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The foundations for an independent-electron model for charge-state distributions of heavy elements having
passed through solids, as well as for beam-foil populations, are presented and discussed. It is proposed that
the fraction P, of particles with charge ie, e being the charge of the proton, is given by the simple expression
P, = [n!/f(n — )] a" ~ (1 — @), where n is the number of electrons possible outside a closed core, and a is
a parameter accounting for outer electrons. Modification of this expression in case the core becomes ionized is
discussed. The model and its implications are compared to experimental data, and good agreement is generally

found.

I. INTRODUCTION

There has recently been some success in de-
scribing relative beam-foil population curves of
helium,' beryllium,* and sulfur® in terms of two
probability parameters, one accounting for Ryd-
berg-state populations and the other describing
core vacancies. Also, relations between charge-
state distributions and beam-foil population curves
were drawn,' the fundamental point being the
empirical finding that individual levels within one
level scheme to a high degree of precision have
proportional population functions.!'? (With regard
to the level scheme here it is understood to be
the group of all energy levels of an atomic spe-
cies with specified charge state and also specified
core configuration.)

At present, there is no adequate theory which
describes beam-foil population curves; also, ex-
perimental data are very incomplete. Therefore
the finding of empirical relations governing such
phenomena is of interest. The aim of this article
is to define, discuss, and apply the probability
factors introduced recently.'™ The results of
this work need not be strictly justified physically,
but until theories of more fundamental nature
become available may be valuable in estimating
numbers of relevance for beam-foil spectroscopy
and related fields.

It is clear that beam-foil population curves, ob-
tained by means of optical or electron spectrom-
etry, are of more physical significance than
charge-state distribution curves, when autoion-
izing levels* are populated to non-negligibly small
amounts. This is not only because beam-foil
spectrometry yields specific information on pop-
ulation of a selected level, or in some cases even
a magnetic substate, but also because population
of autoionizing levels can introduce an ambiguity
in charge-state distribution observations. Their
presence will change the beam composition to

higher charge states with increasing distance
downstream from the foil. This has been observed
directly by Dmitriev ef al.,> who measured changes
in charge fractions of lithiumlike ions of the ele-
ments Be, B, C, N, and O, and, generally, rel-
atively strong populations of multiply excited
species are observed in beam-foil studies.?*¢'"

Until now, only a few experimental and theo-
retical attempts to investigate the beam-foil ex-
citation mechanism have been made. Much more
effort has been put into the understanding of
charge-state distributions. In 1972 Betz reviewed
very thoroughly the experimental and theoretical
situation concerning charge states of heavy ions
having penetrated solids as well as gasses.® In
that monograph surveys of theoretical consider-
ations prior to 1972 are given, and they shall
therefore not be repeated here.

In Sec. II we shall mention a few experimental
facts which serve as foundations for the inde-
pendent-electron model. The model is presented
in Sec. III, and it will be applied to experimental
data in Sec. IV. The results will be discussed and
compared to other models in Sec. V.

II. FOUNDATIONS FOR THE INDEPENDENT-
ELECTRON MODEL

Brandt has recently discussed ion screening
in solids.® He concludes that protons cannot bind
an electron inside a normal metal at any velocity.
Heavier projectiles carry an electron cloud which
at low velocities screens dynamically the ion
charge, but which at higher velocities cannot fol-
low the motion of the projectile, and the electrons
are stripped off. Brandt specifies that the mean
charge of a projectile inside the solid appears
as a parameter which, in general, depends on the
phenomenon studied. Charge states of ions after
emergence from a solid are determined by the
correlation gain of electrons inside the solid in
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scattering collisions with the moving ion, by the
inner-shell excitation of the moving ion core, and
by the effects of the electronic “salvage” at the
target exit surface.

Garcia has shown'® that any highly excited state
in a weakly ionized atom cannot exist during the
passage through the solid. This fact is directly
related to the geometrical size of the electronic
orbitals, and it will also hold for valence-shell
states and low-lying excited states to a good ap-
proximation.

Fortner and Garcia'' have recently determined
from x-ray measurements the M-shell vacancy
distribution for argon ions inside a graphite tar-
get in the projectile energy range 30-200 keV.
They compared their results with those from a
charge-state distribution measurement performed
after the projectiles had left the solid, and they
concluded that differences in the two distributions
indicate a dramatic rearrangement of the ion near
the back surface of the foil. They found that the
charge-state distribution after passage out of
the solid is skewed to fewer vacancies than those
present inside the solid, and they concluded that
a large probability of electron capture at the exit
surface could account for these differences.

Recently, in optical beam-foil observations,
the angle between the beam axis and the foil nor-
mal has been varied by rotating the foil, and
changes in polarization of optical line radiation
have been observed.'? Variation of a measured
quantity with tilt angle indicates the presence
of surface effects in the beam-foil excitation
mechanism, because the interior of an amorphous
foil is not changed by tilting the foil. The tilt
angle is defined only through the presence of a
surface.

