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The electron-promotion model is extended to include asymmetric atomic collisions. Diabat-
ic correlations are made between the limits of united and separated atoms. The effects of core
penetration are taken into account. The model is especially applicable to the case of inner-shell
promotion. The promotion model agrees with the results of Specht, which show that promotion
of electrons occurs when an energy level of one atom matches that of another. A detailed dis-
cussion of I -shell excitation is given. The model accounts in detail for the subshell-excitation
effects and lack of reciprocity found between target and projectile by Kavanagh et al. The effects
of outer-shell vacancies are felt in inner-shell excitation through the opening or closing of exit
channels. In particular, the "solid effect" opens channels leading to outer-shell orbitals of the
projectile. The Kessel model is applied to I -shell excitations in asymmetric collisions. The
possibility of exciting both collision partners with nearly matching levels is taken into account.
Two parameters are needed to fit the total cross section for excitation as a function of atomic .

number: the critical internuclear distance for a given pair of atoms and the effective range over
which the promotion takes place. The parameters needed to fit the total-cross-section data of
Cu on targets of different Z, taken by Kavanagh et al. , agree with the differential-energy-loss
and x-ray data, obtained by Fastrup et al. , and by Saris, from different atoms scattered by
atomic argon targets.

I. INTRODUCTION

In 1927, the molecular-orbital (MO) model was
created by Hund and Mulliken to form a theoret-
ical basis for molecular spectroscopy. In this
model, the electrons were treated as independent
particles. An important part of this model was
electron promotion, '3 in which the principal
quantum number of certain MO's is higher in the
united-atom (UA) limit than in the separated atoms
(sA).

In 1930, Beeck' observed sharp thresholds for
the ionization of noble gases by impact with alkali-
metal ions. Weizel and Beeck4 interpreted these
results in terms of electron promotion, with tran-
sitions at crossings of MO energy levels. They
thought ionization occurred by Auger-electron
emission when the electronic energy was raised
into the ionization continuum, either directly dur-
ing the collision or indirectly, after separation of
the atoms has occurred. In 1934, Coates ob-
served similar thresholds in inner-shell-vacancy
production and suggested a quasimolecular model
to explain his results. Almost two decades after
Weizel and Beeck's article, Moe and Petch found
Auger electrons in alka}.i-metal-ion-rare-gas
collisions, and verified the indirect-ionization
mechanism.

In the past decade, a great deal of progress has
been made in understanding the mechanism of

heavy-particle collisions by the use of differential-
scattering measurements. Among the pioneers in
this field were Fedorenko and co-workers in the
U. S.S.H. 7 and Everhart's group in the U. S.8

From a classical point of view, there is a direct
correlation between the reduced scattering angle
(the product E8)~ and the impact parameter b, or,
more significantly, the distance of closest approach
of the nuclei, Ao. Inner-shell excitation in violent
collisions was first studied in symmetric systems
(Ar-Ar', Ne-Ne', Kr-Kr'). Among the several ex-
perimental methods used to investigate this inner-
shell excitation were coincidence measurements, '
which gave simultaneous information about the
charge state of both scattered and recoiling atoms,
the total energy loss, and the impact parameter
(or distance of closest approach). Spectroscopy
of ejected Auger electrons, '"' coincidences be-
tween scattered jons and ejected electrons, ' coin-
cidence between fast and slow ejected electrons, '
and x-ray spectra from excited atoms ' 6 gave
more detailed information about the collision pro-
cess. More recently, asymmetric collisions- were
studied and similar processes were found. ' '

Beecks' had found that the cross section for ex-
citation was largest when both collision partners
had nearly the same atomic number. Weizel and
Beeck4 interpreted this in terms of matching of
atomic energy levels. In 1965, Spechta' measured
x-ray productj, on by fission fragments in the 5-
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80-MeV energy range for the projectiles. He also
found enhancement of excitation, as shown by x
rays, whenever there was a matching of any inner-
shell energy level of the projectile with any inner
shell of the target atom. Specht also interpreted
his results in terms of the quasimolecule formed
during the collision. These results have been con-
firmed and extended by Saris and Onderdelinden. '~

Kavanagh et al. , by performing their experiments
at much lower projectile energies, were able to
find level-matching effects within the subshells of
the atoms. Recently, Datz et al. 34 have found dif-
ferentiation of excitation cross sections within the
fine-structure levels of a given subshell.

In the case of relatively simple systems, such
as H+H', He+ He', quantitative calculations of
charge-exchange probabilities, elastic and inelas-
tic differential cross sections and locations of
level crossings can be made from ab initio cal-
culations. However, in the case of many-electron
systems, such as Ar+Ar', such calculations are
only in their infancy. ~6 At present, we must use
phenomenological models which can be compared
with experimental data in a qualitative or semi-
quantitative way.

