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The Fano-Lichten model is known to be in good accord with available inner-shell excitation data on
gaseous targets, whereas there exist several examples of discrepancies between the model and results of
solid-target experiments. As will be discussed in detail in this paper, these apparent discrepancies may be
explained by so-called “solid effects.” An equation taking due account of energy-loss straggling, x-ray
generation in recoil collisions, and targets absorption of emitted x rays is used to relate the measured x-ray
yield to an x-ray production cross section averaged over the equilibrium distribution of projectile charge
states in the solid. Experimental cross sections are reported for the Al X x-ray production in Al targets
bombarded with N, Al, and Ar ions, and for the Ne X x-ray production of Ne projectiles incident on Mg,
Al, Si, and P targets. The neglect of solid effects in published x-ray data is commented upon.

I. INTRODUCTION

During recent years there has been a rapidly in-
creasing interest in the study of violent heavy-
ion—-atom collisions at relative nuclear velocities
small compared to the orbital velocities of inner-
shell electrons in the colliding particles. Such
collisions, which can be very efficient in produc-
ing inner-shell vacancies (see, e.g., Ref. 1), have
been investigated by inelastic-energy-loss mea-
surements, Auger electron spectroscopy, and x-
ray spectroscopy. Since these methods are more
or less complementary, none of them is able to
provide a complete insight into the collision pro-
cess. To establish an understanding of the excita-
tion and de-excitation mechanisms, it is therefore
very useful o have available a broad variety of
experimental data, obtained from all three meth-
ods.

The interpretation of the experimental data is
based on the Fano-Lichten®® or the molecular-
orbital (MO) model. In this model it is assumed
that owing to the small relative nuclear velocity
of the colliding particles, inner-shell electrons
may adjust their orbital motion quasiadiabatically
to the slowly varying two-center field, such that
molecularlike electron states (MO), depending
parametrically on the internuclear separation dis-
tance R, are formed. If, during the collision,
two MOs become degenerate or almost degenerate
at a definite value of R, a strong dynamic coupling,
caused by the nuclear motion may result. Such
dynamic couplings call for a change in the descrip-
tion of the colliding system. Instead of using
static, adiabatic MOs, it is more convenient to use
dynamic diabatic states®* which, unlike the adia-
batic states, do not obey the noncrossing rule. A
diabatic MO may correlate an atomic state of the
separated atoms with an atomic state of the united

L

atom whose principal quantum numbers differ
appreciably (promotion). If so, the diabatic MO
crosses other MOs as R is varied during the col-
lision, and one or more electrons may be trans-
ferred from their initial state to an excited state,
and when the atoms have separated, one or more
inner-shell vacancies have been produced. In
lack of precise MO energy-level diagrams, sim-
ple diabatic-correlation diagrams have been use-
ful in the interpretation of inelastic collisions.
For the construction of such diagrams, see Ref.
3. Figure 1 shows a simple diabatic correlation
diagram representing the system under discussion.

In recent years, several experiments have been
devoted to the determination of x-ray yields ver-
sus energy in ion-solid collisions, Although such
data are relatively easy to obtain, their interpre-
tation in terms of inner-shell excitation cross sec-
tions is a tricky problem. First of all, lack of
precise information of the fluorescence yields for
the different subshells in the ionic collision prod-
ucts makes, even for gaseous targets, an evalua-
tion of the ionization cross sections from mea-
sured x-ray yields rather uncertain. Second, the
use of thick targets both to achieve higher x-ray
intensities and to increase the number of accessi-
ble target elements gives rise to so-called “solid
effects.”

The charge state of the ions traversing the solid
is repeatedly changed by capture and loss pro-
cesses, such that the precollision state of the pro-
jectile is unspecified and changes from one colli-
sion to another. An equilibrium charge-state dis-
tribution of the projectiles is obtained after they
have penetrated a few atomic layers below the
surface of the solid target, and consequently, the
projectile ions lose memory of their initial
charge state. Since it is known from both inelas-
tic-energy-loss measurements® and Auger-elec-
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FIG. 1. Diabatic MO correlation diagram for the case
of Z , slightly larger than Zg. Solid lines correspond to
o states, dashed lines to 7 states, and dotted lines to 6
states.

tron measurements® that the probability for pro-
ducing an inner-shell vacancy in some cases de-
pends strongly on the precollision charge state of
the particles, it follows that ion-solid interactions
may become very difficult to analyze rigorously.

Another solid effect is due to the creation of
recoils in the solid target. Such recoils, which
may have a considerable kinetic energy, will in
collisions with other atoms produce additional
inner-shell ionizations in target atoms.”