Datz ef al.'® have observed electron-exchange
phenomena at the front surface as well as at the
back of the foil in channeling experiments. This
also indicates the role of the surface in beam-
foil experiments.

Consequently, the final arrangement of electrons
outside a core of fairly small size compared with
the average distance between nearest nuclei in
the solid must take place during the time that the
particle interacts with the back of the foil. This
interaction can be regarded as electron transfer
or electron capture from the back of the foil to
the projectile.

When the projectile leaves the foil, it will be
followed by a cloud of electrons.!* This results
in a local, net positive charge on the foil at or
around the projectile exit. The electrons follow-
ing the projectile will therefore feel a rather
strong attractive force back to the foil, at the
same time as they are influenced by the attraction

from the core of the projectile. Both of these
attractive forces will most often be caused by
several positive-charge units; thus the mutual
electron-electron repulsion will be much smaller.
To the extent that this electron-electron repulsion
can be ignored, compared with the two above-
mentioned attractive forces, the electrons will

be transferred (or not transferred) from the foil
to the projectile as independent particles, and

the problems of the beam-foil excitation mech-
anism are accordingly reduced to those of a one-
electron system.

If the mutual electronic repulsion becomes com-
parable to the two attractions, the independent-
electron picture will not necessarily be a good
approximation. It will, however, still be valid
to some extent as long as the coupling among the
electrons is not very great, and that will rarely
happen.

From the above we shall propose a model which
regards an atom as made up of two parts: (i) a
core of inner shells of relatively small size, which
can lose electrons only during rather violent col-
lisions with an atom in the solid, but which can
pick up electrons also at the exit, and (ii) the
valence shell together with outer shells, which
are all ill-defined during the passage through the
solid. We shall apply an independent-electron
picture to the arrangement of electrons outside
the core.

Similar ideas to the one outlined above have
been introduced in the theory of electron capture
of a particles by Oppenheimer,'® as well as in
other fields of physics like photoionization,'®
shakeoff,'” and atomic collision phenomena.'® The
ideas behind this reduction to an independent-
electron picture can indeed be traced back beyond
Schriddinger’s description by means of wave func-
tions to the early picture by Bohr and Sommerfeld,
and these ideas result in the independent-particle
model.'’® Thus it is reasonable, as a starting
point in the treatment of the beam-foil excitation
mechanism, to assume that the electrons are
transferred (or not transferred) independently.

The beam-foil model outlined above has the
following immediate implications: Since the pop-
ulation of Rydberg states happens as the pro-
jectile leaves the foil, it is reasonable to expect
that Rydberg-state population will be influenced
by the form of the electronic wave functions in
the vicinity of the projectile nucleus, from the
time of emergence until the atom is completely
free. It is well known?° that for different members
of the same atomic Rydberg series the inner parts
of their wave functions are proportional, the pro-
portionality factor being »~¥2, where 7 is the
principal quantum number. This explains why
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the term population within the same term series
goes asymptotically as ™%, as found experimen-
tally,' because the population probability is pro-
portional to the square of the amplitude of the
wave function. At the same time it also explains
why different members of the same series have
proportional beam-foil population functions,!*?
and it justifies the empirical factorization® of
beam-foil level populations into a product of a
factor accounting only for kinematics and a factor
accounting only for all quantum numbers of the
resultant specific excited level in question [ cf.
Eq. (2) of Ref. 2]. Furthermore, since the am-
plitude of a helium triplet wave function in the
vicinity of the nucleus is smaller than the am-
plitude of the corresponding singlet wave func-
tion,?* the above argument also explains why the
ratio of the population of a triplet to that of the
corresponding singlet is smaller than 3, as ob-
served for heliumlike species.?'?

Thus various beam-foil observations are ex-
plained from basic properties of the final Ryd-
berg-state wave functions. This is in line with
the explanation of similar trends found in ion-
atom collisions.?

III. DEFINITIONS AND EQUATIONS OF THE MODEL

In the following a monochromatic beam of swift
atomic particles having just passed through a
thin solid foil is considered.

Let P; denote the fraction of particles which
carry the charge 7e, e being the charge of a
proton. P; can be regarded as the probability
that a particle ends up with the net total charge
ie. Obviously

2_Pi=1, 1)

where the summation is carried out over all pos-
sible charge states j of the projectile.

Now first regard a projectile with a completely
filled core which remains undisturbed during the
passage through the solid, and with the possibility
of accomodating up to but not more than z elec-
trons outside the closed core. The case of pos-
sible core vacancies will be treated later. We
shall define a parameter a as the total probability
that an electron is transferred from the back of
the foil to a bound state outside the core. The
state can be either a Rydberg state or a valence-
shell level, since all of these states are found
to have the same kinematical dependence, as dis-
cussed in Sec. II and in Refs. 1 and 2. The prob-
ability that an electron is not transferred is of
course 1 -a.