One such approach has been to use the concept
of diabatic molecular states. ~7 These are made
from antisymmetrized products of one-electron
MO wave functions, can cross other states of the
same symmetry, and can exist in the ionization
continuum. Fano et a/. have extended this
model to violent collisions, in which the atomic
shells deeply penetrate each other. ' 9 This model
assumes hydrogen-molecular-ion (Hz') -like MO's.
During the collision, a quasimolecule is formed,
in which the velocity of inner-shell electrons is
much larger than the relative speed of the collid-
ing heavy particles. The promoted electrons are
trapped by crossings of promoted-inner-shell MO's
with outer-shell MO's. Autoionization usually takes
place after the collision, although it may occur in
the coll.ision complex in some cases. '~' The
model gives a reasonable interpretation of energy
losses, inner-shell excitation, and characteristic
internuclear distances for excitation and perturba-
tion of elastic cross sections. ' In particular, the
prediction of fast Auger-electron emission in hard
collisions~8 has been confirmed in detail by several
experimental groups. 3~ Further confirma. .~n of
the predictions of the promotion model have come
from observations of x rays in symmetric colli-
sions by Saris and Onderdelinden. '6 They and the
Livermore group also have studied x-ray emis-
sion in asymmetric collisions. "'"' - ' Recently,
Fastrup and co-workers have made detailed studies
of energy loss and electron promotion in asymmet-
ric collisions.

In atoms and molecules one usually distinguishes

among three different types of shells: inner, va-
lence, and Rydberg. The valence shell (for example,
Ss and SP in Ar) contains the electrons which nor-
mally account for the forces between atoms and
for optical spectra. Inner shells are closer to
the nucleus (for example, Is, 2s, and 2p in Ar),
are normally unaffected by atomic collisions or
by chemical bonds, and onl. y participate in x-ray
or Auger spectra. Rydberg-shell electrons (for
example, Sd, 4s, 4p, etc. , in Ar) are in orbitals
that are far outside the other shells and are only
seen in special kinds of spectra. In certain cases,
it is difficult to make hard distinctions among the
types of shells. For example, in the H atom, the
one electron is a perfect example of all three shells
simultaneously. In the alkali metals, the outer
electron is both in a Rydberg shell and can be a
valence electron simultaneously.

Inner-shell electrons in diatomic molecules see
potentials that are close to that of two Coulomb
centers. A good measure of this is to compare
the subshell splitting (difference of energy within
a group of levels with the same principal quantum
number) with the difference between energy levels
from different shells. If the subshell splitting
is relatively small, the molecular wave functions
are Hz'-like (in the symmetric case) and obey the
promotion model well.

Likewise, Rydberg orbitals in singly charged
molecular ions are close to H~' MO's, both inabso-
lute en rgy and in location of crossings, as has
been found by Rosenthal and Foley 3 in the case
of He&'. These crossings play an important role
in oscill. ations in the total cross sections for ex-
citation of He by He' and in many other systems. " 34

The case of valence-shell excitation is moredel-
icate, since the one-electron-promotion energies
or splittings between shells are comparable to the
subshell splittings. Also, the energies of MO's
within the valence shell are often so close to each
other, that the configuration interaction can mix
electronic states. Therefore only rough, qualita-
tive, and sometimes unreliable predictions can be
made from simple MO models for the valence
shell. ' It is better to use ab initio molecular-po-
tential curves for a good understanding of collision
mechanisms. To treat the nuclear motion properly,
it has been found useful to carry out the calcula-
tions in a diabatic basis set of states. ~7 For a sys-
tem of constructing such states, see the papers by
Smith, O' Malley, Sidis and LeFebvre-Brion, and
Andresen and Nielsen. 36

Almost all theoretical discussions of inner-shell
promotions have been limited to the symmetric case.
In Sec. II, we shall develop a set of correlation
rules and diagrams for diabatic MO's for asymmet-
ric collisions. In addition, we shall take into
account the effect of transitions between separated



EXTENSION OF THE EI ECTRON-PROMOTION MODEL. . . 213

In this section, we shall extend the promotion
model~a' 9 to the asymmetric case. The problem
is to construct a correlation diagram which con-
nects the united atom (R= 0) and separated atoms
(R= ~) with MOenergylevels. The properties of
one-electron wave functions depend on the separa-
bility of SchrMinger's equation in elliptic coordi-
nates for the two-center problem, with an electron
in the Coulomb field of two nuclei, with charges
Z, and Zb, respectively. The solutions are of the
form

+(r) =X(g) r(ii) e'"

where $ = (r, + ~,)/R, g= (~, —r, )/R, p is the azi-
muthal angle measured about the internuclear axis,
r, and xb are the distances of the electron from
each of the two nuclei, and R is the internuclear
distance.

Morse and StGckelberg have described how three
quantum numbers arise in the two-center problem:
n„n~ and n3 are the number of nodal surfaces cor-
responding to roots of the functions in Eq. (1),
where n& = n„na = n„, and n3 = n~. Because the num-
ber of nodal surfaces is conserved for all inter-
nuclear distances, these quantum numbers are
"good". This property was used37 to make the
connection between united-atom and separated-
atom states in symmetric systems. Several au-
thors have made this connection in the asymmetric
case. ~8'39 We shall follow Morse and Stiickelberg 7

and take a united-atom state of the single electron
with radial quantum number n„, azimuthal quantum
number l, and magnetic quantum number m„
where the principal quantum number is the sum

n=n„+ l+ 1. (2)

Table I relates the UA quantum numbers n, l,
and m, with the elliptical quantum numbers n&, n~,
and n3. We assume that, in the separated-atoms
limit, the wave function goes to one center (either
a or b), with quantum numbers n„nE and m,
which satisfy the equation

I I I I
n =n&+nz+m +1. (2')

The radial quantum number, which is the number
of ellipsoidal. nodal surfaces must be the same in
both united and separated atoms. Thus

atomic states that are very close together in ener-
gy. Our objective will be to bring together a wide
range of experimental data that is accumulating in
this active area of investigation.

