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The spectra of carbon K- and argon L-shell Auger electrons resulting from ionization produced by
0.15-0.50-MeV/amu a particles and deuterons incident on a thin gas cell have been measured. Absolute
jonization cross sections were obtained from the Auger-electron yields and, in addition, the yields
obtained with equal-velocity projectiles were used to test the projectile z dependence of the ionization
process. Intense satellite structure was observed in the Auger spectra and these features were attributed
to Auger transitions from multiple vacancy states formed during the collision.

1. INTRODUCTION

Several measurements have been reported'? in
which comparisons of x-ray yields resulting from
equal-velocity a-particle and deuteron or proton
bombardments have been used to test the theoret-
ical prediction®* that K-shell ionization cross sec-
tions are directly proportional to the square of the
projectile charge. Significant deviations from the
expected dependence have been deduced on the as-
sumption that the fluorescence yields (which relate
x-ray production cross sections to ionization crcss
sections) are the same for a given target element,

regardless of the type of projectile being used to
produce the ionization. It has recently been dis-
covered, however, that even in collisions involving
relatively light ions, such as « particles and pro-
tons, appreciable L-shell ionization frequently ac-
companies the production of a K-shell vacancy. 51
Since the fluorescence yields for multiply ionized
states are expected to differ from those for singly
ionized states, the assumption that the fluores-
cence yield is ihdependent of the exciting particle
could lead to erroneous results, especially for
light elements where the effects of multiple ion-
jzation may result in a relatively large change in
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fluorescence yield.® Furthermore, x-ray yield
measurements are subject to errors resulting from
the critical absorption of x rays emitted from
multiply ionized atoms in which the binding-energy
increases are sufficient to shift the x rays above
an absorption edge. %®

The above difficulties relating to the use of mea-
sured x-ray yields to deduce ionization cross sec-
tions are not encountered in converting measured
.Auger-electron yields to ionization cross sections
for low-Z elements where fluorescence yields are
very small. The present work was undertaken
primarily for the purpose of testing the projectile
Z dependence of K-shell ionization cross sections
for carbon and L-shell ionization cross sections
for argon by comparing the Auger yields obtained
in bombardments with equal-velocity « particles
and deuterons. Absolute ionization cross sections
were also measured and are presented herein.
Additional information relating to multiple ioniza-
tion by « particles and deuterons was obtained
from an analysis of the satellite structure appear-
ing in the measured Auger spectra.

II. EXPERIMENTAL METHOD

a-particle and deuteron beams with energies
of 0.150-0. 500 MeV/amu were obtained by means
of a Van de Graaff generator. Since the rf ion
source used in the Van de Graaff accelerator has
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a very low efficiency for the production of He**
ions, the a-particle beam was produced by the

gas stripping of an accelerated He* beam. The
accelerated He* beam entered a gas-stripping cell
after magnetic identification, and a second analyz-
ing magnet was used following the stripping cell to
separate the a particles from other products of
charge transfer. This method of magnetic separa-
tion with intermediate stripping is also effective in
removing unwanted beam contamination, such as
H," ions, which might otherwise be associated with
the a-particles beam. The gas-stripping cell used
in this work was approximately 7 m long and was
operated at a pressure of about 2X 10" torr. These
conditions produced optimum stripping of the pri-
mary beam with minimal loss in beam intensity
owing to gas scattering.

The deuteron beam was produced by accelerat-
ing D* and using the same magnetic analysis de-
scribed above for a particles. The gas-stripping
region was evacuated to approximately 1x10°® torr
when D* beams were used. Energy analysis of
electrons ejected from D* collisions with the target
gas under study showed no evidence of electrons
associated with H," breakup. This result indicated
that H," contamination of the D* beam, if any, was
negligible.