Although studies of x-ray production in solids
require a complicated data analysis and, as will
be discussed later, the evaluated production cross
sections represent averages of more specific cross
sections, these studies may provide information
which is not obtainable in gas collisions. The high
density of the target may in some cases open up
opportunities for studying new collision phenomena,
of which a recent example is the possibility of
having collision processes in which the incident
ion has one or more inner-shell vacancies, pro-
duced in a preceding violent collision.*® Such
correlated double-collision processes are only
probable if the target density is sufficiently high
to make it likely for two violent collisions to take
place within the very short time interval, corre-
sponding to the lifetime of an inner-shell vacancy,
which is typically 10710 sec.'®

The present paper is devoted to an analysis of

the solid effects. An integral equation describing
the thick-target x-ray yields, including contribu-
tions from recoil collisions, in terms of excita-
tion cross sections and slowing-down parameters,
is established. For low-energy projectiles, where
absorption of x rays in the target is negligible,
this equation reduces to the integral equation
which was established in Ref, 7. The influence of
the charge and excitation state of the projectile
ions on the probability for producing inner-shell
vacancies is discussed. To support and substan-
tiate the analysis of the solid effects, a series of
experimental x-ray measurements in ion-solid
collisions has been performed. Furthermore,
x-ray data which have been published by various
authors are reexamined.

II. SOLID EFFECTS

The MO model, which is based on a simplified
picture of the colliding heavy-ion-atom system,
is known to be in good accord with available experi-
mental data on gas collisions."® Before discuss-
ing the specific solid effects encountered in ion-
solid collisions, it is appropriate to summarize
some of the qualitative predictions, which can be
made from the MO model.

(i) An inner-shell vacancy can only be produced
if there exists a vacancy in a higher MO to which
the inner-shell electron may go. For example in
Na**-Ne collisions the precollision 2p vacancy in
sodium may become a 2p7 vacancy to which a 2p¢
electron, i.e., a neon K electron, may be trans-
ferred as a result of a 2p0-2p 7 rotational coupling,
whereas in Na*-Ne collisions no such 2p7 vacan-
cies are available and the probability for a K ion-
ization is very small.® This type of charge-state
effect, where, according to the correlation dia-
gram, the ionization of one of the particles pro-
duces a MO vacancy to which an inner-shell elec-
tron may go during the collision, will be called
the divect charge-state effect. It is seen to have
the effect of opening up an originally closed exit
channel for inner-shell ionization.

(ii) An inner-shell vacancy is preferentially pro-
duced in the collision partner whose inner-shell
electrons have the smallest binding energy. For
partners whose atomic numbers do not differ
much, this implies that the vacancy is produced
in the collision partner with the lower atomic
number, e.g., in a S*-Ar collision, the L, ; va-
cancy is produced in the sulphur ion.'

(iii) MO correlation diagrams are ordinarily
constructed for neutral atom-atom systems.® In
the limit of separated atoms (R —=), the energy
levels for ionized systems may deviate apprecia-
bly from those for neutral systems, such that



1816 TAULBJERG, FASTRUP, AND LAEGSGAARD 8

ionized systems require their own specific dia-
grams.'? The order of atomic orbitals may be
changed if the ionization of one of the partners
causes a substantial change in the binding ener-
gies of its outer electrons. As discussed by Barat
and Lichten,® the state of the outer shells should
have little effect on the dynamic couplings causing
inner-shell excitations. On the other hand, the
availability of vacancies in the MO that serves as
exit channel for the inner-shell excitation in ques-
tion may depend strongly on the state of the outer
shells. Since the probability for producing an
inner-shell excitation is largely determined by the
number of vacancies in the exit channel, it is ex-
pected that swapping among the outer-shell orbitals,
caused by a high charge state of the incident pro-
jectile, may influence that probability. This
indirect charge-state effect will be most significant
when the exit channel is closed for the neutral
system. Let us illustrate the effect by an example.
In Ne-Mg collisions the exit channel for neon K
ionization is closed, see Fig. 1. If the neon atom
is initially doubly ionized, the binding energy'® of
the 2p orbital of Ne** is larger than the binding
energy of the 2p orbital of magnesium. A swap-
ping of neon and magnesium 2p orbitals results,
such that during the collision a neon 2p vacancy
may become a 2p7 vacancy and thereby make a

Ne K excitation possible. This effect may quali-
tatively be accounted for if correlation diagrams
for ionized systems are constructed from the
corresponding diagrams for neutral systems by
changing the energy levels in the separated limit
to their correct position without any change in the
correlations. When levels are swapped by this
rearrangement, new crossings are introduced and
an electron may be transferred from one MO to
another at one of these crossings during the colli-
sion. The strength of the couplings at these cross-
ings then determines the significance of this in-
direct charge-state effect.

Let us now consider the x-ray generation in
thick targets by heavy-ion bombardment. Although
such experiments may be used to trace very small
quantities of unknown materials' or to locate
impurities in crystal lattices,' these studies will
often have the purpose of providing yield data,
which can be converted into specific cross sec-
tions. However, such a data reduction is ham-
pered by several solid effects. These effects will
be discussed in the following in greater detail.

A. Dependence on Charge and Excitation State

Owing to relatively large cross sections for
changes in the projectile charge or excitation
state, incident-keV ions will,. after having tra-

versed a few atomic layers of the solid, usually
attain an equilibrium-charge and excitation-state
distribution.'* Accordingly, the initial charge
state of the incident ions is generally not an impor-
tant parameter in determining the x-ray yield in
ion-solid experiments at beam energies well above
the threshold energy for the exciation process in
question. Since, however, the state of the colli-
sion partners prior to the collision event in some
cases has a large effect on the probability for an
inner-shell ionization, e.g., in opening a closed
exit channel, the actual distribution of charge and
excitation states of the projectiles during the slow-
ing down in the solid may be an important quantity
in determining the x-ray emission yield. Let us
for the sake of argument assume that it is possible
to divide projectile states into two groups, such
that the exit channel for the excitation process in
question is closed for projectile states in the first
group but open for projectile states in the other.
At a given residual projectile energy in the solid,
an equilibrium fraction of projectile states belongs
to the second group. Only this fraction of the ions
will contribute to the production of inner-shell
vacancies.