II. PROMOTION MODEL

same for united- and separated-atoms limits:
I

n3 mr m ~

The parabolicquantum number ~ is the number
of parabolic nodal surfaces. This is equal to the
sum of such nodes for both atoms, with the possi-
bility of an additional node occurring between the
atoms in the case of unge~ade functions: either

I Ina=nn= l -mr = ~, +nqb

I
np np + nlrb+ 1

which in the symmetric case gives

(5)

~

~

= 2riz in the geode case
l —m, =2nz+1 in the ungexade case.

For all practical purposes, the present authors
have found the following less restricted relation
uniquely gives the same results as Eq. (5) or (6)
in constructing correlation diagrams. This is

Ig &~np. (7)
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One starts with the separated-atom states and uses
relations (2), (3), and (7) to construct the H2' corre-
lation diagram, which is shown in Fig. 1, which

I
n n$ nf nf ~ (3)

The magnetic quantum number n~ = n3 simply
represents the number of planar nodal surfaces
passing through the internuclear axis. 4 It is the

FIG. 1. Correlation diagram for H2'. The linear Stark
effect upon the order of energy levels is shown both for
small and large internuclear distances. For simplicity,
only 0 MO's are drawn.
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also shows the linear Stark effect for large inter-
nuclear distances. This figure is useful for con-
sidering Rydberg orbitals, which are of importance
in the case of oscillatory total cross section, 34 as
described by Rosenthal. 33

The major difference between the symmetric and
asymmetric case lies in the separated-atom limit.
In the symmetric case, the wave function is always
an even (g) or odd (u) mixture of separated-atom
states. In the asymmetric case, the wave function,
in the limit 8 = ~, is localized on only one atom.
Figure 2 shows a correlation diagram for Z, -Z~.
As Bates and Carsonpointed out, sa the effective
number of nodes may change, even if the actual
number may not. Thus Eq. (5) corresponds to the
number of nodes of the separated atomic state of the
atom which is correlated correctly to the UA, with
an additional set of "phantom" nodes caused by a
vanishingly small admixture of a state from the
other atom. The present authors have found that
the same relations, (2), (3), and (7), uniquely spec-
ify the correlation for the asymmetric case, except
when two separated atomic states are degenerate.
An example of this is shown in Fig. 3, where the
n = 1 level of II is degenerate with the N= 2 level of
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EXTENSION OF THE ELECTRON-PROMOTION MODEL. . .
It is now of interest to construct a correlation

diagram in the many electron case, where the in-
dividual electrons in both the UA and SA limits now
have definite values of the total quantum number n,
the orbital angular momentum I, and the magnetic
quantum number m. We have seen that the quan-
tum numbers n& = n„and n~ = m are exactly conserved
in the one-electron case, and are thus approximately
conserved in the diabatic approximation in many
electron systems, as previously discussed in this
section and elsewhere. ' Then, according to Eq.
(2), a MO must have the same values of the differ
ence n —l in both the UA and SA limits. This simple
relation is sufficient for drawing correlation dia-
grams (Figs. 4 and 5). For example, in Fig. 5,
],s, (m=0, n=l, l=0, n —l=1) correlates with the
same values of n, l in the UA, while 1s, correlates
with the UA orbital 2Po(m=0, n=2, l= 1, n —l=1).
It is interesting to note that neither n nor l are good
quantum numbers, in that both change when there
is electron promotion, but the difference n —l is
the same in both UA and SA.

C. Svrappinl

In the one-electron case of asymmetric systems,
there are always exactly degenerate levels in the
SA. This is because the nuclear charges Z, and

Z~ are both integers. Thus there always are quan-
tum number s, n, and nb, such that the hydr ogenic
energy levels —Z, /n~~ and —Z', /n~~ are equal. For
example, in the case of HeH", the He (2, 4, 6, .

8 ~ ~ 2n) levels are degenerate with the H(1, 2, 3,
4 ~ ~ n) levels (see Fig. 3). This causes a "swap-
ping" of correlations for the two atoms. For exam-
ple, the 3a(He", n = 3) and 2b (H, n = 2) levels have
been swapped, and the relative order of these l.evels
in the correlation has been changed (compare Figs.
3 and 4).

In the case of many-e1. ectron systems, swapping
takes place when two SA energy levels with the same
values of m and n- I change their relative order on
an energy-level diagram. This gives us an ex-
tremely simple rule for constructing correlation
diagrams: Start with the correlation diagram for
nearly equal atomic numbers (Fig. 5). Move the
levels to the correct relative order for the case in
question. Swap the correlations for any two levels
which change their relative order, if both have the
same values of m and n —l. An example of such a
'-'swapped" correlation diagram is given in Fig. 6.

D. Electron Promotion in Asymmetric Atomic Collisions:
Some General Questions

Our analysis of specific cases wil1. be made clear,
if we first discuss a few general questions, in con-
nection with the promotion mode1. .