The basic experimental technique for the mea-
surement of electron-emission cross sections has

1600} QI ﬁ,AI,Bf\ (@) (b)
I
! il
1400 i
i l
1
1200} i
I |
1
_1 M
< 000} i)
' |
i
= 2.0 MeV *Het
Z g0l 1.OMev2H+ -0 MeV THe
>
8 L]
wl
Z 600F
W 075 MeV 2H*
a 1.5 MeV ‘Hett
[ L
z 400 L
8 0.5 MeV2H* 1.0 MeV 4He**
200}
0.3 Mev2Ht 0.6 MeV *Het+
o 1 1 n 1 1 1 1 B L 1 1 1 1
130 160 190 220 250 280 310 340 130 160 I90 220 250 280 310 340

ENERGY (eV)

FIG. 1. Carbon K-shell Auger-electron spectra for deuterons and a particles incident on C,H;. The dashed lines
labeled A, A’, and A’/ indicate the expected positions of the normal 1s-2p2p, 1s-2s2p, and 1s-2s2s Auger transitions,
respectively. The other dashed lines indicate the calculated positions of some of the possible satellite transitions listed

in Table II.
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been described in detail previously.® The incident
beam is collimated and directed through a differ-
entially pumped target-gas cell. Electrons ejected
by ion-atom or ion-molecule interactions pass
through a slit in the target cell, are energy ana-
lyzed by a cylindrical-mirror electrostatic ana-
"lyzer, and are detected by a continuous channel
electron multiplier. The energy resolution of the
electrostatic analyzer used in the present work
was 3. 5% full width at half-maximum (FWHM).
The energy calibration of the electrostatic analyzer
was accomplished by comparison of the Auger
spectra of ethane, argon, and neon with those mea-
sured by Moddeman, !° Carlson and Krause, ! and
Edwards and Rudd, % respectively. The energy
scale used in our work should be accurate to better
than 1.0%. Research-grade target gases were
used with impurities of less than 4 parts in 10%

IIIl. DATA ANALYSIS AND RESULTS

A. Ionization Cross Sections

The spectra obtained in the present measure-
ments are shown in Figs. 1 and 2. Auger yields
were determined from the measured spectra by in-
tegrating the areas under the Auger-electron peaks.
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Before these peak integrations were carried out,
backgrounds based on the electron continua on each
side of the Auger peaks were subtracted. After
correcting the Auger yields for solid angle, elec-
tron absorption, and analyzer transmission (as
discussed in Ref. 9), ionization cross sections
were computed on the basis of isotropic emission
of Auger electrons. K-shell Auger-electron emis-
sion resulting from K-shell vacancy production by
proton impact has previously been shown to be iso-
tropic. ® Nonisotropic angular distributions are
theoretically possible for Auger transitions follow-
ing the creation of a vacancy having quantum num-
ber j>1,1% and a small anisotropy has, in fact,
been observed by Cleff and Mehlhorn'® for the
LMy 3 M, 3('Sy) transition resulting from electron
impact ionization of argon. Volz and Rudd,'®
however, have measured angular distributions for
several LzMM transitions in argon excited by 300-
keV protons, and did not find any significant de-
viations from isotropy. As has already been noted,
radiative transitions fill less than 0. 5% of the pri-
mary carbon K-shell and argon L-shell vacancies,
and hence correction for this competitive mode of
decay is not required.

The cross sections obtained in the present study
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FIG. 2. L-shell Auger-electron spectra for deuterons and a particles incident on argon. The dashed lines labeled
A, A’, and A’ indicate the expected positions of the normal 2p-3p3p, 2p-3s3p, and 2p-3s3s Auger transitions, respec-

tively.
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TABLE I. Cross sections for carbon K-shell and argon
L-shell ionization by o particles and deuterons (in units
of 10718 ¢m?).2

E/M Carbon (K shell) Argon (L shell)
(MeV/amu) o particles deuterons o particles deuterons

0.150 1.57 0.35

0.250 3.34 0.66 7.61 1.96

0.375 5.20 1.05 12.5 2.73

0.500 4.96 1.10 15.0 3.18

2Absolute errors are estimated to be +20%,

for carbon K-shell ionization and argon L-shell
ionization by equal-velocity « particles and deu-
terons are listed in Table I. The uncertainties in
the absolute values are estimated to be + 20%.

Presented in Table II are the ratios N,/4N,;
where N, and N, are the Auger yields obtained with
equal-velocity a particles and deuterons, respec-
tively. Because the Auger yields for a particles
and deuterons were measured under nearly iden-
tical conditions, these yield ratios are subject to
far fewer uncertainties than are the absolute cross
sections.

