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Anomalous Population of Deep Capture States of Fast Ions Emerging from Solid Foils
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The first comparison of core-state populations of initially bare Kr + ions emerging from gaseous and
solid targets is presented. Another new important feature of this experiment lies in the fact that for such
fast heavy ions, the single-collision condition is fulfilled even in solid targets. Our results can be ex-
plained by a wake-field-induced Stark mixing of the substates in a solid. Further coherence angles and

field strength measurement are discussed.

PACS numbers: 34.70.+e, 34.50.Fa, 34.50.Pi, 34.90.+q

Several indications of the existence of a wake follow-

ing a fast ion moving in a solid target have been given in

the last few years. ' The wake-induced electric field at
the projectile nucleus has been shown to account for its
energy loss in matter, and to be strong enough (—10
—10 V/cm) to produce measurable energy splitting of
the n =2 manifold of light hydrogenlike ions. Possible
related effects on elementary collision processes in solids
have never been observed. We report in this Letter new
effects of the wake field on the substate population of
heavy hydrogenlike ions produced by electron capture in

solids.
Anomalous features in the electron-capture process in

solids have so far been reported only for the case of elec-
tron capture to the continuum or for the production of
highly excited ("Rydberg") states. All the quoted ex-
periments belong to the case when multicollision effects
are of importance even for core states, and it is still not
clear whether the excited (or continuum) states are
formed by direct ("last layer" ) capture or relate to elec-
tron loss or excitation of various charge-state fractions in
the bulk of the target. Especially, nl-nl' intrashell exci-
tation may have large effects on the population of highly
excited states, but has been seldom considered in the
case of ions in solids. Finally, we also not that proposed
explanations have ignored a possible effect of the wake-
field-induced Stark mixing of excited states.

In order to get clear evidence for possible solid effects,
new experimental conditions have been achieved in our
measurements with fast projectiles of high atomic num-
ber, Zz, where single collision -conditions (SCC) are sa-
tisfied even in solid targets. Indeed, for projectiles ve-
locities U = Zz (a.u. ), cross sections for ionization or n
n' excitation roughly scale as n Zz, intrashell I-I'

TABLE I. Mean free path (pg/cm ) for various processes
in the carbon target for the first three excited states of krypton
ions with v 36 a.u. A.„capture; A,;, ionization; A.„„,total
n n excitation; k„p ~, p-d excitation; A,„d, radiative deexci-
tation. The lower lines give the same information for 125-MeV
sulfur ious (Ref. 5).

Eon ~n -n' ~np -nd farad

Kr35+, 2.8 GeV

S &s+ 125 MeV

2 10000
3 30000
4 50000
2 5
3 7
4 12

440 1000
160 800
100 700

12 30
4 22
3 19

340' 15
90 50
25 110
8' 130
2 450
0.6 1000

excitation as n Z~, and radiative deexcitation
[cr=(nvr) '] as Z~n . SCC signify large mean free
path for ionization or excitation as compared to that for
radiative deexcitation or to the target thickness. These
conditions are all the better satisfied for heavy projectiles
(Zz)) 1) and low excited states (small n) This. led us to
study deep capture-state population (2 ~ n ~ 4) of
33.2-MeV/u Kr + ions (Z~ =36, v =35.6 a.u. ). The
actual situation is illustrated in Table I. Our values for
ionization and n-n' and nI-nl' excitation mean free paths
have been calculated by use of the plane-wave Born ap-
proximation (with screening and antiscreening effects
accounted for) —a procedure giving predictions con-
sistent with available experimental data. ' When these
values are compared with typical target thicknesses of
few micrograms per square centimeter (easy to get for
carbon targets), it is clear that SCC are achieved in

n =2 and n =3 levels, and that only I-l' excitation may
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lead to small effects in n ~ 4. In contrast, large devia-
tions from SCC occurring even for core states with

lighter projectiles are illustrated by the case of 125-MeV
sulfur (Z~ = 16).

Wake effects, on the other hand, have very short
response time (r„=2xcoz ' = 2 x 10 ' s in carbon,
where to~ —25 eV is the plasma frequency ). From
theoretical calculations, the wake field at the projectile
nucleus has been estimated to be —10 V/cm in a car-
bon target, in good agreement with a measured energy
loss of 16 MeV/(mg/cm ). This field induces Stark
splitting of the excited states large enough to allow for
time evolution of these states in the range of thicknesses
considered here, as will be shown in the following.