(i) Why do light particles, such as protons and

&particles act only through Coulomb excitation and
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FIG. 6. Correlation diagram for two different atoms,
with swapping.

not through electron promotion? It is a well-known
fact that excitation of inner shells by protons and
a particles can be calculated to good accuracy by
merely treating them as charged particles which
excite through the action of their Coulomb fields
in the same fashion as el.ectrons. 4'

The reason for this can be seen by examining
the energy-level diagram (see Fig. V). The K-
shell H and He' electrons are above (higher in en-
ergy than) the 2p levels for all atoms in which the
2P electron can properly be called "inner shell"
(for Z ~11, Na). The situation is the same for
other shells (see Fig. 7). Thus protons and n par-
ticles cannot excite my inner-shell electrons via
a promotion mechanism.

(ii) Why are there sharp thresholds for excita-
tion of electrons by heavy-atom collisions'? This
can be explained in terms of molecular energy
levels. 3-' Figure 8 shows the energy levels of a
slightly asymmetric collision pair, K+ Cl. Cer-
tain energy levels, such as 2p Cl, are multiply
promoted over a very narrow range of internuclear
distances. As the projectile energy is raised, the
internuclear distance in head-on collisions sudden-
ly diminishes below the critical distance, the pro-
moted electron crosses levels of excited states,
and excitation via radial coupling occurs. This
mechanism holds for symmetric as well as asym-
metric collisions. 4~ Other e1.ectrons, such as 2s
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Cl, are excited by singly promoted MO's via a ro-
tational coupling mechanism (3Po to 3Pm in this ex-
ample), which is not as sharp, since the transi-
tions occur over a wider range of internuclear dis-
tances. 47

(iii) Why do cross sections for excitation reach
a maximum for atomic numbers where energy levels
of collision partners match each other? The work
of Specht and others' ' ' ' ' has shown the im-
portance of level matching in electron promotion.
(In symmetric systems, the levels are automatical-
ly matched by nature, so the questionnever arises. )

The promotion model again gives a specific an-
swer to this question. I et a projectile of fixed en-
ergy and atomic number bombard targets of dif-
ferent atomic number Z. As Z is increased, elec-
tron promotion in the projectile will begin to occur
for that value of Z for which swapping occurs. In
particular, swapping will take place whenever two
levels of the same value of n- l change order in
the energy-level diagram (Fig. 7), i.e. , the com-
binations ls-(ls, 2p, 3d, etc. ), 2s-(2s, 3p, 4d,
etc. ), 2p-(ls, 2p, 3d, 4f, etc. ), etc. According to
the strict rules of the correlation diagrams, the

cross section for inner-shell excitation should
rise discontinuously from zero to a large value, as
soon as the atomic number Z reaches the swapping
point. Because of the relative motion of the two
nuclei, there will be a quasisymmetrical promotion
for a range of values of Z aroundthe swappingpoint.
At the swapping point, the excitation will be equally
shared between the two collision partners. The
range of atomic numbers is given by the uncertainty
principle (Massey criterion). '8

The cross section should rise to a maximum only
slightly beyond the swapping point, since the cross
section for excitation of either collision partner de-
creases with increasing Z and fixed kinetic energy.
There are several reasons for this decrease.
First of all, as the atomic number of the united
atom increases, the larger nuclear charge will
draw in the radius of the crossing points (where
excitation takes place) and lower the cross section.
Secondly, as the nuclear repulsion between atoms
increases, the cross section rapidly falls off with
increasing Z. The falloff becomes very fast as
the threshold is reached. Finally, in many cases,
the number of open channels for reaction is de-
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creased, as the outer shells fill up with electrons
with increasing target Z. (For sol.id targets, the
latter argument only holds when promotion is to
empty shells of the target atom. )

These arguments can be applied to the reversed
case of fixed target atom, with variable Z in the
projectile, except for solid or dense targets, or
other causes of excitation or ionization of the pro-
jectile. These are discussed in Sec. II E.

E. Outer-Shell Excitation Effects-"Solid Effect"

One question that often arises is: Should the en-
ergy levels of the neutral atom or of the incident
ion be used for constructing energy level and cor-
relation diagrams? The motivation behind this
question lies in the shift in atomic energy levels
as the atom is ionized. Our answer to this ques-
tion is that the state of the outer shell shouM have
little effect on the promotion of inner shells. The
reason is that promotion takes place at small inter-
nuclear distances where both target and projectile
inner shel. ls share the same environment. There-
fore, the levels of the neutral atom seem as good
as any for constructing correlation diagrams.

The most convincing experimental evidence for
this point of view is the work of Kessel, McCaughey,
and Everhart' for K-shell excitation with Ne"
projectiles on neutral-neon-gas targets. The Dop-
pler-shifted electron spectra show equal K-shell

excitation for target and projectile. Since the ener-
gy levels of Ne" are shifted about 49 eV below those
of Ne, one might expect preferential promotion of
the neutral K-shell electron. Since this is not the
case, we conclude that the unshifted levels of the
neutral atoms are the best for theoretical studies
of inner- shell promotion.

A related question is whether the Coulombic
shifts of energy levels, caused by the fields of
the partner's partially shielded nucleus, would not
cause a swap in the correlation diagram in a very
asymmetrical collision. (See the discussion at the
end of Sec. IIA and Befs. 40 and 42 for a discus-
sion of the effect. ) Although this possibility cannot
be ruled out, the effect is small, of the order of a
few atomic units, in most cases. This amounts to
a change of only one or two units of atomic num-
ber, an effect that would be masked by nuclear-
motion-induced smearing out of the swapping point.
Thus it is difficult to find a clear-cut case where
this effect would be observable.

