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The inelastic energy-loss distribution Q has been measured for single large-angle collisions
between argon atoms and incident projectile ions with atomic numbers Z& ranging from 13 to 25.
The data are obtained by measuring the energy and scattering angle of the scattered incident
particle. This method provides well-resolved Q spectra, being almost undisturbed by thermal
target motion. In all cases studied, the Q value exhibits a sudden change and a triple-peaked
structure in a narrow range of distance of closest approach ro. The location of the three peaks

Q&, Q», and Qz«varies with ro, but their energy separations remain independent of ro. For
the heteronuclear collisions reported here, the values of the Q-peak separations suggest that

Q» and Q&&& correspond to the production of one and two I-2 & vacancies, respectively, in one
of the colliding particles, viz. , the one with the lower atomic number. This is further support-
ed by studies of Auger electrons emitted in the collisions.

I ~ INTRODUCTION

In the last few years, measurements of inelastic
energy loss in violent heavy-ion-atom collisions,
where inner shells begin to interpenetrate, have be-
come a field of great interest. These studies,
combined with spectroscopic investigations of the
resulting excitations, have given valuable insight
into the dynamics of many-electron excitations in
heavy atoms.

The original coincidence measurements by
Afrosimov et al. ' and Kessel and co-workers on
inelastic energy loss in Ar'-Ar collisions revealed
a triple-peaked Q structure in a narrow range of dis-
tances of closest approach around ro= 0. 24 A. The
Ar'-Ar data and the more recent Ne'-Ne data in
Kessel et al. , 3 where similar peculiar structures
were seen around ro= 0. 06 A, were analyzed by
Fano and Lichten and by Lichten within the frame-
work of the molecular-orbital (MO) model for homo-
nuclear systems. The triple-peaked structure in the
Ar'-Ar collisions was explained as being the result
of the promotion of one or two L2 3 electrons to cer-
tain excited states in the colliding particles. In the
MO model, which is essentially based on an adiabat-
ic MO calculation for the H~ system at various in-
teratomic separation distances, Fano and Lichten
assumed that dynamic transitions (so-called diabat-
ic transitions) could occur during the collision. In
the pure adiabatic case, these transitions are
otherwise forbidden by the noncrossing rule of
molecular orbitals.

Recently, very precise data by Afrosimov et al.
on Ar'-Ar collisions at 25 keV and 16 scattering
angle have shown that the energy separations be-
tween the three Q peaks (q»- Q, and Q», —Q») nicely
match the binding energy of an Lz 3 electron in ar-
gon. These data, which are in good agreement with

the data reported here, are consistent with the MO
model, wherein a 4fo„orbital crosses several or-
bitals, and thereby one or two electrons are pro-
moted from the atomic Lz 3 subshells to excited
states. This leaves either one or both colliding
particles with an L2 3 vacancy. The range of ro val-
ues, where the MO promotions occur, seems to
shift slightly toward higher ro values with increas-
ing velocity of the incident ions.

Besides inner-shell excitations, the collisions
produce very complex excitations in the outer shell
(up to a couple of hundred eV of excitation energy).
These excitations, which are far above the ioniza-
tion threshold, decay through fast autoionization
transitions, causing the ejection of one or more M
electrons. By statistical reasoning, Russek and
Meli estimated the final charge-state distributions
of the colliding particles, and good over-all agree-
ment with experimental data was achieved. The
coincidence measurements on Ar'-Ar by Kessel and
co-workers showed that the charge states of the
two scattered particles are roughly uncorrelated
except for collisions where the excitation is of type
Q&&, in which case a special correlation exists.

Other Q measurements on heavy-ion collisions
with Ar as one of the collision partners have been
performed by Snoek et al. (Ar'-Cu), Kessel
(Ne'-Ar), Bingham' (O'-Ar), Afrosimov et al. "
(Ne'-Ar), and Knystautas et al. '2(N'-Ar). By
means of recoil-scattering cross-section data,
Loftager and Hermann' have indirectly studied Q
structure in P', Cl', and K'-Ar collisions.

Inner-shell vacancies in argon preferentially de-
cay by Auger transitions, where one M electron
fills the vacancy and another M electron is ejected
with a well-defined kinetic energy. X-ray emission
is not probable because the fluoresence yield is
only of the order of 1 part in 10 for the argon L
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shell. '
By a noncoincidence technique, Rudd

et al. , Snoek eg al. ,
' and Ogurtsov et al. '7

studied LMM Auger electrons in Ar'-Ar collisions
and found a predominant electron group with ener-
gies around 1VO-1SO eV. The broad unresolved
distribution of electrons [half-width at half-maxi-
mum (HWHM) =30 eV] probably consists of many
closely spaced L» MM Auger lines corresponding
to the many different decay channels in the highly
excited (ionized) scattered particles. In a noncoin-
cidence experiment, the angle is not specified be-
tween the velocity vectors of the emitted electron
and that of the moving atom from which it is emit-
ted. This causes a Doppler-shift" broadening
which may obscure structures in the measured
electron spectra.

Ordinarily, one electron is ejected in an Auger
process. Garison and Krause, ' however, have
reported the possibility of having the ejection of
more than one electron in an Auger process.

Recent electron studies in Ar'-Ar collisions by
Ogurtsov et al. ' have indicated the existence of
L&MM Auger transitions resulting from the produc-
tion of L, vacancies. According to the MO model,
these vacancies are expected to be produced at ro
values substantially smaller than 0. 24 A, where
the L2 3 vacancies are in fact produced. Experi-
mental studies by Kessel and Everhart have clear-
ly demonstrated a sudden step in the mean Q at
ro- 0. 15 A, possibly due to crossings of MO's pro-
ducing L

& vacancies. Experimental studies of
Auger electrons in coincidence with the scattered
ions in Ar'-Ar collisions (Thomson et al. ) and in
P'-Ar collisions ' have-strongly and directly sup-
ported the general results of the Q measurements.