Since the number of particles passing through
the target was determined from the integrated cur-
rent produced in a Faraday cup, any projectiles
which were not fully stripped of their electrons
would cause the measured Auger cross sections to
appear larger than they actually are. The switch-
ing magnet located approximately 3 m upstream
from the target chamber ensured that the projec-
tiles were fully stripped at that point, but, during
their flight from the switching magnet to the Fara-
day cup, charge-changing collisions could occur
with residual gas molecules in the beam line and
target-gas molecules in the target chamber. Cal-
culations based upon charge-changing cross sec-
tions given by Allison'” indicated that this effect
was important only for the 600-keV a-particle
measurements, where it was found that under the
conditions of the present experiment approximate-
ly 15% of the He'* beam ended up as He* in the
Faraday cup. As a result of this correction
(which has been included in the values listed in
Tables I and II), the 150-keV/amu Auger-electron
yield ratio is considerably more uncertain than
the rest.

B. Satellite Structure

An examination of the carbon K-shell Auger
spectra shown in Fig. 1 reveals various structural
changes in the gross features which appear to de-
pend both on the type and energy of the projectile.
In particular, the main peak is observed to be
shifted about 4 eV down in energy in the spectra
obtained with o particles as compared to the spec-
tra obtained with deuterons. The differences in
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the structural features of the Auger spectra for the
two types of particles become increasingly appar-
ent as the bombarding energy decreases.

In comparing the features of the argon L-shell
Auger spectra shown in Fig. 2, considerably more
pronounced differences in structure are found.
Especially striking is the abrupt reduction of the
intensity of the high-energy peak in going from
deuterons to o particles.

Effects similar to those described above have
also been observed recently by Stolterfoht!® in K-
shell Auger spectra obtained by proton impact on
Np, CO,, and CH,. He attributes the changes in
Auger structure to satellite peaks associated with
double-vacancy production during the collision.
This interpretation is consistent with evidence pro-
vided by x-ray measurements®!® which show that
simultaneous K- plus L-shell ionization does in-
deed occur with substantial probability in light-ion
collisions with intermediate- and low-Z atoms.

Referring back to Figs. 1 and 2, the normal
transitions (i. e., the usual transitions associated
with an initial single-vacancy configuration) are
labeled with the letters A, A’, and A’’. These let-
ters correspond to the 1s-2p2p, 1s-2s2p, and
1s-2s2s transitions, respectively, for carbon and
to the 2p-3p3p, 2p-3s3p, and 2p-3s3s transitions,
respectively, for argon. The energies of the nor-
mal Auger transitions were taken from Moddeman'®
and Siegbahn et al.?° in the case of carbon (CH, and
C,Hg), and from Carlson and Krause!! in the case
of argon.

In an effort to identify the various structural
features of the measured Auger spectra as satel-
lites associated with specific Auger transitions,
Hartree-Fock-Slater calculations were carried
out with the program of Herman and Skillman, #
Energies of the KLL Auger transitions for carbon
atoms and the LMM transitions for argon atoms,
both in various multiply ionized initial configura-
tions, were obtained from the differences in cal-
culated total energies for initial and final states.
The absolute transition energies calculated for
free carbon atoms were not expected to accurately
represent the measured Auger satellites for mo-
lecular Cy,Hg. The energy differvences between the
normal transitions and their corresponding multi-

TABLE II. Auger-electron yield ratios for equal-velocity
« particles and deuterons incident on carbon and argon.

E/M Na/4Nd

(MeV/amu) Carbon (K shell) Argon (L shell)
0.150 1.13+0,12
0.250 1.25+0.07 0.96£0,05
0.375 1.24+ 0,07 1.14+0.06
0.500 1.13+0.06 1.18 £ 0.06
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TABLE III. Auger energies for KLL transitions in
multiply ionized carbon atoms.

