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The relative level populations in beam-foil-excited sodiumlike argon (Ar viii) and copperlike krypton (Kr viii) have
been studied at 2-MeV projectile energy. In Ar vui, the 3p and the 3d terms are strongly excited. The level
population decreases rapidly with increasing value of the principal quantum number 7, reaches a minimum for
levels with n = 5 or 6, but increases then and reaches a strong maximum for levels with n~11. As an example, the
11d level is populated a factor of 2 more than the 3d level. Also the Kr viir data show a population maximum for
levels with n = 11. The strong 3p and 3d level excitations in Ar viir are explained as selective inner-shell processes
which can be understood in the molecular-orbital electron-promotion picture. The preferential population of high-
lying Rydberg states is explained as resulting from a near-resonance electron transfer from the valence band of the
carbon foil to the projectile. This process takes place when the projectile leaves the back of the foil, and the
distribution of population upon different n levels will vary with charge state. The level population for levels with
fixed n increases rapidly with increasing value of the orbital-angular-momentum quantum number for levels in
Kr vii, Kr x, Kr x1, and Kr xi1. The results are discussed, and their influence on decay curves as well as their
relations to multiply charged ion-atom collisions are pointed out.
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I. INTRODUCTION

It has recently been found in an experimental
study of relative beam-foil level populations in
Li-like oxygen (Ov1) and fluorine (FviI) that
there is a preferential excitation of levels with
binding energies of approximately 10 eV or, in
other words, of levels with principal quantum
number n ~6 — 8 in these multiply ionized pro-
jectiles.! As an example, in OVI the Tp level
was found to be populated approximately 10 times
more than the 3p level.!

Such a preferential population of rather highly
excited levels is very different from what is ob-
served in neutral or weakly ionized projectiles,
where it is well established?that the relative popula-
tion of levels withinthe same term seriesdecreases
monotonically as (n*)~?, where n* is the effective
quantum number of the excited level, and the
power p is slightly larger than 3 (3<p <5 gen-
erally’). The results of Ref. 1 clearly called
for further experiments. Although the data indi-
cated that the power law observed for neutral
and weakly ionized species breaks down for the
multiply charged ions OVI and Fvir, the data
presented in Ref. 1 are incomplete. That experi-
ment indicated the need for a study in which the
relative level population is determined for a
large number of excited terms, including several
values of the principal quantum number »n as well
as the orbital-angular-momentum quantum number
{. In addition, the results given in Ref. 1 are
rather uncertain because the low-lying levels in
OvI and Fvil have very short lifetimes. There-
fore, in that study,’ non-negligible parts of the

primary decays took place in the region where
foil-holder shadowing effects occurred, so that
part of the initial level populations had died out
before the projectiles reached the observation
region, and a certain amount of repopulation
through cascade processes had taken place too.
The total errors caused by these two counter-
acting processes are difficult to estimate. Also
from this viewpoint, a more elaborate work is
justified.

We shall present here a fairly complete set
of relative level populations for Ar VIII (sodium-
like argon), together with a less compiete set
for Kr VIII (copperlike krypton), neither of which
is contaminated noticeably from the above-men-
tioned foil-holder shadowing effects.

The preferential population of levels with
binding energy of approximately 10 eV in OvI
and FvIil was explained as a result of near-
resonant electron pickup in the following way.'
The beam-foil-excitation process for Rydberg
states is believed to take place as electron pick-
up into the excited state, when the projectile
leaves the back of the foil.** The valence-band
electrons in the carbon foil have binding energies
of approximately 10 eV. Electron pickup pro-
cesses are expected to occur preferentially for
near-resonance processes.’ Since pickup of an
electron from the valence band in the foil into
an excited projectile state will be near resonant
for projectile states bound approximately 10 eV,
the population of such levels will be favored.
This explanation has been adapted from the theory
of ion-atom collisions involving multiply charged
incoming projectiles, where electron transfer is
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believed to take place predominantly through near-
resonance processes.” We mention here that
although attempts have been made to study such
ion-atom collisions, the experimental results

are meager.® As we shall see, the beam-foil
excitation of multiﬁly charged species offers a
similar, but experimentally much simpler sit-
uation than that of ion-atom collisions for studying
quasiresonant electron transfer to excited levels.