Although the MO model was established for
homonuclear systems only, we faund it important
to extend the experimental studies to include a sys-
tematic investigation of heteronuclear collisions
with argon to see if these systems show any simi-
larities with the Ar'-Ar system. Our preliminary
results have been described. The data include
collision studies of Al', P', S', Cl', Ar', K', and
Mn' on Ar. To obtain well-resolved Q spectra, we
chose an improved measuring technique where the
energy distribution and the charge states of the
scattered incident particles are measured at differ-
ent scattering angles and energies of the incident
particles. This method is referred to as the scat-
tered-particle method.

In all cases studied, triple-peaked Q structures
are found in a narrow range of ro values. Outside
that range, the Q distributions are single-peaked.
In the P'-Ar case, both the scattered and the recoil
particles are studied.

The structure of the electron spectra is also
studied here. Utilizing the Doppler-shift effect, it
is possible to decide which of the two colliding par-

ticles has ejected the Auger electrons. The general
results are in good agreement with the conclusions
drawn from the analysis of the Q structure.

II. KINEMATICAL CONSIDERATIONS

The inelastic energy loss

Q = E0 —(Eg+ E2),

where Eo, E&, and E& are the kinetic energies of
the incident and the scattered and recoil particles,
respectively, may be obtained in at least three dif-
ferent ways: The early Q studies were carried out
by the recoil-particle method, i. e. , by measuring
the energy and the scattering angle of the recoils.
In fact, the earliest such measurements by Morgan
and Everhart 3 of Ar'-Ar collisions revealed struc-
tures in the Q spectra which were later known'
as the triple structures. Another method of mea-
suring Q values is to determine the angles of the
scattered and the recoil particles in coincidence. '
This widely used method has recently been improved
by Afrosimov et al. , who did not only make coinci-
dence measurements, but also determined the ener-
gies of the two scattered particles. This modified
coincidence method gives excellent results, but is
time consuming. Still another method, the scat-
tered-particle method, where the energy and the
angle of the scattered incident particles alone are
measured, is adopted here. A discussion and a
comparison of these methods are given below.

The scattered-particle method is first consid-
ered. By means of Eq. (1) and momentum conser-
vation in the collision, we obtain

Q = 2y(EOE, )'~ ' cos8+ (1 —y)EO —(1+y)E„(2)
where y= M, /M& is the mass ratio between the inci-
dent particle and the target particle, and 8 is the
scattering angle of the scattered incident particles.

For the recoil-particle method, the corresponding
equation is

Q= 2 (EOE,/y} '
cos&p —(1+1/y)E„

where P is the scattering angle of the recoils.
Below are given some of the reasons for prefer-

ring the scattered-particle method over the recoil-
particle method.

(i) For a given collision, the scattered incident
particles yield a better intensity per unit solid angle
than do the recoils.

(ii) The measured spectra obtained for various
charge states of the scattered incident particles are
well separated, whereas they may overlap for the
recoils, particularly in the triple-peaked Q region.

(iii) Transformation of the recoil scattering
angle P in the laboratory system (see Fig. 1) to the
c.m. angle 3 depends significantly on the Q value
of the collision, '3 while the corresponding transfor-
mation of the scattering angle 8 is almost unaffected
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by Q. To illustrate the effect on the recoils, let us
consider a 20-keV P'-Ar collision with a 77 recoil
angle. This collision has a triple-peaked Q struc-
ture, where the three Q values are Q, =100 eV, Q„

FIG. 1. Velocity diagram for recoils and scattered
incident particles in the Mi& M2 case. v& and v2 are velo-
city vectors in the laboratory system of the scattered
incident particle and the recoil particle, respectively;
u& and u2 are the velocity vectors in the c.m. system for
the same particles, and v, m is the velocity of the c.m. On

theupper figure, the triangle &2 Bz 0& shows the construction
of the c. m. scattering angle+for acollisionwith specified P
andv, ~ . 8&, 8&&, and8&&& correspond to the three @values
Qi, Qiq, and Q»&, respectively. In the elastic case
(not shown), B2 falls on the circular arc C2 (u2 = v, m ).
The lower figure shows the same construction for scat-
tered incident particles. It is seen that for recoils, the
influence of Q on 8 can be appreciable, whereas it is
negligible for the scattered incident particles.

= 250 eV, and Q„,=400eV. The corresponding
c.m. scattering angles 3 are 24 50, 22 49', and

20 11 . Since the differential scattering cross sec-
tion depends strongly on the c.m. scattering angle
3, it also depends on Q. An additional complication
is that the transformation of the solid angle of the
recoil particles from the laboratory system to the
c.m. system depends on the variation of Q with 3.
All these problems make the analysis of the energy
spectra of recoils very complicated.

(iv) The thermal motion of the target atoms af-
fects the widths of the "lines" in the energy spectra
of both the scattered and the recoil particles. A

detailed analysis given in the Appendix shows that
the thermal target motion broadens the lines in the
recoil-energy spectra considerably more than the
lines in the energy spectra of the scattered parti-
cles.

In cases where the lines are closely spaced, this
broadening effect may wash out structure in the re-
coil-energy spectra, whereas structure in the ener-
gy spectra of the scattered incident particles will
be better resolved.

