K
vacancy in one of the collision partners produces
an asymmetry in the MO correlations, we may
expect that the promoted & electron following the
2Pn MO will go to the partner which has the K
vacancy, i.e., n =1. This effect, called "dynamic
swapping,

" was introduced earlier to explain
anomalies in the charge-state distributions of
asymmetric systems. ' Therefore, we expect that
0.5~ o. ~1. To determine n, we combine Eqs. (Al)
and (A4), obtaining a relation where Px(n) is elimi-
nated. The resulting equation can then be solved
for n by using the measured P, (m) data. . Such an

analysis yields an average value of o. =0.91. (For
simplicity, we set approximately +=1 in the fol-
lowing. ) This means that "dynamic swapping"
occurs also in the case of symmetric collisions.
Equations (A1) and (A4) now take the form

TABLE V. Probabilities Pz(n) for simultaneous ion-
ization of one X-shell electron and n outer-shell elec-
trons in 150-400-keV Ne + Ne collisions and mean
outer-shell charge state nc = Q„nP&(n). Data are
based on results from Ref. 10, see text.

Tp P~(n) PK(n) PK{n) PK(n) PK(n)
(keV) n =0 n= 1 n=2 n =3 n =4

150 0.033 0.22 0.53 0.21 0.007 2.01
200 0.031 0.20 0.52 0.24 0.010 2.04
300 0.023 0.175 0.49 0.29 0.024 2.08
400 0.020 0.105 0.47 0.32 0.031 '2.19

For the mean charge states we get, correspond-
ingly,

1
mg m$ +

where

(AB)

m) — II m
n=o

From Eqs. (A5) and (A6) follow the approximate
formulas for the mean number nc = Q„nPz(n) of
outer-she1. 1 vacancies produced before Auger de-
cay,

Pr(n) =2P„(n+2}-P,(n+2) . (AB)
~c = ~i —1 and nc =2m» —m~ —2 (A9)

It follows directly from these equations that

P„(m+1)=-,'P(m)+ ,'P(m+1). - (AV)

In Table V are given the P~(n) and nc as obtained
by Eqs. (A5), (A6), and (A9) using experimental
P&(m) of Fastrup et al. 'c for T,P, =2000 keVdeg.
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