Let us illustrate the charge-state effects in
connection with ion-solid collisions by examples.
In an Al*-Al single collision there is no Al 2p
vacancies prior to the collision and hence no 2p7
vacancies are produced during the collision; there-
fore a K electron cannot be transferred to a 2p7n
MO. However, as a result of the ion-solid inter-
action, a distribution of projectile states is reached
of which a fraction allows for an open exit channel
for Al K excitations. For example, 2p vacancies
exist for ions such as Al**** and A1°(2p~'). Con-
sequently, the probability for producing an Al K
vacancy is appreciable for this fraction of the dis-
tribution. This example has illustrated the direct
charge-state effect. In Ne*-Al collisions the exit
channel for producing neon K vacancies is closed,
see Fig. 1. As a result of the ion-solid interac-
tions, the Ne ions achieve a charge-state distri-
bution of which a fraction may have a charge state
of 3 or more. For these ions the binding energy's
of the remaining 2p electrons is higher than the
corresponding value for neutral aluminium and the
indirect charge-state effect may come into play.
For such highly charged Ne ions, the exit channel
for producing Ne K vacancies is therefore open
and the Ne K x-ray production cross section is
high.

B. Contributions from Recoil Collisions

During the slowing-down process the incident
ions undergo several violent collisions with the
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target atoms, thereby producing energetic recoil
atoms. The recoils, in turn, may collide with
other target atoms and produce inner-shell excita-
tions. In most previous experimental studies of
target x rays, contributions from recoil collisions
‘have been neglected. As shown by Taulbjerg and
Sigmund,’ this simplification of the data treatment
is often not justified. For some ion-target com-
binations, recoils may even account for almost all
the emitted x rays.

The energy spectrum of the recoils is peaked at
low energies. It is therefore expected that the
recoil effect is of minor importance in those cases
where the incident ions very efficiently produce
inner-shell excitations in direct encounters with
the target atoms. If, on the other hand, the direct
production of inner-shell vacancies is inhibited by
a closed exit channel, then the relative importance
of the recoils in producing inner-shell vacancies
may become substantial. A relevant example is
P-C collisions. As may be seen from the MO cor-
relation diagram, the direct production of carbon
K vacancies is forbidden by a closed exit channel.
The 2p7 MO is filled, so that no 2o (or carbon K)
electrons can be transferred to the 2p7 MO. The
indirect process, where energetic recoils perform
collisions with other target atoms, has no such
limitations. In accordance with the MO model, a
C-C collision is efficient in producing carbon K
vacancies. There are several other examples
where the recoils play a major role in generating
target x rays.

It can generally be concluded that recoils con-
tribute significantly to the generation of target
x rays when direct collisions have a low probabil-
ity of producing inner-shell vacancies or when the
incident ions are substantially heavier than the
target atoms. In the latter case the velocity of a
recoil atom may exceed the velocity of the incident
projectiles and, furthermore, the nuclear stop-
ping dominates over the electron stopping, which
is favorable for the creation of energetic recoils.

III. CONNECTION BETWEEN X-RAY
PRODUCTION CROSS SECTIONS AND THICK-
TARGET YIELDS

During the slowing down of incident ions in a
thick solid target, the ions undergo multiple
collisions with the target atoms and the observed
x-ray yield represents an integration over these
collisions. To extract information on the single-
collision ionization cross section, this integration
has to be unfolded. Cumulative effects in ion-sol-
id interactions are generally described by integral
equations. Radiation damage and ion-range theory
offer several examples of such descriptions and

their numerical solutions.'>'” The equation gov-
erning the yield I of a characteristic x ray in-
volves the corresponding x-ray production cross
section o, as a source term. As will be discussed
in the following, approximations are needed to
evaluate o, from yield data. Since a detailed der-
ivation of analogous integral equations has been
discussed elsewhere,'®'” we shall not here derive
the equation but merely state the results.

The x-ray production cross section in an ion-
atom collision is a function of energy E and charge
and excitation state of the projectile, i.e., o,
=0, (E, Z*), where Z* characterizes the precolli-
sional state of the projectile. Let us first discuss
what information ion-solid x-ray yields can give
about ¢ (E, Z*) and its dependence of the precolli-
sional charge state Z*. To simplify the analysis
but without loss of generality in the conclusions, it
is assumed that (i) the projectile is stopped com-
pletely in the target, (ii) slowing down is caused
by random collisions, (iii) the absorption of x rays
in the target is negligible, and (iv) recoil collisions
do not contribute to the x-ray yield. By the meth-
od described in Ref. 15 the yield I and o, are then
connected by the following equation:

o,(E,z*)=Z; f dEK(E, Z% B, 2¥%)
z

x[I(E, z*)-1I(E, 2%)], 1)

where K is the differential cross section for a
collision which changes the initial projectile ener-
gy and charge state (E, Z*) into (E, Z*). To obtain
o,(E, Z*) from Eq. (1) it is necessary to measure
the yield I versus energy and charge and excita-
tion state of incident particles. However, at ion
energies considerably higher than the threshold
energy for the creation of the x rays in question,
most x-ray producing collisions take place after
the equilibrium distribution of states has been
established, and hence the x-ray yield is almost
independent of the initial state of the incident
projectiles, In fact, charge-state effects have not
been reported in thick-target x-ray yields. This
does of course not mean that o, is independent of
Z*, but rather that this dependence cannot be de-
rived from thick-target experiments. It is then
natural to let the experimental yield function I(E)
be a function of energy only. The source term in
the equation governing I (E) must then also be a
function of energy only, i.e., 0,(E). The equation
connecting I and G, is

5,(E)= [ dEKE, BYIE) - 1E))], @)

where K(E, E) is the cross section for a collision
where the initial and final projectile energies are
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E and E, respectively. Obviously, the source
term 0 (E) in this integral equation has to account
correctly for the x-ray production in all collisions
that take place during the slowing down of a pro-
jectile, and since most x-ray producing collisions
take place after an equilibrium distribution of
projectile states has been achieved, 0 (E) repre-
sents an average of o (E, Z*) over this distribu-
tion.” The interpretation of 0,, derived from ex-
perimental yields by means of Eq. (2), as a pro-
duction cross section averaged over the equilib-
rium distribution of projectile states is correct
only to the extent that the observed yields are in-
dependent of the initial state of the projectiles.

Having discussed the meaning of the source term
0,, we will next turn to the general case where
absorption of x rays in the target and recoil colli-
sions may no longer be neglected. The yield will
now depend on both the energy and n=cosf, where
0 is the angle between the beam direction and the
surface normal. Neglecting terms due to surface
effects, the yield function I (E, 1) is connected to
the average production cross section G, (E) by the
equation

ax(E)+f doI(T,n"")

__u7 dI(E, n)
= Nooso IE, 1) +S,(E) —
+ f do[I(E, n) = I(E - T, n")], ®)

where do=do(E, n; E - T,n'; T,n’’) is the differen-
tial scattering cross section, T being the energy
transfer to the recoil atom in a collision, n’ and
n’’ are the cosines of the angles between the sur-
face normal and the vector velocities of the scat-
tered particle and the recoil, respectively. I is
the yield produced by a recoil atom, i.e., the
thick-target yield in the case where the projectiles
and the target atoms are of the same element. S,
is the electronic-stopping cross section of the
projectile, u is the x-ray absorption coefficient

of the target, N is the density of target atoms,

and ¢ is the angle between the surface normal and
the direction of the x-ray detector. In deriving the
above equation it is assumed that the slowing down
is caused by random collisions and that electronic
and nuclear collisions are uncorrelated.” In the
case of a large mass ratio M,/M, (M, is the ion
mass, M, is the target mass) and low-energy
projectiles, surface effects cannot be neglected.'®
Then a general yield equation,'® which includes ion-
backscattering and target-atom sputtering, should
be used. This equation is, however, far too com-
plicated to be applicable in the evaluation of experi-
mental data.

| oo

It is appropriate to rearrange the terms in Eq.
(3). We introduce the nuclear-stopping cross sec-
tion S,=[do T and the total-stopping cross section
$=S,+S, and obtain

G (E)+ f dol (T, n"")

=sg) 2 d[(E d(E, m) f do[I(E - T, )
cr LEN_ g )
* Feawy 1€ = [ dolt®E - 7,m) - 1E - 7, ).

4)

At high energies, light-incident particles such
as protons and a particles are to a good approxi-
mation subject to a continuous slowing down along
straight-line trajectories. If, further, the recoil
contribution is neglected, the three integrals in
Eq. (4) vanish and we obtain the equation also
known as Merzbacher’s formula®® for the x-ray
production cross section

‘“(E diE) | BNy, (5)

‘, (E) S(E) Ncosg

Usually, the variation of the x-ray yield versus
the angular coordinate is not measured. Then the
recoil term

0 (E, )= [ doTy(T, n") (6)

can only be evaluated if I, is independent of n’’.
This is, to a good approximation, the case when the
penetration depth in the target of a recoil atom
with maximum energy is much smaller than the
characteristic length for x-ray absorption p ™,

i.e.,
WR,(T,)<1, )

where R,(T,) is the penetration depth of a target
atom with energy 7, =vyE, y=4M,M,/(M, + M,).
When this condition is fulfilled, we have

OR(E’ 77) f ’ 77) (8)

u>0

The integration over angular coordinates may now
easily be performed and we obtain

0q(E, 1) = f do(E, T)f(T/YE) (T, m),  (9a)

where do(E, T) is the differential cross section for
a collision with energy transfer T, and the function
fq is given by



1 if x=21-72,
fn(x)= 1 are cos [— n < x >1/z]
T (1_172)172 1-x
if x<1-n2,
(9b)

In Ref. 7 the function f, was set equal to unity in
the recoil integral. This approximation is exact
only if the target is placed perpendicular to the
beam (n=1) or if the maximum energy transfer
T, =vE is close to the threshold energy in the
yield function I,. Since, however, yield functions
generally increase very steeply with increasing
energy, the significance of f,, being different
from unity in the integral in Eq. (9a), is usually
small.