It can also be shown (see Appendix) that the ther-
mal target motion affects the linewidths in the Q
spectra obtained by the recoil-particle method and
the coincidence method to the same extent. This is
partly the reason why coincidence measurements of
Kr'-Kr collisions revealed no triple-peaked Q
structures in the range of xo values studied. The
modified coincidence technique of Afrosimov et al.
offers the same advantages as does the scattered-
particle method with the additional information of
the coincidence data.

III. APPARATUS

The incident ion beam is supplied by a 80-keV
isotope separator equipped with a universal ion
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FIG. 2. Scattering chamber: a-b
are the entrance collimators, f is a
conically shaped Faraday cage, c and
d are the exit collimators of the tar-
get, e the exit slit defining the energy
resolution of the energy analyzer, and
g a removable Faraday cage.

PUMP
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source. Ions with the desired momentum and mass
are selected in a bending magnet and pass through
the collimating system at the entrance of the scat-
tering chamber (see Fig. 2).

The scattering chamber has a collimating system
a-b at the entrance, a differentially pumped gas
cell, a collimating system c-d at the exit, a cylin-
drical electrostatic analyzer, and a particle multi-
plier. The lower half of the scattering chamber
contains the entrance collimators and is attached to
the pumping system. The upper half, which in-
cludes exit collimators c-d and supports for the
electrostatic analyzer, can be rotated around axis
A-A without the vacuum being broken. The axis is
tilted 24 from the vertical direction. The special
construction of the scattering chamber allows the
scattering angle to be varied from 0' to 132, al-
though in practice, we are not able to measure
angles smaller than 4'. The entrance collimating
system consists of two circular diaphragms, each
of 0. 5-mm diam. The distance between them is
adjustable, but typically 187 mm. The path b-0-c
that the particles traverse in the target gas is kept
short, 23 plus 13 mm, to permit the highest possi-
ble gas pressure without violating the single-colli-
sion condition. The collimating system c-d of the
scattered ions consists of two 0. 5-mm-wide slits,
separated by 200 mm. The slits are parallel to the
z axis of the electrostatic analyzer and are always
kept perpendicular to the direction of the incident
beam. The electrostatic analyzer is a 120-mm-
radius 66' cylindrical analyzer. The electrodes
of the analyzer are 5 mm apart and are connected
to a symmetric high-voltage supply. The maximum
attainable voltage across the electrodes is 20 kV,
corresponding to a deflection of 250-keV singly ion-
ized particles. The analyzer has a full width re-
solution &E of 0. 003E. This is a compromise be-
tween the conflicting requirements of sufficient re-
solution and sufficient intensity. Ions selected by
the analyzer pass an adjustable sl'. t e, normally
0. 15 mm wide, and hit the first dynode of a 17-stage
particle multiplier with Cu-Be dynodes. The first
dynode is kept at ground potential except when re-
coil particles are studied, when it has a voltage of
-5 kV in order to accelerate the low-energy recoils
before they hit the first dynode. The ion-electron
secondary emission yield of the first dynode is high
(&10 electrons per incident particle), permitting an
efficient discrimination against noise pulses, and a
counting efficiency of nearly 100%. In front of the
multiplier is a small removable Faraday cage g that
is used to establish zero-angle settings of the
chamber, and to measure the energy distribution
(Eo) of the incident beam. The target cell is differ-
entially pumped through the diaphragms of the colli-
mators. Purified gas is admitted to the gas cell
through an adjustable needle valve. The pressure

of the gas in the cell is typically of the order of
3x10 Torr and measured with both a Pirani gauge
and an ionization gauge to be better than 3%. The
residual gas pressure is smaller than 3% of the gas
pressure and does not disturb the measurements.
The current of the incident beam is monitored by a
special conical-shaped Faraday cage f positioned in
the gas cell. The monitoring system makes it pos-
sible to continuously record the current of the inci-
dent beam.

For the special studies of the charge-state dis-
tribution of the recoils in P'-Ar collisions, the di-
mensions of the collimating systems are radically
changed. Diaphragms a and b are then 324 mm
apart, and their diameters are 2 mm each. Slits
c and d are placed 206 mm apart and are both 0. 5
mm wide. The width of slit e is set to be 2 mm.

IV. EXPERIMENTAL METHOD

When the beam energy, the scattering angle, and
the charge state have been set, the energy distribu-
tion of the scattered particles is measured. For
fixed scattering angle and beam energy, the analyzer
voltage is stepped over the voltage range necessary
to cover the energy spectrum of the scattered parti-
cles. This operation is controlled by a beam-in-
tegrating system. A sealer accumulates counts from
the particle multiplier until a given preset charge
is collected by the beam integrator.

The number of counts is stored in a multiscaler
for later readout on a punch tape. To obtain a quick
survey of the measured data, a digital-analog device
transforms the sealer digits to an analog voltage
which is then fed to the y axis of an x-y plotter. The
analyzer voltage (or, more precisely, the difference
between the actual voltage and a constant voltage) is
fed to the x axis of the x-y recorder such that the
energy distribution of the scattered particles is
plotted. The experimental setup does not allow the
neutrals to be measured. As will be shown in Sec.
V, this lack of information is not a serious problem
in the data treatment.