Energy (eV)
Measured* Calculated®
Transition E AE E

A 1s-2p2p(s™) 250 0 250
B (s, 2s™) —10 240
C 1s™,2s57) —-16 234
(1s7) 22 272

A’ 1s-2s2p(s™) 237 0 237
s, 25 -9 228

(1s™,2p™) -9 228
1s,2s1,2p™) -14 223

A" 1s-2s2s(ls™) 230 0 230
1s1,2p™) -9 221

s™,2p™) -13 217

2Measured energies are for CH, from Refs. 10 and 20.
PAE is calculated energy difference between satellite
transition and corresponding normal transition. E is
-transition energy obtained by adding AE to the measured
energy of the appropriate normal transition.

ple-ionization satellites, however, should be nearly
the same for C,Hg molecules as for free carbon
atoms. The satellite energies were estimated by
subtracting the calculated energy differences from
the measured energies of the appropriate normal
transitions. The results of the calculations for
carbon are summarized in Table III. In this table
the initial-state configuration is identified by in-
dicating the number of vacancies in each level be-

TABLE IV. Auger energies for LMM transitions in
multiply ionized argon atoms.

Energy (eV)
: Measured?® Calculated®
Transition E AE E

A 2p-3p3p(2p~) 206 0 206
B @p,3p™) -9 197
o] 2p,3p™0) -20 186
@p™,3p) -32 174

(2p™) 10 216

A’ 2p-3s3p(2p™) 191 0 191
D @2p™,3p™) -12 179
E @, 3% - -23 168
@p™,3p7) -35 156

A" 2p-3s3s(2p™) 180 0 180
F @p1,3p™) —-12 168
G 2p™,3p™) -24 156
2p7,3p) - 36 144

2Measured energies from Ref. 11,

PAF is the calculated energy difference between the
satellite transition and the corresponding normal transi-
tion. E is transition energy obtained by adding AE to
the measured energy of the appropriate normal transition.
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yond those in the ground-state configuration. The

letters preceding some of the transitions in Table

I are used to identify the positions of these lines in
Fig. 1.

The absolute transition energies calculated for
the normal LMM transitions in argon were within
1 or 2 eV of the measured energies as given by
Carlson and Krause.!* The results of the calcula-
tions for the argon satellite transitions are sum-
marized in Table IV. Additional analysis of the
argon spectra was accomplished by fitting a series
of Gaussian peaks having widths determined by the
experimental spectrometer resolution to each
spectrum. This procedure enabled a fairly ac-
curate determination of the area of the peak cor-
responding to the normal 2p-3p3p transition (peak
A in Fig. 2). Using this peak area and the inten-
sities of the other “normal” transitions relative to
the intensity of the 2p-3p3p transition as obtained
from Carlson and Krause, '! the normal Auger
spectrum was subtracted from each of the mea-
sured spectra. The result of this analysis is
shown in Fig. 3 for the Auger spectrum obtained
with 2-MeV « particles. The letters in this figure
indicate the expected locations of a few of the sat-
ellite transitions listed in Table IV. In this man-
ner the total yields of Auger electrons associated
with satellite transitions could be estimated. The
ratios of the residual Auger yields (after subtrac-
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spectra for 2.0-MeV « particles incident on argon. The
dashed lines indicate the calculated positions of some of
the possible satellite transitions listed in Table IV.
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TABLE V. Residual-to-total L-shell -Auger-electron
yield ratios for argon.

E/M Ng/Nyp

(MeV/amu) Deuterons o particles
0.250 0.40 0.83
0.375 0.38 0.74
0.500 0.36 0.67

tion of the normal spectra) to the total Auger yields
are given in Table V.

IV. DISCUSSION

A. Tonization Cross Sections

The K-shell ionization cross sections for carbon
obtained in the present work are compared with
the results of other thin-target measurements in
Fig. 4. They are plotted as a function of the ve-
locity ratio vp/i,{, where v, is the projectile ve-
locity and 7 is the average K-shell electron ve-~
locity [ = (2Ug/m)*/? and Uy is the K-shell bind-

ing energy]. The cross sections given by Harrison
et al.® were deduced from x-ray measurements
for protons on CH,. Those given by Toburen® 2
and by Stolterfoht'® were derived from Auger-elec-
tron measurements. Toburen’s values are aver-
ages for protons incident on CHy, C,Hg, and C,H,,
whereas Stolterfoht’s values are for protons in-
cident on CH,. Although different molecular en-
vironments affect the Auger yields to some extent,
a previous study of carbon Auger yields obtained
for different molecular forms of carbon showed the
magnitude of this effect to be of the order of 5% or
less for CH, and C,Hg. #