A study of level populations in medium-to-
highly ionized, beam-foil-excited species has
its own inherent interest, because no experi-
mental data are yet available, except for the
sparse data on C1v, NV, Ovi, and FviI presented
in Ref. 1, and a similarly incomplete set using
1.5-MeV Fe projectiles.” Further experiments
similar to the ones presented here will yield
valuable information concerning penetration of
heavy particles through matter, a large field
which, although having been studied frequently
by different experimental techniques and the-
oretical approaches, still has many unexplained
features. However, besides its large academic
interest, there is a practical need for experi-
mental relative beam-foil level-population data
for performing cascade corrections when deducing
lifetime values from experimental beam-foil decay
curves.

There have been some attempts made recently®
to synthesize beam-foil decay curves. Two data
sets are necessary for such synthesization pro-
cesses, namely, a complete set of transition
probabilities, and a complete set of relative,
initial beam-foil level populations. If such reli-
able sets of data are available, one may hope
through synthesizing of decay curves to reveal
how the different cascade processes influence
the experimental decay curve in question. Of all
such works performed, only one, namely, on
Zn 1 (Ref. 8) has been based on an experimentally
determined set of initial level populations. Another
work, on Kr VIIL,* ' clearly indicated the need
for experimental data for medium-to-highly ionized
species, causing a special motivation for us to
study Kr vIII.

Beam-foil measurements are normally carried
out in vacuum chambers with a residual pres-
sure so high that the foil surface is contaminated
with impurities, and also no efforts are normally
made to prevent the foils from being coated by a
film of pump oil. This work is no exception from
such “dirty excitation conditions.” The excitation
probabilities may be sensitive to the presence of
impurities inside as well as on the foil surface,
and therefore, one warning is appropriate con-
cerning the relative-level population data pre-
sented here. The results need not be reproducible
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by other laboratories working under other experi-
mental conditions.

In this article, the expressions “relative initial
level population” or just “relative level popu-
lation” refer to the situation of the projectiles
at the initial part of a beam-foil decay curve.

II. EXPERIMENTAL

The measurements were carried out at the
2-MV van de Graaff accelerator facility at the
University of Arizona in Tucson. Singly charged
ions of Ar or Kr were accelerated to an energy
of 2 MeV and sent through thin carbon foils
(5-10 pg/cm?®). Spectral scans were performed
with the observation region immediately down-
stream from the foil, and photon intensities of
the different optical transitions were read from
the charts. The analytical device was a 1-m
normal-incidence scanning monochromator.

The relative population N; of level j was deter-
mined from the signal S(x;,) of the optical tran-
sition of wavelength A;, from level j to level %
through®

N;= S()\jk)/[K()\lk)Afk] ’ .

where K(,,) is the overall detection efficiency'!
at wavelength 2;,, and A, is the transition prob-
ability for the transition under study. The transi-
tion probabilities used for Ar vii were taken
from Ref. 12, which lists theoretical values cal-
culated in the numerical Coulomb approximation,
whereas those used for Kr vVIII-Kr XIII were
scaled hydrogenic values, also taken from Ref.
12, because, as we shall see, only transitions
from levels with high value of [ were analyzed
for krypton.

The efficiency calibration of the optical detec-
tion system is easy to carry out at wavelengths
above about 200 nm (Ref. 11) by use of a filament
lamp, but there is no similar, easy method of
calibration in the vacuum ultraviolet region of
the spectrum.!’ This is especially unfortunate
when dealing with such highly ionized species as
Ar vil and Kr viiI, because many of the transi-
tions of high interest, e.g., the resonance transi-
tions, are at wavelengths below 200 nm. For-
tunately, we were able to include some vacuum
ultraviolet (VUV) transitions in the data analysis
by using the branching-ratio method.!* As an
example in Ar VIII, the 3s-3p transition at 71 nm
is so close to the 4f-5d transition at 67.5 nm that
the quantum efficiency can be assumed to be con-
stant over this wavelength range. Thus, by
applying Eq. (1) to these two transitions, the
population of the 3p term can be determined
relative to that of the 5d term. However, the 5d
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term has another decay branch at a wavelength

of 309 nm (5p-5d), which is in the middle of the
wavelength region easy to calibrate.’* Thus, from
the latter transition, the 5d level population is
determined relative to all other Ar VIII levels
which have an observable transition in the wave-
length region 200-600 nm, and consequently, the
3p level population can be determined relative to
all these levels.

Another important transition in Ar VIII is the
3p-3d decay, which is close to the 5p-8s transi-
tion (at 53 and 50 nm, respectively), but the Tp-
8s transition is at 299 nm, so from analyzing these
three optical transitions by use of Eq. (1), the
3d level population can be linked to the other rel-
ative-level-population determinations. The over-
all uncertainty in the relative-level-population
determination is naturally larger when such a
branching-ratio method is' applied, but additional
valuable information is, on the other hand, ob-
tained in such a way.