The variation in the yield versus the angular
coordinate is mainly due to absorption of x rays
in the target. The last two terms in Eq. (4) may
therefore both be interpreted as absorption terms.
Then, the last term on the right-hand side of Eq.
(4) has apparently the effect of correcting the other
absorption term for nonstraight ion trajectories.
It is easily seen that this correction is negative.
Since the sum of the absorption terms obviously
is positive, the magnitude of the correction term
is smaller than the leading term., For ion-target
combinations where the majority of paths in the
ion path distribution is confined within a narrow
cone around the initial beam direction, the cor-
rection due to nonstraight ion trajectories is
small. Only in the case of low-ion energy and
large-mass ratio, i.e., M, < M,, the transverse
width of the ion-path distribution may become
comparable to the average projected range of the
ion.!” When such cases are excluded, the cor-
rection term will be negligible compared to the
other term in Eq. (4) if the leading absorption
term is small, i.e., if
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KR, (En/cosp <1, (10

where R, is the penetration depth of a projectile
of energy E. If, further, condition (7) is fulfilled,
Eq. (4) depends only parametrically on the angular
coordinates and the equation reduces to

Z,(E)=S(E) éld%—)
- [ aote, 1) (I(E —T)+T djd(?_z(m)
un
+ m IE), (11)

where the generalized x-ray production cross
section is defined by

Z,(E) =5 (E)+ 0q(E) (12)

and 0. (E) is given by Eq. (9). Except for the ab-
sorption term and the correction in the recoil
term which was discussed above, Eq. (11) is iden-
tical with the yield equation given in Ref. 7. If the
recoil contribution oy and the integral term on the
right-hand side of Eq. (11) are neglected, the
equation reduces to Eq. (5), the Merzbacher for-
mula.

IV. EXPERIMENT AND DATA EVALUATION

In order to support the discussion of solid effects
in connection with the predictions of the MO model,
measurements on thick targets of x-ray yields
from various ion-solid interactions have been per-
formed (cf. Table I). We have been particularly
interested in studying the exit-channel effect and
since this effect is most pronounced for K shell
excitations, the experimental studies have been
confined to K x rays. Actually, we have chosen
ion-target combinations in such a way that accord-
ing to the MO model, the exit channel for the ex-
citation process in question is closed for a single

TABLE I. Parameters P, U, and I, giving good fits of Eq. (13) to experimental I(E) curves.
Mass-absorption coefficients (u/p) are obtained from Ref. 21. R (E) =foE[NS(E)]" dE is the av-

erage path length of an ion with energy E.

Projectile
Measured energy range n (cm?/g)
Projectile Target X ray (keV) P U (keV) I, p MR (E max)

Ar Al Al(K) 160—-450 4.91 70 1.95x 108 400 0.052
Al Al Al(K) 100-200 3.99 70 7.63x 107¢ 400

Al Al Al(K) 180-500 1.84 130  2.69%x1074 400 0.087
N Al AL(K) 200-500 2.85 80 1.11x 1078 400 0.12
Ne Mg Ne(K) 80—-250 2.54 50 5.72x 1078 1390

Ne Mg Ne(K) 200-500 1.63 105 1.12x1074 1390 0.38
Ne Al Ne(K) 125-500 2.13 65 1.04x10°° 1990 0.47
Ne Si Ne(K) 150-500 2.27 85 7.91x 1078 2400 0.57
Ne P Ne(K) 250-500 2.47 90 2.57x107¢ 2990 0.75
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collision between a neutral projectile and a target
atom.

The experimental setup consists of a target
holder upon which three targets can be mounted
simultaneously. The beam current to the target
holder is monitored and secondary electron effects
are suppressed by an electrostatic shield in front
of the target. The angles between the beam and
the surface normal 6 and between the x-ray pro-
portional detector and the surface normal ¢ are
both 45°, i.e., n=cosf=cosy. The detector,
which has a 6-u Mylar window and is floated with
methane, can be used with or without an additional
6-p Mylar absorber foil from the same batch as
the window. In this way, detector-efficiency cor-
rections can easily be made and with better accu-
racy than can be obtained from the knowledge of
the absolute thickness and tabulated values of the
absorption.