The pressure of the target gas is kept sufficiently
low to ensure that the scattered particles experience
only one collision. To check this experimentally,
the count rates of the scattered particles with charge
states 1 and 4 are recorded vs pressure. Linear
dependence on pressure ensures that no additional
charge-changing collisions have occurred to the
scattered particles. Multiple-scattering effects can
be ignored since they will appear only at considera-
bly higher gas pressures. In most cases, collisions
with residual gas molecules do not distort the energy
spectra. The energy spectra obtained for different
scattering angles and charge states of the scattered
incident particles (or the recoils) ordinarily con-
sist of one broad peak. Although the distributions
are slightly asymmetric, more pronouncedly for
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FIG. 3. Triple-peaked energy spectrum of scattered
2' phosphorus ions in P'-Ar collisions at 30 keV and
e=s' 14'

recoils than for scattered particles, it is a good ap-
proximation to assume a Gaussian shape. In a nar-
row range of ro values, structures with up to three
peaks appear in the energy spectra. Figure 3
shows a typical triple-peaked energy spectrum of
the scattered incident particles obtained in colli-
sions between 30-keV phosphorus ions and argon
atoms. Although the observed widths cause some
overlap of the three distributions, it is not difficult
to isolate the peaks. The recoil-energy spectra
are more ambiguous to resolve, and an example of
this is shown in Fig. 4. Note that the three peaks
belonging to one charge state interfere with the
three peaks belonging to the neighboring charge
state. Spectra with two or three peaks are resolved
by fitting the sum of two or three Gaussian curves
to the measured energy distributions. By this com-
puter procedure, up to nine parameters are de-
termined: the mean energies of the peaks, E, ,
8», and E»» their widths, and their heights, where
m stands for the charge state. The data are nor-
malized with respect to target pressure and inte-
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FIG. 5. Correspondence between Eoe and the distance
of closest approach in the collision xo for different Z&-Ar
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By means of Eq. (2) or (3), the energies of the

scattered or recoil particles are transformed into
inelastic energy loss Q, and hence Z& is converted
into g&. The "area" of peak j, representing all
scattered particles with charge state m and energy
loss Q&, is denoted by V~".

From g& and 1P& data, taken at various scattering
angles and incident energies, we derive (a) theprob-
ability that the scattered particles have been Q&-
excited and are in charge state m

FIG. 4. Triple-peaked energy spectrum of 2' and 3'
argon recoils in P'-Ar collisions at 17.8 keV and ft)

= 74' 32 '.

Pj" = 1P) g N)
Nt ~ )

(b) the mean inelastic energy loss g& averaged over
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FIG. 7. P'-Ar: mean inelastic energy loss q&,
excitation probability PJ, and mean charge state m~
of the scattered phosphorus particles at 20-, 30-, and 50-
keV incident energy, represented by h„, e, and D, re-
spectively. Also shown are Q& values obtained from
energy analysis of recoil particles at 17.8- and &g. 3-keV
(x) incident energy.
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V. WIDTH OF SPECTRAL LINES

The observed linewidths in the Q spectra are the
result of a natural linewidth (5Q„,), instrumental
resolution (5Q, „), and thermal target motion
(5Qr). Assuming that the three contributions are
uncorrelated, one obtains

An apparent single Q line with a Gaussian shape may
actually be a weighted sum of several closely spaced
lines, all resulting in the same charge state for the
scattered particles. This means that 5Q„, is the
width of an unresolved distribution consisting of
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FIG. S. 8 -Ar: mean inelastic energy loss Q&, cita-
tion probability P&, and corresponding mean charge state
m~ of the scattered sulphur particles at 40-keV incident
energy.
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that ro depends primarily on the product E08. How-
ever, in order to facilitate a comparison with ear-
lier data, the ro calculations have been based on an
exponentially screened Coulomb potential. Recent
experiments by Loftager and Claussen on the total
differential-scattering cross section, however, have
shown that cross sections based on the exponentially
screened Coulomb potential may be as much as 3()%
off the measured values. Therefore, the calculated
ro is only a rough estimate of the real distance of
closest approach. Figure 5 shows ro as a function
of Eo~ for various Z&-Ar combinations.

0
0.15

I

0.20
I

0.25
I

0.30
I

G35 0.40

FIG. 9. Cl'-Ar: mean inelastic energy lass Q&,
excitation probability P&, and mean charge state m~
of the scattered chlorine particles at 60-keV incident
energy.
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gle of the scattering chamber is determined to be
better than O'. The computational decomposition of
the peaked structure adds some uncertainty, partic-
ularly in cases where a high peak dominates a
small peak, and appreciable errors in the determi-
nation of the NP and g& data may result .The aver-
aged quantities g&, P&, and m&, however, are more
accurate. The lack of information on the neutrals
may cause some systematic errors in the charge-
state distributions. These errors, causing higher
values of the mean charge state, are significant
only in cases where the mean charge is less than
1.5 charge unit, i.e. , for m, at large ~0. Since the
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several closely spaced lines. The instrumental res-
olution 6Q„„,- 0. 1-0.2% (half-width at 1/e height)

IE

accounts almost exclusively for the observed widths;
hence, it is not possible to derive reliable natural
widths from the data.

VI. ERROR ANALYSIS

The main errors in the data come from fluctua-
tions and long-term drifts of beam energy, analyzer
voltage, etc. The fluctuations are small, and the
long-term drifts of beam energy and analyzer volt-
age are frequently checked by measuring the energy
distribution of the incident beam. The rotation an-

0
015

I

0.20
I

0.25
I

0.30
I

Q35

FIG. 11. K'-Ar: mean elastic energy loss Q&, the
excitation probability P&, and the mean charge state %&
of the scattered potassium particles at 60-keV incident
energy.
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outside the triple-peaked region, Pz is unity, i. e. ,
that only Qz excitations prevail. At low ro outside
the triple-peaked region, Pz is zero and Pzzz close
to unity, i. e. , the excitation predominantly is
of type Qzzz In the case of Al'-Ar, however, a
substantial Q» excitation (Pzz- 0. 4) is also present
at low ro. Although the three Q& values decrease
with increasing ro, their differences gzz-5Zz and

qz» @zzremainindependent of ro qz» —qzzis ap-
proximately 2(P/z larger than gzz- Qz with Ar'-Ar as
the only exception where the differences are equal.
In all cases, except Al'-Ar, it is seen that Pzz
reaches a maximum value of 0. 5 in the center of the
triple-peaked Q region. For Al'-Ar, the corre-
sponding figure is 0. V.