The total uncertainties related to our experi-
mental-level-population data are difficult to
evaluate precisely because of the transition prob-
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FIG. 1. Relative level populations for some terms in
Ar vl versus the principal quantum number of the ex-
cited term, after beam-foil excitation at a projectile
energy of 2 MeV. All the relative-level-population data
are on the same scale. They have been normalized so
that the 3p level population is unity. Note the broken
scale for the 3p level.

abilities involved in the data reduction [cf. Eq.
(1)]. We believe that for most of the levels, the
relative uncertainty in level population is not
larger than 20%. For low-lying excited levels,
which deacy by emitting radiation in the VUV

so that the branching-ratio method has to be
applied as described above, the overall uncer-
tainty may well be up to 50%. These uncertainties
do not mask the main features of the population
distributions.

Application of Eq. (1) is justified when the fol-
lowing conditions are fulfilled. The length along
the beam axis of the observation region must be
so short, compared with the distance correspond-
ing to a mean life, that the level population under
study can be regarded as being constant over the
observation region. In addition, the observation
region must be located so close to the exit sur-
face of the foil that the fraction of decays taking
place between the foil and the observation region
is small compared to the initial level population.
Also, repopulation through cascade processes
must be small. These conditions were fulfilled
in this work by masking the spectrometer grating,
so that the length of the observation region as
well as its location from the foil was approximately
0.1 mm. Therefore, no corrections due to dying
out in front of the observation region or to cascade
repopulations had to be made. This was checked
by recording the initial parts of the decay curves
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FIG. 2. Relative level populations for some terms in
Krvill versus the principal quantum number of the ex-
cited term, after beam-foil excitation at a projectile en-
ergy of 2 MeV. All the relative-level population data
are on the same scale.
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FIG. 3. (a) Relative level populations for s, p, and g levels in Ar vii versus the binding energy of the excited level.
Note the broken scale for the 3p level. (b) Relative level populations for the d and f levels in Ar VIII and the & levels

in KrvIil versus the binding energy of the excited level.

for some of the fastest transitions, in which way
the foil position was also determined.

Many of the spectral lines belonging to transi-
tions between t he high-lying Rydberg states in
Ar VIII and Kr VIII have not been reported in the
literature. The extrapolated wavelengths given
in Ref. 12 for Ar VIII were used for line iden-
tifications, together with the wavelength lists for
krypton given by Cardon.*®

IIl. RESULTS

The relative-level-population results for
Ar VIII and Kr VIII are plotted versus the prin-
cipal quantum number of the excited term in
Figs. 1 and 2. The same data in Fig. 3 are plotted
as functions of the level binding energy. The
ionization level and the excitation energies for
Ar VIII are taken from Ref. 12, whereas the cor-
responding data for Kr VIII can be found in Ref.
14. We have used scaled hydrogen excitation en-
ergies for the high-/ levels of Kr VIII,

The results presented here are of a higher
quality than those given in Ref. 1 because the
lifetimes in the present investigation were in a
better range (c.f. the introduction). In addition,
the Ar VIII data set is more complete than that
presented in Ref. 1, and our study of Kr VIII

yields further information for levels with high
values of . We have determined the populations
of 35 levels out of the 46 levels existing in Ar VIII
with 3sn<12 and 0s/<4. In Ref. 12 transition
probabilities only for levels with n< 12 are listed.
Therefore, we have been unable to treat possible
decays from levels with n>12, albeit transitions
from such levels may be present in our spectra.

IV. DISCUSSION

A. Relative level populations as functions
of the level binding energy

For the p and d terms in Ar VIII we see from
Fig. 1 that the lowest-lying levels, namely, the
3p and the 3d terms, are strongly excited. Then,
the population has a minimum for n equal to 5 or
6, and thereafter increases dramatically to a
maximum for levels around »n=11. Note that the
populations of the 11p and 114 levels are slightly
above that for the 3d term and only surpassed
by that of the 3p term.

The f- and g-term populations increase with n
from very small values for the 4f and 5g levels
to a maximum around n =10 for the f series and
a broad plateau for the g series. The population
maxima for these two term series are 10 times
or more above the populations of the 4f and the
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5g terms. The s-level-population data, which
are much more sparse, follow similar trends,
but whereas it can be said that there is no strong
population of the lowest-lying s level (4s), the
height and the location with regard to n of the
maximum cannot be determined precisely. We
only note that the maximum occurs for » equal to
9, 10, or 11, and that it is at least a factor of

2 above the 4s-level population.