Following the independent-electron picture out-

lined in Sec. II, it is then easy to show, by use
of basic laws of probability, that the charge-state
fraction P; is given by

P, =[nl/il(n-i]a" (1 - a). (2)

This is a binomial probability distribution, dis-
cussed in most statistics or probability texts. It
reflects the extreme of an independent-electron
picture, and a possible justification of the model
will stem from agreements between experimental
data and Eq. (2).

Equation (2) links z +1 charge-state components
by use of only one parameter, @, which at present
has to be determined from experiment. Clearly,
any set of charge fractions given by Eq. (2) will
fulfill Eq. (1).

The parameter @ may be introduced in a some-
what different way. It need not be assumed that
the arrangement of outer electrons happens at the
same time at the back of the foil. However, if
it is assumed that the arrangement happens during
the passage through the solid as an equilibrium
result of various processes, then to reach Eq.

(2) one must assume that the different electron-
capture and -loss processes have the same prob-
abilities, regardless of the charge state of the
projectile. This assumption is, however, un-
justified. Rather, one should assume that each
electron has its own value of @. Such an idea

has been outlined by Dmitriev,?* and the funda-
mental difference between that work and the mod-
el proposed here is that here all outer electrons
are treated as equivalent particles.

From Eq. (2) one obtains

B nl-a)=i , da
dv a(l-a) “*tadv’

@)

where v is the projectile velocity. There are
reasons to believe that @ is a monotonicallyde-
creasing function of v for all velocities, (see
Refs. 1-3 and the results of Sec. IV). This im-
plies that the maximum value for P; [which will

be denoted (P, ),,,] occurs at
a=1-i/n, (4)
which by use of Eq. (2) yields
n! i\"7 /!
(Pi )max= ilm=1)! (1 - ;l') (;) . (5)

Note that nothing has been said about the velocity
at which (P,),,.. occurs.
Furthermore, as a curiosity,

lim (P; )., =€~ it/()).

n -

For P;=(P; )., Eq. (2) yields
(Pi)maA :[(i+1)/i]Pi+1- (6)
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The mean charge (Z), defined

(iy=p_iP,, (1)
is found to be
(i) =n(1-a), (8)

a relation which is obvious, once it has been de-
rived. The width o, defined

o=(3 a-(ipe) "

is given by
o=[n(l-a)]¥?
=((i)a)2. (9)

The situation becomes more involved in cases
where core excitation, too, can take place.
Whereas the outer electrons can be treated by
use of only one probability factor, namely, a,
each subshell of the core will presumably have
its own distinct vacancy probability factor.> If
only one inner shell undergoes ionization, one
can introduce a factor 3 as the total probability
that a vacancy exists in the core of the projectile
as it leaves the foil. Then it is easy to express
in terms of @ and B the probability P; , that the
projectile, after having traversed the solid, has
¢ core vacancies out of v possible ones and that
i outer electrons out of n+ ¢ are missing. One
arrives at the expression

V! L V-t
i L!(V—L)! B (1_3)

(n+ a1 - @)
iln+t=3)!

P

) (10)

which is a product of two binomial distributions.

Here I have used the fact that multiple-vacancy
production tends to be the result of a single step-
excitation process,'®'?5'26 and it is assumed that
electron capture from the back of the foil to the
projectile core can be treated in the independent-
electron picture. Such processes are included
in B by definition, which implies that values of
B deduced from beam-foil experiments are not
directly comparable to core-vacancy determina-
tions from x-ray measurements on projectiles
inside solids.

The total fraction of ions with a certain charge
is obtained by summing all possible probability
terms leading to the same net charge. However,
as mentioned above, the concept of charge frac-
tions loses the clear physical meaning it has in
cases for which no core excitation occur, be-
cause of autoionizing processes.

Obviously

>.p, =1 (11)
i,

In analogy with Eq. (8) one obtains for the mean
charge (7+¢) the relation

(i+¢)=n(l-a)+vp. (12)

For some combinations of ¢ and ¢, P; , will be
a probability for ending up with excited levels of
an entire level scheme, whereas in other cases
P, , will be the probability of getting only a single
state or getting a bare nucleus. As an example,
in helium all singly excited, neutral He levels
are treated together, whereas the ground state
of neutral helium is treated separately.'! We
suggest that the totality of levels of an element
which are treated together in one specific com-
bination of ¢ and ¢ [cf. Eq. (10)] shall be called
one variety of that element. A variety can thus
be an entire set of excited levels, or even all
displaced terms together with normal terms (cf.
Be1® and BeP® in Ref. 2), it can be one single
state, or even a bare nucleus. Thus there are
six varieties of helium,' whereas there are only
three charge components and only three level
schemes.