The cross sections for deuterons incident on
C.Hg obtained in the present work overlap quite
well with the proton values obtained by the other
investigators except at higher velocity ratios,
where the present results along with the previous
results of Toburen are about 20% higher than those
of Stolterfoht. The cross sections obtained with «
particles (divided by 2z%) are systematically higher
than the cross sections for deuterons throughout
the range of velocity ratios measured.

FIG. 4. Comparison of
carbon K-shell ionization
cross sections measured for
thin targets with the predic-
tions of various theories. The
K-shell ionization cross sec-
tion divided by the square of
the projectile charge is plot-
ted vs the projectile to
K-shell electron velocity ratio
where Tg = Qug/m)"? (g is
the K-shell binding energy, 283
evV).
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The solid and dashed curves in Fig. 4 show the
predictions of the Born-approximation theory from
tabulations given by Khandelwal et al. % and the
predictions of the classical binary-encounter theo-
ry as presented by Garcia, 2 respectively. Similar
comparisons have already been discussed in some
detail by the above-mentioned experimenters, and
so we restrict ourselves here to only a few brief
observations regarding the over-all trends. In
general, both theoretical approaches appear to
give satisfactory agreement with the experimental
results for protons above a velocity ratio of ap-
proximately 0.5. For 0.5<v,/7,<2.0 it is not
clear from the experimental data which of the two
theoretical descriptions gives the best results, but
in any case the differences between them are only
about 25% at most in this velocity range.

E/M (MeV/amu)
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Below v,/7,> 0.5, both theories appear to over-
estimate the cross sections, with the binary-en-
counter theory overestimating by the smaller
amount. Brandt et al.?" have attributed the dis-
crepancies between experimental cross sections
and those calculated in the Born approximation at
low velocity ratios to an increased binding of the
K-shell electrons resulting from the close prox-
imity of the projectile during the collision. Using
the prescription given by Brandt, 2® we have cor-
rected the Born-approximation cross sections for
this binding effect and the results are shown by the
dot-dashed curve in Fig. 4. (The Coulomb cor-
rection also discussed by Brandt® is negligible
over this range of velocity ratios.) It is seen that
this curve falls considerably below the experimen-
tal points at high velocity ratios, but it joins the
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- FIG. 5. Comparison of
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— cross sections with the pre-
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| P |°"3 — ionization cross section
b = divided by the square of the
o projectile charge is plotted
- vs the projectile to L-shell
N electron velocity ratio
! where Ty = @a./m)'/? Gy is
— ’l the average L-shell binding
! energy, 264 eV).
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experimental points of Harrison ef al.% at low ve-
locity ratios. This underestimation of experimen-
tal results at the higher velocity ratios has been
noted by Brandt,?® and he and his co-workers® have
developed a possible explanation for this in terms
of a polarization effect.

The results of the L-shell ionization cross-sec-
tion measurements for argon are shown in Fig. 5
along with the predictions of the Born-approxima-
tion and binary-encounter theories. It is apparent
that fairly large discrepancies exist between the
experimental and theoretical L-shell ionization
cross sections at low velocity ratios. The experi-
mental results appear to be converging with the
Born-approximation curve at high velocity ratios.

B. Projectile Z Dependence

As was stated in Sec. I, one of the principal ob-
jectives of this study was to test the projectile Z
dependence in the light-element region using Auger-
electron yields. By comparing Auger yields in-
stead of x-ray yields, as has been done in all pre-
vious studies, ! uncertainties associated with the
fluorescence yields are eliminated. A comparison
of the Auger yields for carbon and argon in the
form of a plot of the cross-section ratios o,/40,
as a function of the projectile energy per amu is
shown in Fig. 6. If the predicted z% dependence
were to be upheld, the experimental points would
lie along the dashed line at 0,/40,=1. Rather
large deviations are observed from a z? dependence
for both K-shell ionization of carbon and L-shell
ionization of argon.