The mean charge states m» mzz, and mzzz, which

are almost independent of ro for the lighter projec-
tile, i. e. , Al' and P', seem to become ro dependent
with increasing atomic number of the projectile.

The differences mzz —m, and m»z -m» are both ap-
proximately unity for the lighter projectiles such as
Al', P', and S'. For the heavier projectiles, the
differences get smaller and approach zero for the
Mn'-Ar case. The detailed charge-state distribu-
tions of the scattered incident particles P&(zzz) are
shown in Figs. 13-18.

In the study of- ejected electrons, most effort is
concentrated on the investigations of the Auger elec-
trons, resulting from the decay of inner-shell va-
cancies produced in the colliding atoms. In all
cases studied, a broad-peaked electron-energy dis-
tribution is seen. Possible fine structures in the
spectra are not seen, due partly to a poor (4-5%)
energy resolution of the electron spectrometer.
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FIG. 12. Mn'-Ar: mean inelastic energy loss q;,
excitation probability P&, and mean charge state
%& of the scattered manganese particles at 30- and 60-
keV incident energy.

values of m„and m&D are, however, both larger than
1.5, they are reliable.

VII. RESULTS AND DISCUSSION
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The data on the three inelastic energy losses gz,
gzz, and gzzz, their excitation probabilities Pz,
Pzz and Pzzz &

and the corresponding mean charge
states of the scattered incident particles m, , mzz,
and mzzz are shown in Figs. 6-12. From the data,
several observations can be made. First, it is evi-
dent that in all collisional cases, a narrow range of
distances of closest approach ro exists, where the
energy-loss spectrum is triple-peaked. At high ro
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FIG. 13. Al'-Ar: charge-state distribution P&(m) of
the Q&-excited scattered aluminum particles at 30-keV
incident energy.
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Auger processes and K binding energies. Also
shown in Table I are the experimental data on the
mean energy of Auger electrons ejected in the col-
lisions. Except for the Ar'-Ar case, where good

agreement with earlier electron data'~ is established,
we are not able to compare our data with earlier
measurements.

In the following discussion it is convenient to
divide the collisions into three groups.

Collisions saith ~~ & Zq —1
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0
0.15

1.0

0.4—

0.2—

I
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30keV

I

0.35
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It is seen from Table I that Q» -g, compares well
with the binding energy of an L2 3 electron in the
projectile atom. Qq» —Q» is considerably smaller
than the binding energy of an L& ~ electron in the
target atom, but compares well with the energy nec-
essary to remove a second Lz 3 electron in the pro-
jectile. This energy is estimated to be some
20-40%%uo higher than the binding energy of the first
I,~, electron. The data therefore suggest that @
correspond to M-shell excitations in both collision
partners, Qzz to M-shell excitations plus the pro-
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3~~
0.30 0.35

A
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FIG. 14. P"-Ar: charge-state distribution P&(m) of
the Q&-excited scattered phosphorus particles at 20-, 30-,
and 50-keV incident energy.
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It is recognized that the Q data, on heteronuclear
collisions have much in common with earlier data
of Ar'-Ar, where it was found that the triple-
peaked Q structure was a result of the promotion of

one or two L& 3 electrons during the collision. We
have therefore adopted a promotion model, where
a Qzz excitation involves the promotion of one L2 3

electron, and a QHz excitation the promotion of two
L2 3 electrons. For the Ar'-Ar collision it is natur-
al to think that the promotion can take place with
equal probability in either atom. For the hetero-
nuclear collisions, where the L, 3 binding energies
are different for the two colliding particles, the sit-
uation is more complicated. To decide whether the
L2 3 vacancies are produced in either or in both col-
liding particles, we have compared the Q& differ-
ences Q»-g„Q», —Q», and Q,» —Qz with the bind-
ing energies of one and two L2, electrons in both

the projectile and the target atom (see Table I}.
The binding energy of two L» electrons has been
estimated from transition energies of KL & 3L&, 3
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F&G. 15. S'-Ar: charge-state distribution P&(m) of the
QJ-excited scattered sulphur particles at 40-keV incident
energy.
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=Pzzz(m+2). The charge-state data of argon re-
coils in P'-Ar collisions (Fig. 19), showing that n&

is independent of Q&, indicate that the mean charge
state of the collision partner with the higher Z is in-
dependent of the excitation Q&, i.e. , nz- nzz- nzzz.
This is in accordance with the hypothesis that no in-
ner-shell vacancies are produced in the higher-Z
collision partner. Furthermore, it is seen that n&

is strongly dependent on ro, i. e. , that it decreases
with increasing ro.

Doppler-shift analysis of the electron spectra
shows unambiguously that the fast Auger electrons
are emitted from the projectiles only. The mean
energy of these electrons agrees well with the ex-
pected kinetic energy of an L~ 3MM Auger electron
from the projectile (the lower-Z partner).