It is clear from Fig. 1 that two excitation pro-
cesses are active for Ar viil, one causing the
strong 3p- and 3d-level populations, but apparently
not active for the 4s and 4f levels, and the other
excitation mechanism causes the maxima in level
populations for high values of n. To proceed
further with the discussion of these features, we
first estimate the values of the mean radii of the
different orbitals and compare them with an esti-
mate for the average distance between two neigh-
bor foil atoms.

The mean radius () of a hydrogenlike ion of
nuclear charge Z is in atomic units (a.u.) given by

(r=[3n*-11+1)]/2Z. (2)

From this relation one can estimate the expec-
tation value of the radius of the 3p and 3d levels
in Ar VIII to be approximately 1.6 and 1.3 a.u.,
respectively. These values are so small com-
pared to the mean distance between two neighbor
foil atoms (which is around 4 a.u., calculated
from the density of amorphous carbon) that the 3p
and 3d orbitals can exist fairly undisturbed when
the projectile penetrates the foil. Therefore,
excitation of these states must be discussed in
the well-developed inner-shell excitation pic-
ture.’® One arrives at the same conclusion con-
cerning the starting point of an excitation-mech-
anism discussion from inspecting the level binding
energies, which are 126 and 102 eV for the 3p
and 3d terms, respectively.’” The levels are
tightly bound, leading to an excitation-mechanism
discussion in terms of the inner-shell excitation
picture,'® although the 3p and 3d levels in Ar VI
in fact are outer-shell excitations from a spec-
troscopist’s viewpoint.

The projectile velocity is so low (1.4 a.u.) com-
pared to the classical orbital velocities of the
inner-shell electrons that inner-shell excitation
will be well described by considering the tran-
sient quasimolecule formed momentarily by the
collision partners carbon and argon.'> (Coulomb
excitation can be ignored.) The dominating pro-
cesses in such encounters can be found from
inspection of the molecular orbital (MO) descrip-
tion.'® Figure 4 is a correlation diagram for the
C-Ar collision, constructed from the rules given
in Ref. 16. The correlation diagram shows
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FIG. 4. Diabatic molecular-orbital diagram for the
Ar™*-C collision shown schematically. To the right of
the figure the inner-shell terms of the separated atoms
(not to scale) are shown, and the united-atom inner-
shell terms are given to the left (not to scale). The
terms of the separated and the united atoms have been
connected by straight lines to indicate how the levels
correlate during a collision.

schematically how the different levels of the sep-
arated collision partners (shown to the right of
the figure) correlate at different internuclear
distances (the abscissa). By constructing the
correlation diagram in Fig. 4, one ambiguity
arises, because in neutral or weakly ionized
argon, the binding energy of a 2p electron is
smaller than the binding energy in neutral carbon,
whereas in highly ionized argon the 2p electrons
have higher binding energies than the K-shell
electrons in carbon. Thus, with increasing ion-
ization stage of argon, a “swapping” in the relative
position of the argon 2p and the carbon 1s levels
occurs.’® This problem has been discussed by
Fortner and Garcia.!” However, when dealing
with excitations leading to Ar ViII, the 2p binding
energy of argon to be used when constructing the
correlation diagram in the incoming channel will
be that of Ar®", By doing so, the 2p level in Ar

is clearly below the 1s level in carbon, resulting
in the diagram shown in Fig. 4, which agrees with
that shown in the bottom of Fig. 4 of Ref. 17.

It is readily seen from Fig. 4 that during an
Ar® -C collision, the carbon 1ls electrons will be
promoted to the 3do orbital, and one (or both) of
the 1s electrons in carbon can, through curve
crossings or interactions in the united-atoms
limit, be transferred to the 3s, 3p, or 3d levels
in argon, the latter two processes being exactly
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what is needed to explain the relatively strong
3p- and 3d-level populations in Ar viil. We also
learn from Fig. 4 that levels above the 3d term
in Ar VIII are not populated through MO electron
promotion mechanisms, and this is in agree-
ment with our observations of low populations of
the 4s, 4f, and the n=5 levels.