The term variety is here introduced in analogy
with its use for classification in other natural
sciences, and its use here will be further dem-
onstrated in Sec. IV under the treatment of lith-
ium (Table I).

For up to #n outer electrons and up to only two
electrons in the core (i.e., the completed core
is of configuration s?) there are 3n varieties but
only n +3 different charge states. Both the total
set of charge states, as well as that of varieties,
are linked with one obvious relation, Egs. (1) or
(11), respectively.

IV. APPLICATION OF THE MODEL TO
EXPERIMENTAL DATA

A. General remarks

In this section the model outlined above shall
be compared to experimental data. Only the ele-
ments He, Li, Be, and S have been studied in
detail by use of beam-foil spectrometry.'™ Ex-
perimental charge-state distributions at low and
medium energies are available for all of the light-
er elements except Be. Of the data published,
those given by Hvelplund e! al.?” are particularly
applicable to the model proposed here, because
Hvelplund et al. carefully selected only particles
which were scattered less than 0.3° during the
passage through the foil, and in that way depress-
ed contributions from particles with core vacan-
cies. Also, they determined the energy losses,
so that their charge-state distribution data are
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given as a function of emergent beam-energy.

All of the experiments referred to in the following
have been performed on ions traversing thin self-
supporting carbon foils. All values of @ and B
referred to here and in Refs. 1-3 have been ob-
tained by the method of trial and error, and as the
curve fitting has not been optimized formally in
any case, a parameter choice slightly different
from the ones chosen might cause slightly better
agreement between the experimental data and the
model.

B. Hydrogen

For hydrogen three varieties exist, but they
reduce to two charge-state distributions which
are related through Eq. (1). Thus only one pa-
rameter can be deduced from experimental data,
making an analysis in terms of two parameters
senseless. However, since Brandt has concluded®
that protons cannot bind an electron inside a solid
at any velocity (this corresponds to 8=1), and
since even the ground state of hydrogen is a Ryd-
berg state, the total creation of neutral hydrogen
can be regarded as resulting from electron trans-
fer at the back of the foil. Consequently, one
arrives at the two following relations for the two
charge components for hydrogen:

Py=a, P =1-a.

Charge-state distribution data observed in trans-
mission have been reported by Chateau-Thierry
and Gladieux.?® Buck ef al. give data from back-
scattering experiments,?® which essentially agree
with the transmission data. From these data sets
a can immediately be found. Though this is trivi-
al, the result may contribute to systematic trends
of a, and therefore the average results are shown
in Fig. 1. Also, Brandt and Sizmann®® have ex-
plained theoretically the charge-state distributions
of hydrogen at velocities comparable to the Fermi
velocity as electron capture from the tail of the
electron distribution at the target surface. This
is essentially in accordance with the independent-
electron model, and it may indicate how to esti-
mate a theoretically.

C. Helium

Beam-foil population curves and charge-state
distributions for He below 300 keV have recently
been analyzed® in terms of the two parameters
a and B, which were found to reproduce satisfy-
ingly well three sets of beam-foil population
curves, the three charge-state components, and
one beam-foil absolute population measurement
in neutral helium performed at 275 keV. In Ref.
1 also the ambiguity caused by autoionizing levels

was discussed.

In Ref. 1 the value of 8 was found to be larger
than 0.9 for projectile energies above 500 keV.
Since the fraction of bare helium nuclei is given
by the product p%(1 — a@)? it is possible to estimate
the value of a for energies well above 500 keV
by setting B=1 and by use of the experimental
charge-state fraction data of Armstrong et al.®'
The results are shown in Fig. 1, which also con-
tains the data of Ref. 1. The two data sets for
He given in Fig. 1 have been obtained quite dif-
ferently. The low-energy data come from optical
measurements performed immediately after the
foil on electron-carrying species, whereas the
charge-state analysis of Armstrong et al. was
performed 1 m downstream only on particles which
had suffered almost no deflection during passage
through the foil. Therefore Fig. 1 does not neces-
sarily give more than gross structure behavior
for @ for helium, although the two sets of mea-
surements yield values which join each other
smoothly.

It is worth noting that the hydrogen and the heli-
um data are rather similar. In the high-velocity
limit they both decrease in a manner close to a
v™* dependence, where v is the projectile velocity.
Also, it is seen that in the velocity region 1-2
a.u., the rate of decrease of a for helium lessens.
This may be a velocity-matching phenomenon.