To be consistent with the results of the above-
mentioned x-ray measurements, the z% deviation
should exhibit a crossover behavior in which the
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ratios are smaller than unity at low projectile ve-
locities, rise above unity at higher velocities, and,
finally, decrease back toward unity at the highest
velocities. The present results do indeed follow
this trend. The theory of Basbas et al.! contends
that the crossover phenomenon occurs as a result
of the exact cancellation of the binding effect (which
acts to decrease the ionization cross section) and
the polarization effect (which acts to increase the
ionization cross section). This cancellation is ex-
pected to occur for n-shell ionization when

1/qoan~1, (1)

where 7q, is the minimum momentum transfer for
n-shell ionization given by

igo=U,/v, , @)

and a, is the Bohr radius of the » shell (corrected
for inner-electron screening);

a,=nnt/mz, et . &)

In the above equations, U, v, m, and Z,are the
n-shell binding energy, projectile velocity, elec-
tron mass, and screened nuclear charge, respec-
tively. Equation (3) can be rewritten in terms of
the Bohr velocity of an z-shell electron (corrected
for inner-electron screening) v, to give

a,=n’v,7/2Z%R , (4)

where R is the Rydberg constant. Combining Egs.
(1), (2), and (4) results in the following expression
for the crossover-point condition:

Vy/Vn=5n?U,/Z2R)=1nb, . (5)

The crossover-point condition expressed in terms
of the velocity ratio used throughout this paper

'.50 T T T T T T T T T
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140 - 4 ARGON L—SHELL i
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0 Y 0z o3 o0a os 06
E/M (MeV/amu)

0.7 0.8 0.9

FIG. 6. Ionization cross-
section ratio plotted vs the pro-
jectile energy per amu for car-
bon K shell and argon L shell,
The behavior of this ratio for an
exact z2 dependence is shown by
the dashed line.
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[v,/5, where 5,=@QU,/m)'?] is obtained by noting
that

— (ZZ'Z'R/an)l/z
O/ = (2U,/m)

- 9;1/2 . (6)

Substituting this expression into Eq. (5), the final
result is

vy/Ta=3nbL/2 )

The crossover point given by Eq. (7) occurs at
v,/Tx=0.401 for carbon (E/M = 83 keV/amu) and
at v,/5,=0.636 (E/M=194 keV/amu) for argon.
Unfortunately, the large uncertainty in the 150-
keV/amu point for carbon does not permit a con-
clusive experimental determination of the cross-
over velocity ratio. Based upon the present data,
about all one can say in this regard is that a cross-
over should occur somewhere around v,/7,=0.44
(E/M =100 keV/amu). In the case of argon, it is
noted that the observed crossover velocity ratio is
0.75 (E/M =270 keV/amu), which is 18% larger
than the velocity ratio given by Eq. .

In summary, we have shown that large deviations
from a z% dependence occur for carbon K-shell ion-
ization and argon L-shell ionization, and that these
deviations are not a result of variations in fluores-
cence yields. Although the present results are un-
able to accurately establish the crossover velocity
ratio for carbon, it is apparent that the general
trend of the projectile z dependence of carbon K-
shell ionization cross sections is similar to that
observed for argon L-shell ionization and to the
trends deduced previously in K x-ray measure-
ments with C1, Ca, Ti, and Ni targets. 2

C. Satellite Structure

In Sec. IIIB it was noted that evidence of satel-
lite structure associated with Auger transitions
from atoms which had undergone multiple ionization
during the collision process appears in the mea-
sured carbon KLL and argon LMM Auger-electron
spectra. In this section we concern ourselves with
identifying the origins of the various structural fea-
tures seen in these Auger spectra.