2. Collisions milk Z1 = Zg 1 Zy= Zp& and

Zq ——Zq+1

In the three intermediate cases, the atomic num-
bers of the colliding particles differ by no more than
one. Let us first see what can be concluded from
the Q data.

0.15
I

0.20
I ol 4

0.25 0.30
I

0.35 OA0
Cl'-Ar. From Table I it is seen that gzz-gz is in

good agreement with the binding energy of an L2 3

FIG. 16. Cl'-Ar: charge-state distribution P&(m) of
the Q&-excited scattered chlorine particles at 60-keV in-
cident energy.

Pz(m) = Pzz(m + 1)= Pzzz(m + 2) (4)

motion of one LE ~ electron in the projectile (the
lower-Z partner), and Qzzz to M-shell excitationplus
the promotion of two L» electrons in the projectile.
The L~ 3 vacancies decay preferentially via Auger
transitions, such that the decay of one and two va-
cancies raises the charge state of the particle by
one and two charge units, respectively. The pro-
motion model is further supported by the charge-
state data. If we consider the S'-Ar case (see Fig.
15}, it is noted that the charge-state distributions
Pz(m), Pzz(m), and Pzzz(m) for all m obey the rule
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fairly well, implying that mrrz= mzz+ 1=mr+2. The
S'-Ar data agree surprisingly well with the last
equality in Eq. (4), and the first equality is at least
qualitatively fulfilled. Because @z and Qzzz excita-
tions involve one and two L2 3MM Auger transitions,
respectively, we may conclude that after separation
of the colliding particles, but before the Auger de-
cay, the charge-state distribution of the projectile
particles is independent of the excitation Q& and
given by Pz(m}. This means that the Lz, electrons
are promoted without changing the charge state.
For Al'-Ar and P'-Ar collisions, the last equality
in Eq. (4) is qualitatively fulfilled, i. e. , Pzz(m+ 1}
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FIG. 17. Ar'-Ar: charge-state distribution P&(m)
of the Q&-excited scattered argon particles at 50-keV in-
cident energy.
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FIG. 18. K'-Ar: charge-state distribution P&(m) of
the Q&-excited scattered fmtassium particles at 60-keV
incident energy.

electron in chlorine. As the binding energy of an
Lm 3 electron in argon is only 20% larger than that
in chlorine, we cannot at this stage rule out the pos-
sibility that Qzz excitations in some cases may re-
sult in the promotion of one L& 3 electron in argon
(the higher-Z partner). It is further seen that

Qzzz —Qzz being 25% higher than Q» —Qz compares
well with both the binding energy of an L&, , electron
in argon and the binding energy of the second I ...
electron in chlorine (estimated to be approximately
240 eV}. The mean charge state m

&
shows charac-

teristics similar to what is observed for the Z, & Z~
—1 case, namely, that mrrr-errand m»-mr both
approximate unity.

The electron-spectra studies show that the ma-
jority of the Auger electrons are ejected from scat-
tered chlorine, whereas a minor fraction of the
Auger electrons are ejected from argon recoils.
Hence, we may conclude that most Qzz excitations
involve a promotion of one L& 3 electron in chlorine,
and most Qzzz excitations involve the promotion of
two L&3 electrons in chlorine.

The Ar'-Ar collisions have already been dis-
cussed. '2 Here we want, however, to present some
of the new observations. It is seen that Q» —Qr
= gzzz —q» = 254+ 20 eV, which agrees well with the
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0. 4, or midway between the corresponding figures
0. 7 and 0 for the Ar'-Ar and Mn'-Ar cases. This
indicates roughly that in Qzx and Qzzx excitations,
one quarter of the Lz 3 vacancies are produced in
the potassium particles and three quarters in the
argon recoils. An admixture of L& 3 excitations in
potassium will cause a high-energy tail in the Qzz
distribution. Because of an overlap of the Qzz and
Qxlx distributions, we have, however, not been able
to resolve any significant asymmetry in the mea-
sured Qxz distribution.

3. Collisions saith Zl & Zq+ 1

015
I

0.20
I

0.25
I

030
I

0.35 O.I 0

F)G. 19. p'-Ar: mean charge states ef of the Qf
cited argon recoils at 17.8- and 19.8-keV incident energy.

binding energy of an Lz z electron in argon (250 eV).
The mean charge states mz, mzx, and mezz decrease
with increasing ro. Their differences mxz -m, and

mzxx -m» are 0.7 and 0.65, respectively. Assuming
that the recoils have the same charge-state distri-
bution as the incident scattered particles, i. e. ,

zz= ~xxz @xz mzx, etc. , it is found that the total
mean charge state mzzz+ nzzz of the two colliding
particles in a Qzzz excitation is 1.3 higher than the
corresponding figure mxx+ nzz for a Q„excitation.
In a Qzz excitation, the total mean charge state is
still 1.4 higher than that obtained in a Qz excitation.
These results differ from what is observed for the
cases Z& ~ Z&-1, where the change of the total
mean charge state from a Qz to a Qzx excitation or
from a Qzz to a Qzzz excitation is unity. However,
in the explanation of this "anomaly", several fac-
tors may play a role: In some cases, an L& 3 elec-
tron is promoted into the continuum, thereby rais-
ing the total charge state by unity. In a few cases,
the Auger transitions may result in the ejection of
more than one electron. '

The K'-Ar collision data show that gzz —Q, equals
the La 3 binding energy in the argon recoils.
Hence, we can conclude that a Qzz excitation most
probably results in a promotion of one L& 3 electron
in argon. We can, however, not completely rule
out the alternative possibility that the L& 3 vacancy
is produced in potassium, the other collisional
partner. Q»z —Q„being 20% higher than Qzz Qz
compares well with both the binding energy of an
l.z, electron in potassium (300 eV) and the binding
energy of a second Lz,z electron in argon (estimated
to be 300 eV).