ENERGY PER NUCLEON, keV/amu
10 107 10°

T T T T T T T T

<

107+

107

| | L
05 1 2 4 6 8 10

VELOCITY, ATOMIC UNITS

FIG. 1. Values of « for hydrogen and helium obtained
as described in the text, plotted in a log-log plot vs the
projectile velocity in a.u. (bottom abscissa scale) or vs
the projectile energy per nucleon (top abscissa scale).
Also, av~* dependence is shown by the straight line.

10°
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TABLE 1. Probability formulas as used in the text for
the analysis of the lithium beam-foil data given by Ander-
sen ¢t al. (Ref. 32). Note thatn,n’, and n” denote here
principal quantum numbers =2; [, !’, and !” are azi-
muthal quantum numbers.

Probability in terms

Variety Configuration of « and B
Lit® 1s2nl a(1-B)*?
Li1? 1snln'l’ 20:%8(1—B)
Lit€ nin'l'n"l” a’3?
Ling 152 (1-0)(1-p)%
Lind 1snl 4a(1-a)(1-B)
Lin® nln'l’ 3a?(1-a) B2
Lim 1s 2(1-)?2B(1-B)
Lim, nl 3a(1-q)2p?
Li% (1-0)® g2

D. Lithium

Andersen ef al.** have measured relative beam-
foil population curves for Li1%, Li1®, and Lill®
levels in the energy range 10-75 keV. In Table I
are given probability factors for the different
varieties of lithium, expressed in terms of o

RELATIVE POPULATIONS

Li-C FOIL

0 2w 80 80
BEAM ENERGY, keV

FIG. 2. Relative beam-foil population curves for Lii¢,
Li1?, and Liu % terms. The solid curves are experimen-
tal data taken from Andersen ef al. (Ref. 32), and the
dashed curves result from the values of @ and 8 shown
in Fig. 3.

and B. It is easy to reproduce the three sets of
population curves of Andersen e! al. by use of

the relevant expressions of Table I. This is dem-
onstrated in Fig. 2, in which the population curves
reported by Andersen ef al, are given by solid
curves, and the dashed curves are results ob-
tained by use of the values of @ and 8 shown in
Fig. 3.

E. Beryllium

Beryllium has been studied by the beam-foil
technique in the energy range 60-360 keV. Five
sets of population curves have been reproduced
satisfyingly well by use of only the two parameters
a and B, as discussed by Dynefors et al.> Indeed,
those findings, together with the data for helium*
and sulfur,® initiated this work.

F. Boron

Bickel ef al.*® measured charge-state distri-
butions of boron ions passing through carbon foils
in the energy range 0.25-1.75 MeV. They found
at 1.75 MeV the fraction of B** was only 5%, in-
dicating that K-shell vacancies can be ignored in
analyzing their data. Therefore Eq. (2) can be
applied with the possibility of only up to three

1
U-c PO |
F ]
1 —¢ 10
B————
a B
01+ —107
| | | | . | -3
0 20 40 60 g0 "

BEAM ENERGY, keV

FIG. 3. Values of a and B used in the evaluation of the
dashed curves shown in Fig. 2, as function of the pro-
jectile energy in front of the foil.
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electrons outside the completed 1s? core.

At any energy below 1.75 MeV, the data sets
of the four charge fractions of boron® can be
reproduced well by the values of @ shown in Fig.
4 and the relevant versions of Eq. (2), except
that the experimentally determined fraction of
neutrals at low energies is systematically lower
than that predicted from the relative distributions
of +1, +2, and +3 charged particles and Eq. (2).
If it is assumed that the neutral component shall
approach unity for projectile velocities approach-
ing zero, then an extrapolation of the fraction
of neutrals given by Bickel ef al.3® shows an abrupt
increase with decreasing projectile energy, in-
dicating that the neutral component reported by
them may be systematically too low.

G. Carbon

Charge-state distribution measurements have
been performed by Smith and Whaling®* at energies
from 369 to 1450 keV, and by Girardeau et al.®®
from 1 to 5 MeV. At these rather high energies,
the 1s®2s? core can undergo ionization, so that
core excitations have to be taken into account.
Therefore beam-foil population curves rather
than charge-state distributions are required to
test the model. Unfortunately, the sparse beam-
foil population measurements of Poulizac et al 3%
(0.4-2.0 MeV) do not permit a detailed analysis.
It can be said at present only that the reported
charge-state distribution data,3* together with

10

08

m » 0 xX 4 e 0 »

06 “Opr
a ° e
0.4
a
i a
021 o -
0 | | |

0 10 20 30 40 50
ENERGY PER NUCLEON, keV/amu

FIG. 4. Values of o for the elements He, Li, Be, B,
N, O, F, Ne, Al, S, Cl, and Ar, obtained as described
in the text. Abscissa gives the projectile energy per
nucleon. The curves for He, Be, and S have been taken
from Refs. 1-3, respectively.

the beam-foil data,?® are not in conflict with the
model proposed. A detailed beam-foil study of
this element seems at present to be justified,
since it can yield considerable information.