The decrease in level populations from the 3p
to the 5p level, or from the 3d to the 5d level, is
indeed noteworthy, but this is slightly difficult
to appreciate from Fig. 1. If for these levels we
fit the level populations with power laws of the
form

N, =constx (n*)"*, (3)

we find p = 6.4 and 5.8 for the p and the d terms,
respectively. Such a power-law fitting is qual-
itatively in analogy with the finding for neutral

or weakly ionized projectiles® that the population
of levels within one term series can be well
approximated with an expression of the form
presented in Eq. (3). However, generally a much
slower decrease in population with increasing

n* has been found (2<p<4) for neutral or weakly
ionized projectiles.?

After having described the strong 3p- and 3d-
level excitations in ArVIII as caused by inner-
shell MO electron promotion processes, let us
now focus our attention on the strong population
of high-lying Rydberg levels in Ar VI (Fig. 1)
and Kr vir (Fig. 2). This is clearly the same
phenomenon as that observed earlier’ for OVI and
FVII, and shall therefore find the same explana-
tion." These high-lying levels are geometrically
large in size. The expectation value of the orbital
radius for a level withn=10 and 0s /<4 is ap-
proximately 18 a.u., estimated from Eq. (2); and
this is so large that a projectile cannot exist un-
disturbed in such an eigenstate when it traverses
the foil, but the excitation must either take place
when it leaves the back of the foil, or downstream
from the foil. A variety of such processes can
be imagined, namely, capture of an electron from
the valence band of the foil,"”** capture of a
wake-riding electron,18 and radiative recombina-
tion with a free electron.'® However, as already
discussed in Ref. 1, the latter two processes are
improbable explanations because the appropriate
electron densities are too low, and also because
such processes will not produce a preferential
population of terms with binding energy of ap-
proximately 10 eV, as that seen in Fig. 3. On
the other hand, electron pickup from the valence
band of the carbon foil into excited states of the
projectile can well account for the preferential
population of levels with binding energies around
10 eV. This is because electron pickup processes

are favored by energy resonance.’ The valence-
band electrons have binding energies of approxi-
mately 10 eV. Therefore, electron transfer will
preferentially take place in projectile states of
this binding energy, and this is in close agreement
with our experimental finding, as shown in Fig.
3. The level populations for O VI (Ref. 1) are
also found to reach maximum values for levels
bound approximately 10 eV, as seen for Ar VII
and Kr VIII, indicating that the same excitation
mechanism is acting in these ions of different
elements and of different charge states.

We have mentioned above that for neutral or
weakly ionized projectiles, the population of levels
within the same term series has been found em-
pirically to decrease as a power law’ [cf. Eq.

(3)]. But for all such cases,? the levels studied
had binding energies less than 10 eV or, in order
words, are in a region where also the level popula-
tions in Ovi, Ar VIII, and Kr VIII are decreasing
functions of the level excitation energy, or ef-
fective quantum number. Thus, there is no con-
flict between the preferential excitation of high-
lying levels in multiply ionized projectiles ob-
served here and the power-law population ob-
served previously.?

Although this work substantiates the ideas pro-
posed in Ref. 1, showing a much more complete
picture, there remains the study of how the level
population behaves in highly charged ions for the
level binding energy tending asymptotically to
zero. The asymptotic behavior of the level popula-
tion is important to study, because various ex-
perimental findings indicate that the projectiles
are subject to a rather strong local electric field
as long as they are in the vicinity of the foil, the
field being produced by the beam-foil interaction
itself.* Such a field will reduce the ionization
level of the projectile. Therefore, the highest-
lying projectile energy levels will become unbound
and this will lead to a net reduction in population
for levels close to the ionization level for the free
projectile, causing a motivation to study the as-
ymptotic behavior of the level population.

Our relative-level-population data for Ar viO
indicate the presence of two beam-foil-excitation
mechanisms. The lowest-lying, geometrically
small levels, are very selectively populated
through inner-shell excitations inside the foil.
Contrary to this, levels of geometrically large
size are populated through transfer of electrons
from the carbon-foil valence band into the pro-
jectile excited states taking place when the pro-
jectile leaves the back of the foil, and populating
preferentially levels with binding energies close
to that of the valence band through near-resonance
pickup. These findings are in agreement with the
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ideas proposed in Refs. 3 and 4, and are also in
agreement with the weak 3p excitation in OVI,
reported in Ref. 1, because of the following two
reasons. Inner-shell processes will not lead to
3p excitations in O VI because, in the initial
channel, the projectile will only carry with it two
1s electrons. This makes the appropriate diabatic
MO correlation diagram extremely simple, and
the result is that molecular orbitals which might
lead to promotion of an electron into the 3p level
of oxygen are initially empty, so that no 3p
excitation will occur through inner-shell exci-
tations. Also, the electron pickup process acting
at the back of the foil will be relatively weak,
because the 3p binding energy is 56 eV, so elec-
tron pickup will be far from resonance. In fact,
from Fig. 3 we learn that pickup so far from
resonance is reduced roughly a factor of 10 from
the maximum populations occurring at resonance,
and this reduction of a factor of 10 is very close
to what was found for the 3p level in O VI in Ref. 1.