At higher beam energies the uncertainty in ab-
solute yield, which mainly is due to the limited
accuracy in the determination of the solid angle
and the efficiency of the detector, is estimated to
be less than +20%, whereas the relative accu-
racy is better than +5%, limited mainly by the un-

T L T L T T T -1 T
=3
10 y -11
I Al - Al ]
- 1
10 ]
Ar - Al

Al K X-RAY YIELD
=]
T
1

1l

'GG;L / /"/

" /°N Al

Wi~

500

ijectnle Energy ( keV)

FIG. 2. Aluminium K x-ray yields versus energy of
N, Al, and Ar ions incident on thick aluminium targets.
Unless indicated, the relative uncertainties are less
than +5%. The uncertainty in absolute scale is estimated
to be less than + 20%. Analytic fits to the data points
are shown by solid lines.

certainty in the beam-current integration. At
lower energies the uncertainties are increased by
statistical errors due to low counting rates and
increased detector background contribution which
makes it difficult to obtain reliable yields close
to the threshold energy for the x-ray production.
To facilitate the evaluation of the cross sections,
an expression of the form’

IE)=I(E/U-1)F (13)

has been fitted to the experimental data points.
Parameters I, U, and P, giving good fits, are
listed in Table I. The data points scatter random-
ly around the smooth-fitting curve and their devia-
tions are well accounted for by the relative un-
certainties in the data points. As an example, the
aluminium K x-ray-yield data and the fitted yield
functions are shown in Fig. 2,

The conditions for the applicability of Eqgs. (11)
and (9) are fulfilled in all cases (cf. Table I).
When do and S, are known, Z_ and 0 can be evalu-
ated by numerical integration without introducing
further approximations. Differential elastic-scat-
tering cross sections based on various screened
Coulomb interactions are well represented by the
expression?

do(E, T)=CE-"T-'-™

X[1+C,(ETY@ -] aqT, T<T

.y my vy

(14)

where the maximum energy transfer T,=vE. C
and C, are constants depending on the ion-target
combination only. The parameters m and q are
set equal to § and %, respectively, corresponding
to an approximate Thomas-Fermi cross section.'”
The following expression for the nuclear-stopping
cross section is then obtained:

9C 14+(1-x)1/2
s 01538 (1 =557) a0 -],

(15)

where x=x(E)=[1+C,(yE?)*/®]"'. Since experi-
mental data on the electronic-stopping cross sec-
tion in the appropriate energy region are not avail-
able, the velocity proportional stopping formula

S,E)=K/E , (16)

where K depends on the ion-target combination,'®
has been applied.

The experimental results are presented in Figs.
3 and 4. Figure 3 shows Al K x-ray data from
aluminium targets. The generalized solid-target
x-ray production cross section Z, and the recoil
contribution o, are shown separately. The direct
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FIG. 3. Aluminium K
x-ray production cross
sections versus the energy
of incident N, Al, and Ar
ions. The generalized
cross section Z,=0, +0g
is evaluated according to
Eq. (11). The recoil part
oy is obtained by means of
Egs. (9). G, is the cross
section in direct collisions
between the incident pro-
jectile and a target atom.
Within the uncertainties of
the experimental data and
the analysis, Z, equals op
in the case of N-Al such

Ar-Al
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cross section G, is, according to Eq. (12), ob-
tained by subtraction. Figure 4 shows Ne K x-ray
data for neon projectiles incident on various solid
targets. Since projectile x rays are measured, no
contribution from recoil collisions is present.
For comparison are also shown data by Saris and

Onderdelinden?® and Tawara et al.?* on Ne*-Ne and
10-20 T T T T T T T T T T
L Ne**—Ne .
Ne*— Ne
02 .
¥ I Ne—Mg -
S Al
g -
n i
[} K
g 1022: 5 ]
s} - 4
L 4
1 0-23_ .
L 1 1 1 1
100 200 300 400 500

Projectile Energy (keV)

FIG. 4. Neon K x-ray production cross sections
versus the energy of neon ions incident on solid targets
of the elements Mg, Al, Si, and P. For comparison
are also shown the K x-ray production cross sections in
Ne* -Ne and Ne'* -Ne collisions obtained by Saris and
Onderdelinden (Ref. 23) and Tawara et al. (Ref. 24).

that only an upper limit to
0, may be obtained.

200 300 400
Ne**-Ne. As to the importance of the straggling
term, i.e., the integral term in Eq. (11), sizable

values—up to 30%—are found at low projectile
energies,

V. DISCUSSION
A. Recoil Effect

As expected, the recoil contribution oy in rela-
tion to the Al K x~ray production in aluminium
targets (cf. Fig. 3), increases with the increase
of the atomic number of the projectiles. The frac-
tion of Al K x rays, which is produced by recoil
collisions, may, however, be large for low-Z
projectiles. An example of this is the N-Al case,
where collisions undergone by recoil atoms com-
pletely dominate the Al K x-ray production. With-
in the uncertainty of the experimental data and the
analysis, oy equals the generalized cross section
Z. and hence the direct x-ray production cross
section 0, is at least one order of magnitude small-
er than Z_,. The reason for this strong dominance
of the recoil effect is seen from the correlation
diagram, Fig. 1. The 1so MO, which correlates
with the Al 1s level, does not cross any MO and
hence the exit channel for an Al K ionization in a
direct N-Al collision is closed. In the symmetric
collision, Al-Al, it is noted that the recoil con-
tribution as compared to the contribution of direct
collisions is small. This is also expected since
the Al projectiles have a high kinetic energy,
whereas the recoil Al atoms are mainly low-ener-
gy particles and therefore less efficient in pro-
ducing Al K x rays. In the last case, Ar-Al, a
strong competition between direct and recoil
collisions produced Al K x rays is noted. At ion
energies below approximately 235 keV, oy is
larger than 0, and as the energy is further re-
duced (below 160 keV), o0, is approximately equal
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to Z, and, accordingly, the direct-production
cross section becomes very small. At energies
above 235 keV, the major fraction of produced Al
K x rays pertains to direct Ar-Al collisions and
the recoil contribution is less important.