Outer-shell excitation or ionization has a very
great effect on exit channels. ~9 The probability of
transfer of a promoted MO to a final excited state
is roughly proportional to the number of vacancies
in the shell of final destination. . These vacancies
can be produced by ionization or excitation.

Strongly promoted MO's, such as 4fo (2p in SA
-4f in UA) in Ar+Ar' collisions or 6ho' (Sd SA-6h
UA) in Kr+Kr' collisions, donotseemtobeaffected
strongly by outer-shell excitation or ionization.
These MO's seem to have no shortage of outer-
valence-, Bydberg-, or even continuum-shell
channels for dumping promoted electrons.

On the other hand, K-shell excitation usually
occurs via a singly promoted 2P0 MO (see Fig. 6
or 8), which is excited by rotation of the internu-
clear axis and ends in the 2p shell of the heavier
collision partner. Here the number of vacancies
is critical. ~9

McCaughey et al'. found that the K-shell promo-
tion probabilities in (Ne, Ne", or Ne") collisions
with Ne targets were in the ratios 2:1:0.6, in
partial agreement with the theoretical values~'
of 2:1:0. It is not known whether the disagreement
in the case of neutral Ne is due to excitation of the
atoms during neutralization, or to a breakdown in
the molecular approximation. Both are possibili-
ties at the high velocities (~ a. u. ) of a 200-keV Ne
beam.

Since the molecular modelpredicts no 2P vacancies
in Ar+ Ar' collisions at 1.5 MeV, the K-shell ex-
citation found by Kessel et aE. ' is clear evidence
of breakdown of the molecular approximation at
these high energies (velocity & 1 a.u. ).

Orgurtsov eg al. ' have found a muchlower cross
section for fast electrons formed in very slow 15-
keV Ar' on Ne than in equally slow '7. 5-keV Ne' on



M. BABAT AND W. LICHTEN

Ar. They interpret the Ne'+Ar excitation in terms
of a transfer of an Ar(2p) electron to the empty 2P
level of Ne via the 3do.-3dm rotationally induced
transition, whereas in the Ar'+ Ne collision, this
channel is closed. It is interesting to note that
the 3do-3d m-3d 6-3d Ar channel is open in both cases.
Perhaps at this low velocity, the double-quantum
transition 3do» 3d& has a low probability. Perhaps
at higher velocities, this channel would open, more
nearly equalizing the two cross sections.

Fastrup et aE. ' ' ' have reported data on K-
shell excitation which are a more unambiguous test
of the promotion model. Here, variation of the
atomic number of the target or projectile affected
the exit channels. The larger the atomic number
of the heavier atom (as in the C', N', O', Cl', Ne',
Na' series), the smaller the cross section for K-shell
promotion, which occurs almost entirely in the
lighter atom, in agreement with the promotion
model. These experiments have been an excellent
test of the effects of closing or opening of exit
channels on excitation cross sections. In partic-
ular, the use of Na' projectiles on Ne targets
eliminates the objectionable features of the Ne+ Ne
system. '9 They found less than 1% of the colli-
sions resulted in K-shell promotion, in agreement
with the promotion model. Lorents and Conklin,
and Francois et al. s' also have studied K-shell
excitation in the Li'+ He system. The results
were interpreted ' in terms of the promotion model.
Similar results were found by Der et al. , where
excitation of the C' K shell increases in going fr om
Ne' to C' projectiles (see Fig. 9). '9

In the case of solid targets, a distinction was
made by Saris and Bierman' between target and
projectile atoms. Projectile outer-shell, and pos-
sibly some inner-shell, electrons can be excited
or lost during the atom's passage through the solid.
This is not true for the target atom. This "solid
effect" is partly due to the asymmetrical condition
of the exit channels in target and projectile. "

Saris and Qnderdelinden' found that L-shell x
ray yields doubled above threshold, while Auger
yieMs remained constant in the experiments of
Budd and co-workers. " Saris and co-workers
interpreted this as a small change in the Auger
yield caused by outer-shell excitation. ' Since the
x-ray yield is only 1%, a very small change in the
Auger yield changes the x-ray results by a factor
of 2. Caution in interpreting x-ray data as a quan-
titative measure of excitation is thus indicated.

III. CASE QF L-SHELL EXCITATION

calculation of cross sections will not be tried. On
the other hand, experiments can be used to ex-
tract rather precise parameters of the molecular
systems. Comparison of the parameters obtained
from quite different experiments will furnish a test
of the model.

Heavier Purtners, Z & I 8 (Avuiluble Experimental
Dutu:, &+, », M&+, Fe+, und Cu+ on Ar)

In these cases, the correlation diagram in Fig.
5 is appropriate, in which Ar is atom b and the
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A. Argon Targets

Everhart, Afrosimov, and their co-workers ' '
have investigated energy losses inAr'+ Ar colli-
sions; Budd, Qgurtsov, and their co-workers and
others have studied Auger-electron emission. "-'
Saris and Orderdelinden have observed x-ray emis-
sion (see Fig. 12) and Fastrup and co-workers'/
have studied energy losses and electron emission
in collisions of projectiles of different atomic num-
bers with argon targets. The relative position of
the atomic number of the colliding partner of the
argon atom plays a prominent role in the discus-
sion of experimental data. Accordingly, we shall
discuss the data within the framework of the re1.a-
tive atomic numbers.