B. Relative level population as a function of /

It has been found®*?! that the relative level
population, for a fixed value of the principal quan-
tum number of the excited level, increases with
the orbital-angular-momentum quantum number
1, although not in proportion to the statistical
weight factor (21+1). In addition, there is a
preferential population of p levels, superimposed
on the general increase with I. This is substan-
tiated with our findings for krypton, but, as is
evident from Fig. 1, not for Ar VIII.

For medium- to high-lying levels in Ar VIII, we
observe that s states are weakly excited, and the
b, d, f, and g level populations come fairly close
to each other for a fixed value of n. However,
for 5sn<9, the f and g levels are somewhat
more populated than the p and d terms. A similar
weak excitation of s states has been noted in neon
by Bashkin et al.??

The Kr VIII data are in much better accord with
the systematical trends observed previously.? %2
The populations of the observed levels withn=9
in Kr VIII are plotted in Fig. 5 semilogarithmically
versus the orbital-angular-momentum quantum
number of the excited term, and the points have
been connected with a straight line. In Fig. 5
some data are also presented for Kr X, KrXi, and
Kr X1, calculated from the line intensities given
by Cardon.'® The values of # are indicated in the
figure. We see that the general increase in level
population with increasing value of [ is generally
much stronger than the statistical weight factor
(21+1), which is indicated at the bottom of Fig.

5. Rather, the level population increases expon-
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FIG. 5. Relative-level-population data for some
terms in Krviil, Kr X, Kr X1, and KrXxill plotted versus
the orbital-angular-momentum quantum number of the
excited term. Data for levels of same value of the prin-
cipal quantum number are connected by straight lines,
and the values of the principal quantum number are indi-
cated on the figure. At the bottom of the figure the sta-
tistical weight factor (27 + 1) is also shown.

entially with /:
N;=constxP', (4)

and we find P =2 for Kr VIII, but P reaches a
value as high as 5 for Kr XI. Our data for krypton
clearly extend systematical trends to higher val-
ues of [ than previously reported.

The distribution of population among the dif-
ferent I-valued levels with the same value of n
has been discussed in Ref. 1 and suggested an
explanation in terms of long-range electron-elec-
tron interactions. We shall offer here an addi-
tional explanation, which is based on a classical
visualization of the electrons moving in their
orbits. In such a picture, the electron moves in
an orbit which, for fixed value of n and increasing
!, will come closer and closer to a circular orbit.
Also, the velocity will be more and more indepen-
dent of the position in the orbit. Now, electron pick-
up will be favored not only by energy matching, as
discussed in subsection A, but also by velocity
matching. In the classical picture, an electron
which is picked up from the foil will clearly
find it easier to adapt its velocity to an orbit with
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high value of /, in accord with our experimental
findings.

V. RELATIVE LEVEL POPULATIONS
AND DECAY CURVES

There has been a great concern whether cascade
processes can account for the long tails observed
in a number of beam-foil decay curves, and also
whether the large discrepancies observed in some
cases between theoretical and experimental life-
times can be explained from insufficient cascade
corrections,® %23

There have been some attempts to estimate
amounts of repopulations caused from cascade
processes.® %1225 In a]] cases except one,®
various assumptions concerning the initial level
populations were made, because of lack of ex-
perimental data, and population models in fair
agreement with experimental findings for neutral
or weakly ionized projectiles have been applied
to highly ionized projectiles like Kr Vil (Ref. 24)
and Kr vIII (Ref. 9). Of the articles published,
we shall concentrate here on those®!* which sim-
ulated the decay of the 4s25-4p 2P transition in
Kr VIII.