Carbon. Unfortunately, in the case of the KLL
Auger spectra for carbon (Fig. 1), the broad widths
of the various lines preclude very conclusive state-
ments regarding satellite identities on the basis of
our data alone. These linewidths are not solely a
consequence of our experimental resolution but are
characteristic of C;Hg, even in very-high-resolu-
tion spectra.?’ In comparing our spectra for C,Hg
with Stolterfoht’s spectra for CH,, however, it be-
comes apparent that the shift in the main peak en-
ergy in going from deuterons to a particles results
from a substantial increase in the intensity of the
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satellite peak appearing at an energy of approxi-
mately 243 eV (peak B’) in Stolterfoht’s spectra.
Referring back to the calculated satellite peak en-
ergies in Table III, the most likely candidate ap-
pears to be the‘ls-2p2p satellite transition asso-
ciated with an initial double-vacancy-state config-
uration of 1s~12s"* and having a calculated energy
of 241 eV. The 1s-2p2p satellite transition for an
initial vacancy-state configuration 1s™2p~! would
not be possible for a free carbon atom since only
two 2p electrons are initially available. However,
since we are dealing with carbon atoms bound in

a molecule (C,Hg), in effect, six 2p electrons are
available and a 1s-2p2p satellite transition for an
initial -state configuration of 1s™'2p~! would be ex-
pected to occur. In such a case this satellite line
would occur at approximately the same energy as
the one originating from a 1s~!2s-! initial configu-
ration and may, in fact, be the dominant transition
contributing to the observed satellite peak. The
estimated position of the transition associated with
an initial 1s~2s! or 1s-!2p~! vacancy is indicated
by the dashed line labeled B in Fig. 1 and, as can
be seen in the spectra obtained with 1. 0- and 0. 6~
MeV « particles, coincides nicely with the ob-
served structure.

Also, plainly visible in the Auger spectrum ob-
tained with 0. 6-MeV « particles (in Fig. 1) isa
peak at approximately 234 eV. The energy of this
peak corresponds to the energy calculated for the
1s-2p2p satellite transition associated with an ini-
tial triple-vacancy-state configuration of 1s-2s-2
(or 1s7'2p=%). The position of this transition is in-
dicated by the dashed line labeled C in Fig. 1.

We conclude, then, that the dominant features
contributing to our Auger spectra for carbon (be-
sides the “normal” Auger transitions) are associ-
ated with 1s-2p2p transitions arising from initial
states having one and two vacancies in the 2s or 2p
level in addition to a 1s vacancy. The relative in-
tensities of these satellite transitions increase both
as the projectile charge increases and as the pro-
jectile velocity decreases.

Avgon. The residual Auger-electron spectrum
(after subtraction of the “normal” spectrum) for
2.0-MeV a particles on argon (Fig. 3) shows sig-
nificant structural features at 195, 183, 168, and
152 eV. Comparing these energies with the cal-
culated energies for argon LMM satellites in Table
IV, it is found that these energies correspond most
closely to 2p-3p3p, 2p-3s3p, and 2p-3s3s satellite
transitions associated with initial-state configura-
tions having one and two vacancies in 3s or 3p lev-
els in addition to a 2p vacancy. (Although Table IV
only gives transition energies for 3p vacancies,
they are the same within 2 eV for 3s vacancies. )
The calculated positions of these transitions are
indicated by the dashed lines in Fig. 3. In this fig-
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ure it is seen that the calculated energy for transi-
tion G is somewhat higher than the structural fea-
ture appearing at 152 eV but, for the most part,
the other indicated satellite energies coincide fair-
ly well with the residual Auger structure.

If one makes the assumption that multiple-vacan-
cy production in light-ion collisions is simply a
result of simultaneous collisions with individual
electrons during the ions’ passage through the atom
then one is led to expect that the cross section for
the production of multiple vacancies is proportional
to the product of the cross sections for producing
each vacancy individually.® Thus if o, is the total
cross section for n-shell ionization (irrespective
of what other ionization is produced simultaneously)
and if ¢, is defined similarly for the »’ shell, then
it follows that the total cross section for simulta-
neously producing at least one n-shell and one #'-
shell vacancy is

Opnt = COy Ope (8)
where ¢ is a proportionality constant, or

'gﬂ o One » (9)