In this section, we examine in detail experimen-
tal results of I.-shell excitation as an application
of the extended promotion model. Because of the
complexity of factors affecting experimental re.—
sults (see Sec. II E for example), a quantitative

I I 0 I OO I OOO
E (keV)

FIG. 9. Cross sections for X-shell excitations in a
carbon target. Source: Ref. 20.
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For values of atomic number Z near 18, the L-
shell energies of both partners become nearly the
same and a quasiresonant exchange of L-shell ex-
citation occurs, as discussed in Sec. IID (iii). In K'
(Z=19)+Ar collisions, Fastrup et at. '~ found about
25%%uo of the L-shell promotions result in excitation
of the heavier nucleus. Presumably, the results
are about the same in Cl'(Z= 17)+Ar collisions.
For Ar+Ar'(Z=18), the excitation must divide
equally. This is in reasonable agreement with the
results of Saris et al. ,

'6 who found about a 50% drop
in Ar L-shell x-ray excitation in going from Ar'
to Cl' projectiles.

The excitation of the 2p(L» „,) electrons of the
heavier partner should occur via the Sdo., 3dm, and
3d5 MO's at smaller internuclear distances (see
Fig. 8). Fastrup et al. '7 did not observe these
transitions, presumably because their experiments
were done at larger values of internuclear distance,
in the triple peak region (R -0. 5 a. u. ).

2. 11 HZ~&16 (Al+, P', and S' on Ar)
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heavier projectile is atom a. It is also instructive
to examine Figs. 8 and 10, which are typical for
these collisions, and to compare these with Fig.
4 of Ref. 29. At this point, it is important to re-
member the prominent part played by the 4fo MO
in Ar L-shell excitation in Ar+Ar' collisions.
This is because of the crossing of this MO with
several MO's whichgo to n=3, 4 levels of the UA

and SA.
For Z ~ Z„„we must correlate the Ar 2p atomic

orbitals (AO) (L«», ) with the 4fo (Figs. 8 and 10).
With the exception of K' projectiles, the experi-
ments of Fastrup et al. "show that all the L-shell
excitation goes into the lighter lower-Z Ar atom,
in accordance with the correlation diagram. Fast-
rup et al. ' also found that the "active distance"
of closest approach became smaller as Z was in-
creased (RO=0. 23 A for Ar+Ar'; Ra=0. 186 A for
Ar+Mn'). This is in agreement with the expecta-
tion of decreased L-shell radius with increased
nuclear charge of the collision partner or, equiva-
lently, of the united atom.

F&G. 10. Correlation diagram for copper-argon. 0 states,
solid line; 7r states, dashed line; 6 states, dotted line.

As in the previous case, we expect that the 4fo.
MQ correlates with the L shell of the atom with
smaller Z. Therefore excitation should take place
exclusively in the L shell of the lighter atom (see
Figs. 5, 8, and 11), in agreement with the results
of Fastrup et al. " On the other hand, Saris has
reported a small cross section for Ar L-shell
emission in Al'+ Ar collisions. ' These excita-
tions arise from the same Sdo-Sdm-Sd& promo-
tion. The experiments of Saris et al. ' are total-
cross-section measurements, which give results
of collisions integrated over all internuclear dis-
tances, which accounts for the difference in the
two sets of results. "'7

3. 6 ~&Z ~&10 (C+, N+, 0+, and Ne+ on Ar)

The 2p shell begins to open as the collision par-
tners become lighter than Na' (Z= 11). Therefore
a new set of possibilities is expected for Ar L-
shell excitation (see Figs. 5, 8, and 11) via the
Sdo - Sdn coupling mechanism. 5~ For the reasons
mentioned in Sec. IID (iii), we can expect the cross
section for excitation of the Ar L shell to reach a
new maximum slightly above Z=6, where the Ar
2p level swaps with the K shell of the lighter colli-
sion partner, in good agreement with experiment'6
(see Fig. 12).

The technique of energy-loss measurements has
been applied in this region of Z by Kessel' for Ne'
+ Ar, by Knystautas et al. 54 for N'+ Ar and by
Bingham' for 0'+ Ar collisions. These results
have several features in common. There is an in-
crease in energy loss as the internuclear distance
decreases below R0-0. 3 a. u. The rise is not as
abrupt as in the case of the 4' promotion (Z& 18);
it occurs at a much smaller internuclear distance
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cross section for Ar L-shell excitation should fall
off very rapidly for Z& 5. The results of Saris
et al. ~6 show a very low cross section for Ar L-
shell excitation by protons and n particles, in
agreement with the promotion model.

B. Heavier Targets and Projectiles

Kavanagh et al. have studied Cu L-shell x-ray
emission in collisions involving Cu as both pro-
jectiles and targets. In all cases, the targets were
solids. A very wide range of atomic numbers was
chosen and the projectile energy was carefully
chosen to enhance the effect of level matching.