Younger and Wiese® observed a good agreement
between the experimental and the synthesized
beam-foil decay curves for the above-mentioned
transition when using a relative level population
proportional to (27 +1)(n*)3, where n* is the ef-
fective quantum number of the excited term.
However, since the total level population summed
over all excited terms diverges when such a
population model is applied, they had to truncate
at a chosen maximum value of n. Later, Living-
ston et al,'* remeasured as well as remodeled the
decay of the 4s2S-4p 2P transition in Kr VIIL
They found a good agreement by using a relative
level population proportional to (27 +1)(r*)2. They
concluded that the decay curve measured by them
contained a tail which could not be explained by
cascades from levels populated according to a dis-
tribution of type (21 +1)(n*)~?, with p greater than
the limiting value for normalizable populations.'*
The reason that they reached such a negative
conclusion is obvious from Figs. 1 and 2. It is
clearly impossible to cast our experimentally
determined relative level populations into sim-
ple, analytical expressions. Also, we must
repeat here from Sec. IV that for Ar VII we find
two excitation mechanismsactive. Therefore, the
magnitudes of the cascade repopulations of the 3p
level in Ar viII will be projectile energy dependent.
Our experimental results indicate that one cannot
expect to obtain reliable, synthesized beam-foil
decay curves on the basis of simple, analytical

level population models as those given by (27 + 1)
(n*)®. Such models give neither a good ! depen-
dence nor a reasonable n* dependence. Whereas
Livingston et al.’* mention that the experimental
situation regarding the appropriate population
model to be used is not clear at present, we con-
clude that experimentally determined level pop-
ulations must at present be used when modeling
beam-foil decay curves.

The case of Kr VIII is not the only one in which
the existence of long tails is observed, which can
only be explained in terms of bound-state cascades
through inclusion of a very heavy population of
high-lying states.?®'?” We shall not give here a
detailed calculation of cascade repopulations for
the 3p level in Ar VIII, but only mention that the
nd D levels in Ar VIII with n~9-12 have the-
oretical lifetimes'? which come very close to the
lifetime of the 3p level,'? and the 3p-nd branching
ratios are around 60% for these d levels.'? They
will clearly repopulate the 3p level noticeably
through cataract processes. Such cataract decays
have to be included in a detailed ANDC decay-
curve analysis.?® The ns2S levels withn< 11
have theoretical lifetimes shorter than those of
the 3p level,'? and also, their branching ratios
to the 3p level are quite large'? (30-60%), but,
as seen from Fig. 1, their populations are of the
order of 1% of that of the 3p term, so their
cascade contributions to the 3p level will be small.

VI. COMPARISON WITH ION-ATOM COLLISIONS

Several theoretical articles on multiply charged
ion-atom collisions have predicted that electron
pickup processes will take place predominantly in
excited states and not in the ground state, due
to near resonance between the initial and final
states.® There have been some attempts to ob-
serve such an effect,® but such measurements are
rather difficult, and the results are still sparse
and uncertain.® This is, among other things,
because accelerators available cannot produce
intense beams of highly charged projectiles at
the desired projectile energies. The situation is
much more tractable with beam-foil excitation.
The projectile flux can be high enough to ensure
favorable signal-to-noise ratios, and, as evident
from Fig. 1, fairly complete data sets can be ob-
tained (we note parenthetically that already the
poor beam-foil data set presented in Ref. 1 sur-
passes the best data set from ion-atom collisions®
in completeness). Also, by a suitable choice of
projectile like argon, cascade processes can
either be ignored or accounted for in a beam-foil
excitation mechanism study. On the contrary,
in ion-atom collisions a proper cascade correc-
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tion is very difficult or virtually impossible to
carry out, because contributions from a great
number of the many cascades occurring cannot
be determined.

We want to emphasize that what we have ob-
served and are presenting here is essentially
what a great number of theoreticians have been
working on, namely, near-resonance electron
pickup processes.® Admittedly, we have not per-
formed ion-atom collisions with highly charged
ions impinging on an atomic hydrogen target, as
most of the theoretical works are concerned with,
but we do in our beam-foil study observe the
essence of the theoretical predictions, that elec-
tron pickup by multiply charged ions takes place
preferentially to those excited levels which are

close in binding energy to the initial state of the
electron.

ACKNOWLEDGMENTS

This work was supported by NATO research
Grant No. 1919, and partially supported by the
NSF, which is highly appreciated. One of us (E.V.)
is very grateful to the Department of Physics,
University of Arizona, for the hospitality he en-
joyed during his stay. We thank Professor E. J.
Knystautas for providing us with copies of his
spectrograms, which facilitated part of the data
analysis substantially. Discussions with Profes-
sor J. D. Garcia and Professor I. Martinson were
most helpful.

*Present address: Physics Laboratory II, H. C. @rsted
Institute, Universitetsparken 5, DK-2100 Copenhagen
®, Denmark.