H. Nitrogen

Hvelplund ef al.?” performed charge-state dis-
tribution measurements in the energy interval
89~4179 keV, Smith and Whaling®* report data from
180 to 1450 keV, and Girardeau ef al.® give in-
formation from 1 to 5 MeV. The different data
sets agree very well where they overlap. The
charge-state distribution curves are followed by
one NII and one N III beam-foil population mea-~
surement®’ in the energy range where the 1s%2s?
core remains unexcited. This is in agreement
with the model proposed.

The 15%2s? core is practically undisturbed at
projectile energies below 600 keV, reducing the
charge-state distributions to essentially those
of a three-electron system. Indeed, the experi-
mental charge-state distributions are in this
energy region described very well by the four
appropriate versions of Eq. (2) and the values
of @ shown in Fig. 4. This is demonstrated in
Fig. 5, in which the experimental values (shown
by crosses®” or open circles®!) are compared to
the results (shown by full circles) obtained from
Eq. (2) and the values of a given in Fig. 4. The
solid curves of Fig. 5 are only guides to the eye.
Even up to energies as high as 1.2 MeV, the four
charge-state fractions are linked well by only
one parameter, in spite of the fact that P,, which
involves 1s?2s? core ionization, reaches values
as high as 5-10% (cf. Fig. 5).

CHARGE  STATE DISTRIBUTION

N

“N-Carbon foit
* Hvelplund et al
o Smith and Whaling |
e This wark

0 02 0 06 o8 16 12
EMERGENT BEAM ENERGY. MeV

FIG. 5. Charge-state components for nitrogen. Ex-
perimental values are shown by crosses (Ref. 27) or
open circles (Ref. 34). The values obtained by use of
Eq. (2) and the values of a given in Fig. 4 are given by
full circles. The curves are guides to the eye only.
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I. Oxygen, fluorine, and neon

For these three elements also, charge-state
distributions have been determined by Hvelplund
et al.*" at energies where core excitations are
very small. The experimental data are reproduced
well by treating them as systems of four, five,
and six electrons, respectively, and by use of
the values of a given in Fig. 4. This is demon-
strated for neon in Fig. 6.

Girardeau et al.*® report experimental charge-
state distribution data for oxygen and neon above
1 MeV. Unfortunately, P, is missing in this data
set, but since this component is very small at
these energies, its omission does not influence
the interpretation appreciably. Even at energies
up to approximately 2 MeV the charge-state dis-
tributions of oxygen and neon are well described
by use of Eq. (2). The values for @ at high energy
are smooth continuations of those found at lower
energies (cf. Fig. 4). Also, neon beam-foil popu-
lation curves® follow closely the relevant charge-
state distribution curves up to ~2 MeV. Thus
in conclusion oxygen, fluorine, and neon confirm
the model as well as nitrogen does.

J. Sodium and magnesium

The charge-state distributions of Hvelplund
et al.?” indicate that for these elements core ex-
citations have to be taken into account even at
energies around 100 keV. This is in agreement
with observation®® of a transition between doubly
excited NaI levels even down to a projectile ener-
gy of 30 keV, and a transition between doubly
excited Mg II levels seen® at 150 keV.

For these two elements, the situation is similar
to that of carbon, and here also, beam-foil data

3

3
o
o

3

CHARGE STATE DISTRIBUTION

P, % ! 20
3 / Ne -Carbon  foil
= Hvelplund et al
® This work
0 02 03 04 05 06

EMERGENT BEAM ENERGY, MeV

FIG. 6. Charge-state distributions for neon. Experi-
mental values (Ref. 27) are shown by crosses, and the
results obtained from the model are shown by full cir-
cles. The curves are guides to the eye only.

can yield valuable information. As a curiosity,
it can be mentioned that the magnesium data®’
can be fitted well by a three-electron system.

K. Aluminium

For this element, a three-electron system re-
produces the data of Hvelplund et al.?” very well,
similarly to nitrogen. The values of @ are in-
cluded in Fig. 4.

L. Sulfur

Beam-foil measurements on sulfur have been
reported and analyzed elsewhere.® Therefore
the results, which are in agreement with the mod-
el, shall not be repeated here. The values ob-
tained for a are included in Fig. 4.

Berry et al.?® report a charge-state distribution
measurement at 1 MeV. Their data are fitted
well by @ =0.34 (see Fig. 7).

M. Chlorine and argon

Charge-state distributions for chlorine and
argon have been measured by Turkenburg et al.*®
in the energy range 70-350 keV. The argon data
agree well with those of Hvelplund e? al.,>” who
measured up to 450 keV, and with those of Smith
and Whaling,** who measured up to 1450 keV.