The authors20 noted an apparent subshell effect
in their data. The cross section for xenon (Z= 54)
on Cu targets appeared to be near a peak value,
corresponding to a match of Cu L-shell levels with
Xe M, » „,binding energies (see Fig. 7). On the
other hand, the peak for Cu projectiles occurred at
Z-64 (see Fig. 13), which corresponds to a match
of the Cu L shell with target M» v levels. The
authors~0 raised the related question of the small
cross section (see Fig. 13) near Z„„„-88,where
Cu L and target N, » «, energy levels match (see

500
Ga Al +Ar

v {a.u. )

FIG. 11. Correlation diagram for aluminum-argon.
See caption to Fig. 10. IO

-l9

and over a wider range of values. As Kessel"
points out, the excitation is velocity dependent.
All these results are in agreement with expecta-
tion from the assumption of an excitation via a
rotational coupling of the 3do —3dm —3d& transitions.
In all respects, the results resemble the second
major rise in L-shell excitation, observed by Kes-
sel and Everhart' in Ar+Ar' collisions, which has
been previously attributed to the same mecha-
nism. ~8'~9'5

Bingham' interprets his results to disagree with
the promotion model, because the jump in energy
loss in Ar+0' collisions appears to be dependent
on Ro, rather than being discrete. However his
conclusions are based on only partly resolved ex-
perimental results. Until the experiment is re-
peated under adequate resolution, we feel that his
interpretation is premature.
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4. Z~~5 (H+ and He+ on Ar)

For g& 5, the Ar 2P and partner 1s orbitals swap.
Now the Ar L-shell electrons are no longer pro-
moted, as discussed in Sec. IID. The possibility
of an L-shell excitation via the promotion mech-
anism no longer exists; the promotion results
in excitation of the partner atom's E shell. The

FIG. 12. Cross section for excitation of L-shell x-rays
in Ar targets by projectiles of atomic number Z, with rel-
ative velocity as a parameter. Note the relatively small
dependence on nuclear velocity at Z- 18, where the ex-
citation mechanism is via a doubly promoted 4fcr MO, with
crossings of many other 0 MO's. Compare this with the
relatively large velocity dependence at Z-6, where the
mechanism is by means of a rotationally induced Sda
-Sd7r transition (see Fig. 11).
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Fig. 7).
A very natural interpretation of these results can

be made with the promotion model. The peaks at
Z-10 and 30 occur slightly above the swapping
points between Cu L shell and collision partner E
and L shells, respectively.

These are entirely analogous to the case of Ar
discussed in Sec. IIIA. The promotion near the
(Cu, L; Z, M) shell swapping point is more complex
(see Fig. 5, in which b represents Cu and a repre-
sents the heavier partner). The L shell of Cu can
be promoted by the 3Po-3Pm rotationally induced
transition, which ends on the 3p orbital of the
heavier atom. ' It also can proceed via the 3dm
-3d6 transition, which ends on the 3d level of the
collision partner. '6 Finally, it can proceed via the
4fo MO which goes to many very highly excited or-
bitals of both collision partners. '6

In the case that the Cu atom is the projectile, all
the 3P and 3d AO's of the target atom are filled'
(for Z &29) and only the 4' promotion mechanism
can occur. The maximum cross section for this
process should occur slightly to the right of the
place where the Cu, 2pand Z, 3d orbitals swap
(Z =60, see Fig. 7), in agreement with experiment
(see Fig. 13).

With Cu targets, it is possible that the solid ef-
fect (see Sec. II E) could open the first two exit
channels. This would allow a peak somewhere
nearer the (Cu, 2s; Z, 3P) swapping point (Z -56).
The experimental data are incomplete~~; the excita-

tion at Z= 56 is comparable to the excitation at
Z =60 in Fig. 13.

The existence of the low cross section at Z=88
(see Fig. 13) is predicted by the promotion model;
the Cu L-shell promotion goes via the 5ga MO (see
Fig. 6). This cross section should be large near
the swapping point at Z- 95, where the (Cu, 2P; Z,
4f) AO's match. All other excitation would be to
filled orbitals and would not be expected for Cu

projectiles.
C. Molecular Parameters

By assuming a screened Coulomb interaction,
Everhart, "Kessel, ' and Fastrup" and their co-
workers have determined the promotion probability
for each of the two electrons in the 4fo MO as a
function of internuclear distance. For almost all
of the cases of Ar with a collision partner 11 «Z
~29, this probability rises sharply to near unity
for Ro & 0. 5 a. u. , over a narrow range of internu-
clear distances, PRO-0. 1 a.u.

Kessel has devised a simple model to predict
the total cross section for any inelastic eventwhich
depends on this rapid two-electron promotion. It
assumes a promotion probability of unity for Ro
&R~ and zero for Ro& R~, where R~ is the critical
internuclear distance where promotion is assumed
to occur suddenly. This model predicts a sharp
rise of cross section to a limiting value mR~ as
a function of energy. This model gives excellent
agreement with Auger-electron data' in Ar+ Ar'
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collisions. It gives good results near threshold
for x-ray data, but it fails to fit the data at higher
energies, as discussed in Sec. IIE. (The poorer
fit of the excitation data for Ne K-shell x rays'6 in
collisions with Ar presumably arises from the dif-
ferent mechanism of excitation, as discussed in
Sec. IID. ) For Ar+Ar' collisions, Saris et al. '5

obtained a value for R~ = 0. 23 A from x-ray data,
in good agreement with the value of 0.247 A of
Fastrup et al. , ' obtained from differential-energy-
loss data and the value of 0. 25 A obtained by Cacek,
Kessel, and Rudd from Auger-electron data. " This
agreement leads one to hope that reliable parameters
of the quasimolecule can be obtained from total and
differentia1 cross sections for excitation.