B. Charge-State Effects

For all the collisions studied (cf. Figs. 3 and 4)
a definite charge-state effect is present. Accord-
ing to the correlation diagram for a neutral atom-
atom system, none of these collisions have an
open exit channel for producing a K ionization.

Let us first look at the data shown in Fig, 3.
Here it is of interest to discuss the production of
Al K x rays in Al-Al collisions and in Ar-Al col-
lisions, simultaneously. In both cases projectile
2p vacancies are needed to open the exit channels
for Al K excitations. As discussed in Sec. II,
these vacancies may be obtained as a result of the
ion-solid interaction. Accordingly, the probability
for an ion at a given energy to have a 2p vacancy
or—equivalently—the equilibrium fraction of pro-
jectiles having such vacancies, is an important
parameter. This fraction is determined by the
production rate for these 2p vacancies and by their
decay rate. Argon 2p vacancies may, in Ar-Al
collisions (cf. Fig. 1), be produced through the
3do-3p7m rotational coupling, The internuclear
separations, at which this rotational coupling is
efficient, are very small. Argon 2p vacancies are
therefore only created during violent encounters,
whereas Al 2p vacancies are expected to be pro-
duced in rather soft Al-Al collisions, where the
4fo promotion is effective. The production rate of
projectile 2p vacancies is, consequently, signifi-
cantly larger for Al projectiles than for Ar pro-
jectiles. Though the decay rates are affected by
outer-shell ionization and by quenching collisions,
an order-of-magnitude estimate may be obtained
by comparing the theoretical lifetimes. The life-
time of a 2p vacancy in aluminium is an order of
magnitude larger than the corresponding lifetime
for argon,'® The fraction of projectiles having 2p
vacancies is therefore much smaller for Ar than
for Al. This is consistent with the observation
that o, for argon impacts is much smaller than for
aluminium impacts. The fact that argon L vacan-
cies are produced by a rotational coupling, in
contrast to the aluminium case where an almost
energy-independent 4f0 promotion mechanism
produces the L vacancies, seems to explain why
o, for Ar-Al collisions has a steeper energy de-
pendence than 0, for Al-Al collisions.

Whereas Fig. 3 illustrates the importance of the
direct charge-state effect, Fig. 4 gives examples
of the indirect charge state effect. Neon K x rays

have been measured for neon ions incident on Mg,
Al, Si, and P targets. It is evident that recoil
collisions play no role in the production of neon

‘K x rays, such that the generalized cross section

=, equals the direct cross section 0,. Since neon
in all cases is the lighter collision partner, the
correlation diagram on Fig. 1 predicts that a neon
K ionization is only feasible if the target atom has
one or more 2p vacancies before the collision,
which may become 2p7 vacancies as the nuclei
approach each other. Clearly, the target atoms
are not ionized before the collision and hence a
direct charge-state effect cannot explain the sub-
stantial neon K ionization cross section observed.
However, during the slowing down process the
neon projectiles are multiply ionized, such that

a fraction of these projectiles may have a suffi-
ciently high charge state to cause a swapping of
2p neon levels and 2p levels of the target atoms.
From values of inner-shell binding energies'? for
ions in various charge states it is estimated that
the critical projectile charge Z* for a swapping
of the 2p levels of neon and target atoms is 2, 3,
4, and 5 for targets of Mg, Al, Si, and P, re-
spectively. For excited neon ions swapping may
occur at lower charge states. As was discussed
in Sec. II, the swapping of two 2p levels results
in new crossing, e.g., the 2p7 MO and the 3dnm MO
may perform a crossing. Through the action of
such crossing, a neon 2p vacancy may become a
2pm vacancy, and the exit channel for the produc-
tion of neon K x rays has been opened.

The indirect charge-state effect is supported by
several qualitative features of the data. First,
although no charge-state data exist for the colli-
sion system under investigation here, it may be
appropriate to use existing data for neon ions
passing through a thin carbon foil.'* For 482-keV
Ne ions, the charge-state distribution of the emerg-
ing neon ions is Ne°(5%), Ne*(27%), Ne**(39%),
Ne***(25%), and Ne****(4%). It is likely that the
charge-state distribution does not depend sensi-
tively on the target element. In addition to this,
the average number of L vacancies inside a solid
target may be somewhat higher than the measured
value of the charge for the emerging ions. From
these considerations we may conclude that the
equilibrium charge-state distribution is sufficient-
ly wide to cause a swapping of the 2p orbitals for
an appreciable fraction of the projectile—target-
atom collisions.

Secondly, the absolute value of 0, decreases
with increasing Z,. This is qualitatively in accor-
dance with a corresponding decrease of the frac-
tion of the projectiles being in a sufficiently high
charge state to cause swapping.