The mean charge state m& of the scattered potas-
sium particles shows that m xn mrs= m

The only case studied is Mn'-Ar collisions
(Z, = 25). From Table I is noted that gzz —Q, agrees
well with the binding energy of an Lz ~ electron in
argon, whereas the corresponding binding energy
in manganese is more than twice as high as qzz —Q, .
We may therefore conclude that Q« involves a pro-
motion of one L2 3 electron in argon, the colliding
particle with the lower Z. By similar reasoning it
is seen that Q», involves the promotion of two L~,
electrons in argon. The charge-state analysis of
the scattered manganese ions, showing that the
mean charge state m& is independent of the excita-
tion Q&, confirms that neither Qz, nor Qzz, excita-
tions produce La I vacancies in manganese. It is
noted that m& depends strongly on xo. Electron-
spectra data, including Doppler-shift analysis, sup-
port these findings.

The production of two L2 ~ vacancies in one atom
raises the question whether they are produced by
two independent one-electron promotions. In Ar'-
Ar collisions, where a Q«z excitation produces one
vacancy in both argon atoms, Kessel and Everhart
applied with great success a one-electron promotion
probability zz(z'0) to account for the excitation prob-
abilities Pxy Pxzy and Pzzx In terms of n, P,
= (I-a)', Pzz=2zz(1 —o.), and Pzn= az, where a
runs from 0 to 1. It is immediately recognized that
P,z reaches a maximum of 0. 5 for a=-,', and that
Px = Pzzz = 0. 25 for the same value of Qt ~ Since all
the P& data on heteronuclear collisions but Al'-Ar
comply with these prescriptions, we have adopted
the Kessel-Everhart procedure to reduce the exci-
tation probabilities Pz Pzz and Pzzz to a
tron promotion probability a(ro). The analysis
gives unambiguous a(ro) values and thereby con-
firms that double vacancies are produced by two in-
dependent one-electron promotions. The a(ro)
curves are shown in Fig. 20.

The xo range for which the triple-peaked Q region
occurs corresponds to an interpenetration of the
L2 3 subshells of the colliding particles. For the
different collisions Z, -Ar (excluding Al -Ar), Fig.
21 shows a comparison between the ro value at which
zz(ro) = —,

' and the sum of the radii of 2p electronic
orbits in the colliding particles. The radius of the
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(i} In all the measured collisions, the promoted
electrons are 2p electrons; (ii) at most, two 2p
electrons are promoted per collision, suggesting
that these electrons are 2po electrons; and (iii) the
promoted 2p electron comes from the lower-Z col-
lision partner.

VIII. CONCLUSIONS

I

0.20 Q25 0.30

FIG. 20. Single I 2 3 electron promotion probability
G(ro) as a function of ro.

2p electronic orbit resents the distance from the
nucleus at which the radial. -charge density is at
maximum. It is noted that the triple-peaked Q re-
gion corresponds to a considerable interpenetration
of the L&,3 subshells.

The data on the excitation probabilities P& make
it straightforward to calculate Auger-emission
cross sections. The number of emitted Auger elec-
trons is 2Pzzz+ Pzz= 2n(ro}, so the differential cross
section is

drr= 4rrn(r, )pdp,

where p is the impact parameter which, for a given
interaction potential, can be derived from r0.

The similarity between excitation probabilities
P~ of homonuclear and heteronuclear collisions sug-
gests that inner-shell vacancies in heteronuclear
collisions are produced by crossings of MO's. Un-
fortunately, to the knowledge of the authors, no
published calculations exist of energy curves of
single-electron Mo's for heteronuclear systems in-
cluding argon. The Landau-Zener model, where the
promotion probability at the most is 50%%u&, is not con-
sistent with the measured data on the production ef-
ficiency of Lz, vacancies. The almost 100%efficien-
cy at small r0 may be a result of many crossings.
Within the limited velocity range used in the mea-
surements, we have not been able to detect any sig-
nificant velocity effect in the excitation probabilities.
However, a comparison of n(ro) curves for Ar'-Ar
obtained by Kessel and Everhart at 25 keV and by
us at 50 keV indicates a small but definite shift, such
that the ro value at which a(ro) = —,

' moves toward
higher ro for increasing velocities. The maximum
value of a(ro) around 0. 95 seems, however, not to
be affected by a velocity change. Three results
from the previous discussion are important to note:

0.35-
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r& (Z, )+r2 (Z&}

(X(r, j =0.5

0.20—

I I I
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FIG. 21. Comparison of the ro value at which 0. (ro)
= 2, corresponding to the center of the triple-peaked Q
region, with the sum of the radii of 2P electronic orbits
in the projectile atom and the target atom.

For all the collisions, a narrow range of r0
values exists where the Q structure is triple-
peaked.

Q» Qr and Q»z Q» are bo th constant over the
pie-peaked Q region. Q»i —Q» is some 20%

larger than Q» —Q, .
Q» —Q, is approximately equal to the binding en-

ergy of one L, 3 electron, and gz«-gz is approxi-
mately equal to the total binding energy of two
L2 3 electrons in the collisional partner with the
lower atomic number.

In the cases Cl' and K' on Ar, L& 3 vacancies are
produced in both colliding particles. The majority
of L2 3 vacancies is, however, produced in the
partner with the lower Z. For Ar'-Ar collisions,
L& 3 vacancies are produced with equal probabilities
in both colliding particles.