We have fitted the Kessel model" to the total
cross sections for copper L-shell excitation ob-
tained by Kavanagh et al. ~0 The effect of quasi-
resonant mixing of L-shell levels with nearly match-
ing energies was taken into account by setting the
excitation probability P~ equal to a product of the
Kessel promotion probability P multiplied by a
mixing factor M. We gave this factor the correct
form to give zero excitation for very light target
nuclei, 50% excitation for Cu+ Cu collisions, and

100%%uo excitation for very heavy target atoms:

P~= JfdP,
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v is the relative velocity of the nuclei at infinite
separation, and the characteristic velocity is given
by v2= AE/2X, where t/E is the energy deficit (in
a. u. ) between the two inner shells (see Fig. 7) and
~ is the effective range of the interaction. 44 The
characteristic internuclear distance Rc was assumed
to be a smoothly varying function of atomic num-
ber Z. We also made the reasonable and simplify-
ing assumption that effective range ~ and R~ mere
proportional to each other. The results for R~ are
shown in Fig. 14. The effective range was found
to have the value

0
I 6 ao 30 40

&=0.20R~.

We get a slightly larger value for & if we use v(Rc)
in (8), rather than v(~).

D. Discussion

FIG. 14. Comparison of characteristic internuclear
distance Rc (obtained from fit to experimental data in Fig.
13) with sum of L-shell radii (obtained from the first ref-
erence in Fig. 7, p. 210). The cross is a point obtained
from Ref. 16.

The value of R~ for the Ar+ Cu pair is in good
agreement with the data of Saris et al. , ' which
they obtained from the reverse experiment, Cu on
Ar. Also, the characteristic internuclear dis-
tance is about 3 the sum of Lzz zzz shell radii, again
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Charge States of 29.2- to 45.7-MeV Uranium Ions Emerging from Solid Foils*
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The equilibrium-charge-state distributions of uranium ions have been measured in carbon at
29. 2 and 45. 7 MeV, in aluminum at 29. 1 MeV, in silver at 29. 7 MeV, and in gold at 29.6 MeV
(energy is the exit-beam energy). Following the passage of monoenergetic uranium ions from
the Oak Ridge tandem accelerator through each thin-foil target, the charge states in the emer-
gent beams were spatially separated in an electrostatic analyzer and measured with a position-
sensitive surface-barrier detector. The foil thicknesses, derived from &-particle energy-loss
measurements, were 34pg/cm for carbon, 51 pg/cm for aluminum, 58 pg/cm for silver, and
110pg/cm2 for gold. Non-Gaussian charge-state distributions were observed. The most prob-
able charge states are in reasonable agreement with published sem. iempirical formulas, although
some deviations are noted.

I. INTRODUCTION

The capture and loss of electrons by partially
stripped heavy its are among the most common
processes occurring during the passage of these
ions through matter. Many experimental determi-
nations of equilibrium- and nonequilibrium-charge-
state distributions have been reported, mostly for
the lighter ions. ' Theoretical calculations of
these distributions are dependent on a number of
simplifying assumptions. ii io Available semiem-
pirical formulas ' are generally able to pxedict
the average charge to within + 1 charge sta in
cases for which shell effects, ie excitation jkocess-
es, ~' and target g dependence are not of over-
riding importance. Since it is desirable to know
the range of validity for these formulas and to dis-
cover the physical reasons for their occasional fail-
ure, deviations from the formulas are worthy of
experimental study.

The equilibrium-charge-state distributions and
the approach to equilibrium are topics of interest
for several other reasons. The relation between
stopping processes and projectile charge states can
be studied. Heavy-ion- accelerator design requires
more knowledge of heavy-ion charge-state distribu-
tions than is presently available. The energy-de-
pendent proportionality between beam current and

particle flux is frequently of considerable practical
interest to the experimentalist. Relative ionic-
charge-state populations often enter into considera-
tions of atomic spectral line intensities in plasma
physics, beam-foil spectroscopy, and astrophysics.

The published experimental literature concerning
ions as heavy as uranium is sparse. Betz et al.
reported the first uranium-charge-state distribu-
tions, using air and Formvar targets with beam
energies in the range from 10 to 70 MeV. Qrodzins
et a/. later reported charge-state data for urani-
um in carbon over the energy range 30-150 MeV.
Recently, Wittkower and Betz~o reported uranium-
charge-state distributions for the gases H~, He,
N~, Oz, Ar, Kr, and Xe, and for foils of carbon
and gold at energies from 2 to 15 MeV. In the pres-
ent investigation, charge fractions were obtained
in carbon at 29. 2 and 45. 7 MeV, in aluminum at
29. 1 MeV, in silver at 29. 7 MeV, and in gold at
29. 6 MeV (emergent-uranium-beam energy),

II. EXPERIMENTAL PROCEDURE

Single-component beams of 30. 2-MeV U + and
47. 3-MeV U' ' were obtained from the Oak Ridge
tandem Van de Graaff accelerator by stripping 30. 2-
MeV U and 47. 3-MeV U ' beams, respectively,
in a gas cell located upstream of the analyzing mag-
net (see Fig. 1). Negative molecular ions contain-