The data reported for these two elements agree
well with the model proposed, treated, respective-
ly, as systems of five and six electrons. This
is demonstrated for argon in Fig. 8. The values
for o are included in Fig. 4.

S-C fol .
1Mev

[ x EXPERIMENT
| ® MODEL.a=034

FRACTION

Py [ P, Py P, Ps P
COMPONENT
FIG. 7. Charge-state components for sulfur at 1 MeV.
Experimental values (Ref. 39) are shown by crosses and
the values obtained by use of Eq. (2) with @ =0.34 are
given by full circles.
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FIG. 8. Charge-state fractions for argon at 56, 450,

and 1450 keV. The experimental values (Refs. 27, 34)
are shown by crosses, and the results of Eq. (2) and the
values of @ given in the figure are indicated by full cir-
cles.

V. DISCUSSION

The values of a obtained by the analysis per-
formed in Sec. IV are given in Fig. 4., in which
the abscissa used is the projectile energy per
nucleon. Included are also the results of the pre-
vious helium,' beryllium,? and sulfur® studies,
shown by solid curves.

First, it is striking to see the closeness for «
for the elements nitrogen through neon. This is
also demonstrated in Fig. 9, in which the neutral
fractions P, for nitrogen and neon are calculated
by use of the average value of o for the first-row
elements (Fig. 4.) and the relevant versions of
Eq. (2), which are Py =0® and a®, respectively.
The results of this calculation are given by solid
curves in Fig. 9, and the experimental results
of Hvelplund el al.?" are given by circles for nitro-
gen and by crosses for neon. As can be seen, the
overall agreement is good.

This empirical fact that the elements nitrogen
through neon have essentially the same variation
of a with projectile velocity may indicate that
for these elements the variation of @ with pro-
jectile velocity is given by the nature and number
of the states available rather than by the effective
or net charge of the core. This need not be a
surprise, since for these elements with the same
core an electron which is transferred to a state
outside the core will have the same precursors
and the relative shape of these will be the same,
no matter what the charge of the nucleus is.

While the scaling of a with projectile element
thus seems to be straightforward for the first-
row elements, the scaling of a for heavier ele-
ments may be somewhat different, because of the
relative displacements of atomic levels with

o TN

10 ~ N

06t

NEUTRAL  COMPONENT

04f-

02t

BEAM ENERGY PER NUCLEON, keV/amu

FIG. 9. Neutral components for nitrogen and neon as
function of the projectile energy per nucleon. Experi-
mental values (Ref. 27) are shown by crosses or circles,
and the curves are obtained from Eq. (2) by using the
average values of @ given in Fig. 4 for the first-row
elements.

atomic number. However, for heavy elements,
the Thomas-Fermi statistical model will apply

as the limiting case. Bohr has argued* that in
that limit, and for projectile velocities v in the
interval v,<v<Z¥3y, (v, being the classical veloc-
ity of the electron in the ground-state hydrogen
atom, and Z, the projectile atomic number), the
mean charge is given by the simple formula
vZY3/v,. This is reflected in experimental values
for mean charges.? This property, together with
Eq. (8), can be of use in estimating « values. To
test this, we have in Fig. 10 plotted the mean
charge calculated as n(1 — a) [ cf. Eq. (8)] for N,
O, Ne, Al, S, and Ar versus ZY*(E/M)2, M

n(1—a)

s 10 15
17 (€M (keviamu)'?

FIG. 10. Mean charge calculated as n (1 —a) as a func-
tion of ZY/3(E/M)!/2, where Z, is the projectile atomic
number, and E and M are the projectile energy in keV
and the mass in atomic units, respectively. The values
for o have been obtained by drawing smooth curves
through the relevant data points given in Fig. 4.
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being the projectile mass. It is seen that the data
for the elements Ne, Al, S, and Ar seem to merge
to one common curve for velocities so large that
the relation v <v is fulfilled. It is worth noting
in Fig. 10 that the data for aluminium come close
to those for neon as well as to those for argon.
This is not the case when « is plotted versus the
projectile velocity, as in Fig. 4, where the Al-
data are remarkably low. Unfortunately, at the
time of writing, no beam-foil data are available
for elements heavier than argon and for velocities
larger than v,. Figure 10 clearly expresses the
need for such data.

The light elements N and O have their individual
curves in Fig. 10, This is to be compared to the
above-mentioned and explained fact that the a
values for the first-row elements come close to
becoming one curve in Fig. 4.

Scaling properties for inner-shell excitations
in atomic-collision phenomena are discussed in
Ref. 42. However, at the moment 8 has been de-
termined for the very light elements He, Li, and
Be only. Therefore it is not yet known whether
scaling laws similar to those discussed in Ref.