1B, Andresen, B. Denne, J. O. Ekberg, L. Engstrom,

S. Huldt, I. Martinson, and E. Veje, Phys. Rev. A 23,
479 (1981).

’B. Andresen, S. Hultberg, B. Jelenkovié, L. Liljeby,
S. Mannervik, and E. Veje, Z. Phys. A 293, 181
(1979).

SE. Veje, Phys. Rev. A 14, 2077 (1976).

4E. Veje, in Proceedings of the Conference on Fast Ion
Spectroscopy and the Fifth International Conference on
Beam-Foil Spectroscopy, Lyon 1978, published in J.
Phys. (Paris), Colloq. C1 40, 253 (1979).

SA. Salop and R. E. Olson, Phys. Rev. A 13, 1312
(1976); E. J. Shipsey, J. C. Browne, and R. E, Olson,
ibid. 15, 2166 (1977); C. Bottcher, J. Phys. B 10,
L213 (1977); H. Ryufuku and T. Watanabe, Phys. Rev.
A 20, 1828 (1979); A. Salop, J. Phys. B 12, 919 (1979).

8Th. M. E1-Sherbini, A. Salop, E. Bloemen, and F. J.
de Heer, J. Phys. B 13, 1433 (1980); F. J. de Heer, in
lectures presented at the NATO Advanced Study Insti-
tute on Atomic and Molecular Processes in Controlled
Thermonuclear Fusion, Chateau de Bonas, 1979, edi-
ted by M. R. C. McDowell and A. M. Ferendeci (Ple-
num, New York, 1980), p. 351.

"W. N. Lennard and C. L. Cocke, Nucl. Instrum. Methods
110, 137 (1973).

83, Hultberg, L. Liljeby, A. Lindgird, S. Mannervik, and
E. Veje, Phys. Scr. 22, 623 (1981).

%S. M. Younger and W. L. Wiese, Phys. Rev. A 17, 1944
(1978).

10w 1.. Wiese and S. M. Younger, in Ref. 4, p. 146.

1N, Andersen, K. Jensen, J. Jepsen, J. Melskens, and
E. Veje, Appl. Opt. 13, 1965 (1974).

124 Lindgird and S. E. Nielsen, At. Data Nucl. Data

Tables 19, 533 (1977).

3. L. Cardon, University of Arizona, Thesis, 1977
(unpublished).

4. E. Livingston, L. J. Curtis, R. M. Schectman, and
H. G. Berry, Phys. Rev. A 21, 771 (1980).

153, s. Briggs, Rep. Prog. Phys. 39, 217 (1976).

16M. Barat and W. Lichten, Phys. Rev. A 6, 211 (1972).

IR, J. Fortner and J. D. Garcia, Phys. Rev. A 12, 856
(1975).

18y N. Neelavathi, R. H. Ritchie, and W. Brandt, Phys.
Rev. Lett. 33, 302 (1974).

15C. A. Nicolaides, Phys. Lett. 63A, 209 (1977).

2w, Singer, J. C. Dehaes, and J. Carmeliet, Phys.
Scr. 21, 165 (1980).

Ap, Andresen, S. B. Jensen, P. S. Ramanujam, and
E. Veje, Phys. Scr. 20, 65 (1979).

25 Bashkin, R. K. Wangness, and L. Heroux, Phys.
Rev. 151, 87 (1966).

%3, M. Younger and W. L. Wiese, Phys. Rev. A 18,
2366 (1978). See also Ref. 9.

3. M. Younger, W. L. Wiese, and E. J. Knystautas,
Phys. Rev. A 21, 1556 (1980).

5R.J.S. Crossley, L. J. Curtis, and C. F. Fischer,
Phys. Lett. A57, 220 (1976); R. M. Schectman, Phys.
Rev. A 12, 1717 (1975); F. Hopkins and P. von Bren-
tano, J. Phys. B 9, 775 (1976).

%D, J. Pegg, P. M. Griffin, B. M. Johnson, K. W.
Jones, J. L. Cecchi, and T. H. Kruse, Phys. Rev. A
16, 2008 (1977).

23, P. Forester, D. J. Pegg, P. M. Griffin, G. D. Alton,
S. B. Elston, H. C. Hayden, R. S. Thoe, C. R. Vane,
and J. J. Wright, Phys. Rev. A 18, 1476 (1978).

%1,. J. Curtis, H. G. Berry, and J. Bromander, Phys.
Scr. 2, 216 (1970); L. J. Curtis, in Beam-Foil Spec-
troscopy, edited by S. Bashkin (Springer, Berlin,
1976), p. 63.