With due reference to the statements above we
find that Q, excitation corresponds to M-shell exci-
tations in both colliding particles. Q» excitation
corresponds to Q, excitation plus the production of
one L& 3 vacancy in the collision partner with the
lower atomic number. Q», excitation corresponds
to Q, excitation plus the production of two L& 3 va-
cancies in the collision partner with the lower
atomic number.

Studies of electron spectra have confirmed these
findings, and the fast-electron group has been
shown to comply with L»MM Auger electrons.
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Charge-state studies have shown thatin the lower-
Z partner, Q«, excitations produce a mean charge
state which is one higher than the mean charge
state produced by a Q«excitation, and which,
again, is one higher than the mean charge state
produced in a Q& excitation. For the higher-Z
partner, the mean charge state is almost indepen-
dent of the excitation Q&. The charge-state analy-
sis further shows that the mean charge state of the
lower-Z partner is almost independent of rp, where-
as for the higher-Z partner, the mean charge state
shows a strong rp dependence. These statements
do not hold for Z, = Z, —1, Z„or Z2+1.

We want to emphasize here that the conclusions
we have drawn are based on studies of collisions
where argon is one of the colliding particles and
the other particle is an atom with a filled L shell
and an incompletely filled M shell.
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APPENDIX: EFFECT OF THERMAL TARGET
MOTION ON Q SPECTRA

Figure 22 shows the momentum quadrangle in a
collision. Here, Pp, P» and P~ are the linear mo-
menta of the incident, the scattered, and the re-
coil particles, respectively. P& is the momentum
of the target particle due to its thermal motion. Its
projections are P„g= & Pp and P g= & Pp The
third component P, & may be ignoredbecause, toa
first-order approximation, it affects only the in-
tensity of particles being scattered into the analy-
zer.

Conservation of momentum yields the two equa-
tions

(1+ a„)(yE0)'~'=(yE, )' 'cos8+Ep' 'cosy, (Al)

(yE&)'~'sin8= Ez~'sing+ n, (yEO)'~ . (A2)

1. Scattered-Particle Method

Eliminating fII) and discarding second-order
terms in n„and u„gives

Ez ———2y(EOE, )' [(1+a„) cos8+ a„sin8]

+ yEo+ yEi+ 2ya+0 ~

By virtue of Eq. (1), we obtain

Q = 2y(EOE, )
~ [(1+u„) cos8+ n, sin8]

+ (1 —y)Ep 2y~+o —(1+ y) E1 ~ (AS)

Q Q Q (A4)

From Eq. (2), which in our data treatment is used
to transform measured energy spectra (E,) into Q
spectra, we find

which, by substitution into Kq. (A4), gives

and, by squaring, accordingly

(A6)

where 5Q& is the broadening of Q lines due to
thermal target motion. The projections of the
thermal target momentum P„~= e„Pp and P„~
= n, Pp are independent stochastic variables, which
are Gaussian distributed. The half-widths at 1/e
height are o, r = o, r = (2MzkT)', where k is the
Boltzmann constant and T the absolute temperature
of the target gas.

Accordingly, for both n„and o„we find

Equation (A3) reduces to Eq. (2) if (u„, o.„)= (0, 0).
Q(E„a„u,) is now assumed to be constant within

the range of a„and o,'„, and by differentiation, we
find the variation

= &, =kT/yEO .

Insertion into Eq. (A5) gives

(A6)

myPO

c„P

FIG. 22. Effect of the thermal target momentum on
the momenta of the scattered particles.

where 6Qr now is the half-width at 1/e height.
8 Q/8 u„and SQ/sn„are calculated from Eq. (A3),
and we finally get

6Qr= 2[kTEO[l —(Ei+ Q)/Eo]]'

= 2(kTE2)'~ ~ = 10(Ez)'~ eV (Ez in keV) . (A7)
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2. Recoil-Parti cle Method =10(E0/y)'~' eV (Eo in keV). (A10)

Rarting from Eqs. (Al) and (A2) and eliminating
8, a straightforward calculation gives

Q=2(E+gy)'~'[(1+ o.,) cosP —o.„sing]

—(1+1/y) E3-2o.„Eo (A8)

which, by setting (n„n„)= (0, 0), reduces to Eq.
(3). The half-width at 1/e height is

2
RATE, [1 —(F,+Q]iE, ] '&'

~
ATE

)
~

'y y

=10(E,/y)'~ eV (E, in keV). (A9)

8Qr = 2 [(kT/y)EO]'i

3. Coincidence Method

Kessel and Everhart estimated the broadening
effect of the thermal target motion in the case of
z= 1 only. An approximate calculation restricted
to recoil-scattering angles in the neighborhood of
90 gives the more general result

A comparison of the three methods clearly shows
that Q spectra obtained by the scattered-particle
method are the ones least broadened by the thermal
target motion. As Eo= E& for 8 «1, it is noted that
8Qr in Eq. (A9) approximately equals 8Qr in Eq.
(A10). As an example, let us consider 30-keV
Al'on Ar, where E,=29. 753 keV, Ez=0 127 keV,
and Q«=0. 120 keV at scattering angle 8=4 34'.
Then we obtain

scattered-particle method [Eq. (A7)]:

5Q~-3. 6 eV;

recoil-particle method [Eq. (A9)]:

OQ, -67 eV;
coincidence method [Eq. (A10)]:

5Q~-67 eV .
Since Q»- Q, is approximately 70 eV, the two

peaks Q, and Q» will only be solved in Q spectra
obtained by the scattered-particle method, where
2~Qr ('Qn -Oy ~
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