42 are applicable to resultant inner-shell exci-
tations in beam-foil interactions. Especially,
there may be a substantial electron pickup from
the back of the foil and into the inner shells of the
projectile. There seems at present to be some
experimental evidence for such an electron pick-
up:

(i) Datz et al.'® observed electron pickup at the
front surface as well as at the back in channeling
experiments.

(ii) Baragiola ef al.*® have recently measured
absolute yields of argon L Auger electrons pro-
duced by Ar projectiles emerging from carbon
foils in the projectile energy range 100-800 keV.
They found the fraction of beam particles with
a 2p vagancy substantially smaller than that de-
termined by Fortner and Garcia!! from x-ray
yields emitted inside the solid. This may indicate
a large probability for electron pickup from the
back of the foil and into the 2p projectile shell.

(iii) In the beam-foil study using sulfur® we were
unable to observe any optical transitions of ionic
species with a hole in the 2p shell even at 600
keV, in spite of the high sensitivity of the optical
equipment, and although Fortner and Garcia'!
observed x rays from the filling of argon 2p va-
cancies. This also may indicate a substantial
probability for electron pickup into the 2p shell
inside or at the back of the foil. Such electron
transfer processes must also be included in a
theoretical estimate of a possible scaling law for
B, and clearly further experimental data are called
for, together with theoretical work.

The maximum values of each charge-state com-
ponent are given by Eq. (5), and in Table II are
given the maximum values predicted by the model
compared with those found experimentally. As
can be seen, the agreement between experimental
and theoretical values is generally quite good.
The disparities of boron have been mentioned
previously, with the suggested explanation that
the experimental values for the neutral fraction
are systematically low.

It is worth noting that the model predicts the
maximum value of a charge-state component with-
out any information about at which projectile vel-
ocity the extremum occurs.

The comparison between experimentally found
maximum values and those predicted by the model
does not yield any confirmation of the model in-
dependent of that discussed in Sec. IV. Agreements
between sets of values shown in Table II reflects
only the resonably good fitting of points given in
Figs. 5-8.

Equation (2) is clearly able to reproduce an
asymmetric charge-state distribution such as that
of argon at 56 keV (cf. Fig. 8). This is superior
to the Gaussian distribution,® which was introduced
as an approximate description when the mean
charge-state is large. Also, shell effects, which
result in skewed distributions,® can be accounted
for by inclusion of core-vacancy probability fac-
tors.

Garcia'® has recently discussed the particle-
foil interaction from a statistical approach based
on an equilibrium description similar to that for

TABLE II. Comparisons between the experimentally
and theoretically determined maximum values for the
different charge-state components. The experimental
data are average values of the numbers given in the
different references mentioned in the text.

Charge-state component

Element  Source Py P, Py P, Py
B Expt. 0.59 0.53
Theor. 0.44 0.44
N Expt. 0.45 045
Theor. 044 044
o Expt. 048 042 0.50
Theor. 042 0.38 042
F Expt. 0.40
Theor. 0.41
Ne Expt. 0.39 039 045 0.40 0.40
Theor. 040 0.33 0.31 0.33 040
Al Expt. 043 041
Theor. 044 044
Cl1 Expt. 0.40 0.35 0.33 0.32
Theor. 041 035 0.35 041
Ar Expt. 0.45 0.33 0.33 0.30

Theor. 0.40 0.33 031 0.33




14 CHARGE-STATE DISTRIBUTIONS & BEAM-FOIL POPULATIONS 2087

a plasma in full equilibrium. That description
is basically different from the one of the indepen-
dent-electron model. This is easily seen by com-
paring Eq. (2) of this article with Eqs. (1) and
(2) of Ref. 10. Garcia'® pointed out several dif-
ficulties in relating the parameters of the plasma
description to those of the beam-foil interaction,
and he concluded that although the agreement ob-
tained in some cases is not discouraging, hefailed
to reproduce the charge-state distribution of
nitrogen at 567 keV (see his Fig. 3). As seen
from Figs. 4 and 5 of this article, there exists
no similar problem in the independent-electron
model. Also, Nagel®® has recently discussed
inner-shell excitations in ion-solid interactions
and in plasmas and shown that although they are
similar in some cases, they are complementary
in others. Thus the independent-electron model
seems to be superior to the plasma description.
It should be noted that in the independent-elec-
tron model the outcome of the beam-solid inter-
action is expressed in terms of probabilities, and
the concept of probabilities is here used as in
quantum mechanics and not as in classical sta-
tistical mechanics. The use of cross sections

has been avoided. There exists no general ex-
pression analogous to Eq. (2) which relates a
multitude of cross sections for charge transfer
processes to only one parameter, [cf., e.g., Egs.
(72) and (73) of Ref. 25].

In conclusion it can be said that while the results
obtained with the independent-electron model are
rather satisfactory, this work constitutes only one
of the very first steps in a full description of the
beam-foil excitation mechanism.
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