On
The above result has been tested by Knudson,
Burkhalter, and Na.gel5 for simultaneous K- plus
L-shell ionization produced by protons incident on
Al, and by Li, Watson, and Hansen'® for simulta-
neous K- plus L-shell ionization produced by deu-
terons and « particles incident on Ca, Ti, and Fe.
The former group found that the projectile velocity
dependence of the K- plus L-shell cross-section
ratio was correctly given by the L-shell ionization
cross-section velocity dependence as calculated in
the Born approximation. The latter group com-
pared the same ratio with the L-shell cross-
section velocity dependence predicted by the clas-
sical theory of Gryzinski! and found similar
agreement.
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In the present case of argon, Eq. (9) predicts
that the L~ plus M-shell to L-shell ionization
cross-section ratio should follow the velocity de-
pendence of the M-shell cross section. The ratios
of the residual-to-total Auger yields given in Table
V are estimates of the above cross-section ratio.
We have compared the projectile velocity depen-
dence of these ratios with the M-shell ionization
cross-section velocity dependence as predicted by
the Gryzinski model and find satisfactory agree-
ment. It should be noted that this simple picture
of multiple ionization predicts that ¢ ;,/c; should
approximately follow a z2 dependence on projectile
charge. In Table V it is seen that the present re-
sults for deuterons and a particles only differ by
about a factor of 2 instead of the factor of 4 re-
quired by a 22 dependence.

In summary then, we have shown that most of the
dominant features of the LMM Auger-electron
spectra resulting from light-ion collisions with
argon atoms are explainable in terms of satellite
transitions associated with initial states having one
or more vacancies in 3s or 3p levels. This con-
clusion was reached on the basis of (a) the corre-
spondence between the observed structure and the
calculated satellite transition energies, and (b) the
agreement between the observed velocity depen-
dence ofthe residual Auger yield withthat predicted
by the simple independent-collision picture of mul-
tiple ionization.
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Two uniformly convergent series are introduced to give bounded estimates of the dynamic
polarizability in the region below as well as above the first resonance line. Upper and lower bounds on
the oscillator strength can also be obtained from these approximations. The series are simple and

rapidly convergent.

The frequency-dependent (dynamic) polarizabil-
ity a(w), being important in many physical and
chemical considerations, has been subjected to in-
tensive study in recent yea’rs.l'2 Here we wish to
introduce two approximations for a(w). One is
uniformly convergent to it from above and the
other from below. They have the advantages of be-
ing simple and rapidly convergent. Furthermore,
the upper and lower bounds of the oscillator
strength can also be obtained from these approxi-
mations.

The dynamic polarizability is given by the
Kramers—-Heisenberg dispersion formula

a(w)=§)z:£t_—a;, , ()

where f; is the electric dipole oscillator strength
for the transition from the ground state to state ¢
with excitation energy €;. The summation sign is
understood to include integration over the continu-
um and atomic units are used for all quantities.
Expanding Eq. (1) in a Taylor series about the ori-
gin, we obtain the Cauchy equation

@)= piw® )
3=0

with the Cauchy moments u; given by the oscilla-
tor-strength sums S(¢) defined as

u,=S(—2j—2)=ZzE:-g+—z . ®)

The radius of convergence is €;. The first few
Cauchy moments can be determined either ex-
perimentally or theoretically. To approximate Eq.
(1) with finite number of Cauchy moments, we in-
troduce the following:

1 .
Q(w)=grgr O a™ @
with
_{S(-2)eq?, k=0
“2k'{s(-2k-2)<12-s(—2k), £#0 (5)
and
_ 1 >0 2k
Gfg(w) = (612 — w2) (Ezz _ wZ) '2) bzpw ) (6)
with
S(- 2)e%€,? =0

b2,=?s(—4)<12<22-(<12+ &)S(-2), k=1 -

(=2 - 2)(12622 - (512 + Eza)s(" 2k)
+S8(=2k+2), Ek>1.

To study their relationship with a(w), we examine
the difference functions?®

gMw) = o (w) - alw) (8)
and
g w) = af(w) - alw) . )

Substituting Eqgs. (4) and (1) into Eq. (8) and using
Egs. (5) and (3) to simplify the expression,* we

find
gt = o DS (10)

Similarly, from Eq. (9), we have
w2n+2

ghw)=~ (- D) (2~ )

<z (ef? *51’(‘1 ) )

2n+ (E