Thirdly, the slope of the energy dependence of
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o, gets steeper when Z, is increased. This is con-
sistent with the fact that (i) the charge-state dis-
tribution is shifted towards higher charge states
when the ion energy is increased and (ii) the rela-
tive gain obtained by this shift in the fraction of
projectile states causing swapping becomes higher
at higher-Z, values.

Finally, for comparison the x-ray production
cross sections®®?* for Ne*-Ne and Ne**-Ne are
shown in Fig. 4. For these collisions, where a
direct charge-state effect is known to operate, the
x-ray production cross section is an order of
magnitude larger than the corresponding cross
section for Ne-Mg collisions. The reason for this
deviation in the cross section is mainly twofold.
First, only a fraction of the neon projectiles in
Ne-Mg collisions has a charge and excitation
state resulting in swapping of the 2p levels. Sec-
ond, even when the levels are swapped, the proba-
bility of transferring a neon 2p vacancy into the
2pm™ MO may be considerably smaller than the
corresponding probability for the Ne*-Ne case
since the new crossing created by the swapping of
the 2p levels may have a fairly low probability of
transferring a 3dr vacancy into a 2p7 vacancy.

Although there seems to be good evidence for the
existence of the indirect charge-state effect, it
ought to be pointed out that more conclusive exper-
iments are needed before the effect is firmly foun-
ded.

VI. SOLID EFFECTS IN PUBLISHED DATA

It has recently been shown’ that the production
of carbon K-shell excitations by Kr and Xe ions®®
is spuriously high because of recoil effects.

This observation eliminates a serious discrepancy®
between the experimental results and the MO mod-
el.

Brandt and Laubert?® have measured the Al K
x-ray production of aluminium targets bombarded
with N, O, Ne, and Ar ions. The recoil effect
was estimated by these authors®’ to be rather un-
important at high projectile energies. At low and
moderate energies, contributions from recoil
collisions were not taken into account. Except for
the straggling term, the x-ray production cross
sections reported by these authors are therefore
the generalized cross section Z, rather than the
direct cross section 0,. For the cases of O and
Ne impacts, Brandt and Laubert measured K -ioni-
zation cross sections slightly higher than the one
obtained for N-Al. Since the recoil contribution
to the x-ray yield is increasing with Z, and we
know that it dominates for N-Al collisions, we
may conclude that recoil contributions will also
dominate for the cases of O-Al and Ne-Al.

Consequently, the apparent discrepancy between
the low-energy data by Brandt and Laubert and
the MO model is eliminated.

Macek and co-workers® observed Si K x rays
when solid silicon was bombarded with 120-260-
keV Ar ions and interpreted the results obtained
in terms of a projectile double-scattering mech-
anism, It is likely that the contribution from re-
coil collisions is appreciable, if not dominating,as
found in the same energy region for our data on
Al K x rays from aluminium targets bombarded
with Ar ions.

Let us finally discuss the data reported by
Kavanagh and co-workers®® on copper L-shell ion-
ization in collisions between Cu and a very wide
range of heavy ions and atoms. Using Eq. (5) these
authors evaluated the Cu L x-ray production cross
section from the solid-target yields both in the
case of copper targets and in the case of incident
copper ions. The observed oscillations in the
production cross section versus the atomic num-
ber of the other collision partner at fixed ion ve-
locity were considered as evidence for the so-
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FIG. 5. Cross sections for copper L x-ray production
in thick copper targets as a function of the atomic num-
ber of the incident ion for different fixed ion velocities:
triangles, 1.0 keV/amu; squares, 2.0 keV/amu; open
circles, 3.0 keV/amu; crosses, 5 keV/amu; filled
circles, 10 keV/amu. The cross sections are reevalua-
ted on the basis of the yield data (Ref. 29) obtained by
Kavanagh et al. (Ref. 28). The solid lines represent the
generalized x-ray-production cross section Z,. Each
dashed line corresponds to one of the solid lines and
represents the recoil part og. The direct x-ray-pro-
duction cross section G, is not plotted since, for Z,
less than 30, T, is almost equal to Z,, and for Z, larger
than 30, 0, is the small difference between almost equal
numbers and cannot be determined accurately.
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called level-matching effect. The authors further
noted a subshell effect in their data. The cross
section for xenon (Z, =54) on copper appeared to
be near a peak value, whereas the corresponding
peak for Cu projectiles occurred at Z, =64. The
original data analysis, however, suffered from
two defects: (i) Using Eq. (5), the energy strag-
gling was ignored. This may give a sizable cor-
rection to the reported cross section, up to 40%
for the heavier incident particles. (ii) In the case
of copper as a target, the recoil contribution was
ignored. Based on the original yield data,?® the
cross sections have been reevaluated using Eq.
(11). The cross sections for copper as target are
presented in Fig. 5. To illustrate the importance
of the recoil contribution both the results for Z_,

the generalized cross section and o,, the recoil
contribution, have been plotted. The cross sec-
tion in direct projectile-target-atom collisions

0,, may then be obtained by subtraction, i.e.,
0,=Z,- 0g. From Fig. § it is seen that in the
cases of Se, Kr, and Xe projectiles the recoil
contribution falls within the error bars on Z, and
accordingly 0, is small. This result is particular-
ly interesting as it removes the apparent subshell
effect, which was observed by Kavanagh and co-
workers.
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