The experiment was performed on the LISE facility
(Ligne d'Ions Super Epluches: beam line of highly
stripped ions) the Grand Accelerateur National d'Ions
Lourds (GANIL). 33.2-MeV/u fully stripped Kr
ions were produced with an efficiency of more than 50%
by post stripping of the incident 34.5-MeV/u Kr26 ions
in a 7-mg/cm carbon foil. Charge-state selection was

insured by the achromatic double magnetic spectrometer
of the LISE line. We used for gaseous targets an ef-
fusive jet of known profile. " Solid targets were unsup-

ported carbon or carbon-backing-supported, vacuum-
evaporated targets. Typical thicknesses of 5 pg/cm on
10-20-pg/cm carbon have been used. Precise deter-
mination of the target thicknesses and purity has been
made by 1-MeV a-particle backscattering measure-
ments. Lyman lines from the projectile (np Is transi-
tions) have been recorded with a Si-Li detector posi-
tioned at a polarization-insensitive angle of 120 with

018
E

respect to the beam direction. Lyman a, P, and y lines
were easily resolved, leading to very small uncertainties
(&2%) on their measured relative intensities. Highly
accurate absolute cross sections have been extracted
from the data. "

Our measured total Lyman-line emission cross sec-
tions" are given in Fig. 1. The new and important result
here is that no systematic deviation between gaseous and
solid targets measurements is observed: These cross sec-
tions, equivalent to total capture cross sections in excited
states (except 2s )," are found to be the same in ion-
atom and ion-solid collisions. They also are all in good
agreement, within our experimental uncertainty
(—20%), with theoretical predictions (including cas-
cades) ' based on continuum distorted-wave (CDW) cal-
culations' of capture cross sections to excited states
(2» n» 10) and tabulated' lifetimes and branching
ratios for excited states of hydrogenlike ions. By con-
trast, large differences are observed in the relative popu-
lations of 2p, 3p, and 4p substates as reflected by the Ly-
man a-, P-, and y-line relative intensities (Fig. 2). Very
good agreement with theory is observed for ion-atom
(gaseous targets) collisions, but large discrepancies ap-
pear for ion-solid measurements. Next, the x-ray yield
variation with target thickness has been explored for car-
bon targets (Fig. 3). The observed small decrease in to-
tal yield for increasing target thickness is mainly due to
electron loss from highly excited states (n ~ 6), and is
very well accounted for on the basis of known electron-
loss cross sections (Fig. 3). By contrast, the rapid
change in relative Lyman a-, P-, and y-line intensities
within 30-40 pg/cm cannot be explained by this type of
multicollision effect.

Three possible mechanisms can be considered to ex-
plain our results: (i) The primary capture process itself
could be affected inside solids. However, it is very likely
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FIG. 1. Total Lyman-line emission cross section as a func-
tion of the target's atomic number. The solid line corresponds
to CDW calculations times a constant scaling factor of 0.8.
Dashed line: contribution from the K shell; dot-dashed line:
from other shells of the target. Open and closed dots are for
gaseous and solid targets, respectively.
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FIG. 2. Relative intensities of Lyman a, P, and y lines as a
function of the target's atomic number. Broken line is from
CDW calculations.
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FIG. 3. Total Lyman-line x-ray yield (upper curve) and rel-
ative intensities of Lyman a, P, and y lines as functions of car-
bon target thickness. Solid curve through total x-ray yield data
results from a simple model accounting for electron loss in ex-
cited states. Curves through relative intensities are to guide
the eyes. Zero-thickness values are extrapolated from
gaseous-target results.

that some change of total cross sections should also be
observed, which is not the case. (ii) A possible excess of
population in highly excited states due to capture of con-
voy electrons at the exit of the target has been previously
considered, but it can easily be checked that cascades
from these states would not affect our Lyman a, p, and y
intensities very much. Moreover, any similar "last lay-
er" effect should also manifest itself as an excess of total
yield whose contribution decreases for increasing target
thickness. Again, none of these effects is observed (Figs.
1 and 3). (iii) Finally, some large-scale effects mecha-
nism leading to a rapid change in the l distribution fol-
lowing electron capture must be considered. In particu-
lar, an increase in the relative population of high angular
momentum states, which mostly decay by cascading
through the 2p substate, could explain both the observed
enhancement of Lyman a intensity and the reduced Ly-
man p and Lyman y intensities. CDW cross sections'
and branching ratios' show that such explanations can
be found only if the n =3 shell is already affected. This
new result then differs from observations of Betz,
Roschenthaler, and Rothermal relative to very high-n
(Rydberg) states.

Looking for a possible explanation of such an increase
of high-l substate population, we first investigate the ef-
fect of intrashell nl-nl' excitation process. The change in
relative intensities appears to saturate much too fast to
be accounted for by this process only (see Table I).

Moreover, its predicted effects at equilibrium on relative
intensities do not agree with experiment. We know,
indeed, from experiments on excitation of Rydberg
atoms, that a statistical population [P(l) =(2l+ I)/n ]
must be reached. In our thickest target, such popula-
tions can be assumed for all excited states n ~ 3 (Table
I). A simple calculation ' based on a statistical redis-
tribution over n, l substates of each n (~ 3) population
gives a/p and a/y ratios equal to 8.0 and 28.6 instead of
the experimental values 5. 1 and 16.4 (uncertainty
-2%). In this model calculation, we used for 3~n
~ 10 theoretical CDW cross sections and an n scal-

ing law for n & 10. These values indeed reproduce our
results very well in the case of gaseous targets (Figs. 1

and 2). Cascades from all excited states, radiative deex-
citation inside the target, and electron loss in highly ex-
cited states (see Fig. 3) have been considered. Finally,
we note that by consideration of either a larger (n ~ 2)
or a smaller (n ~ 4) number of equilibrated states, no
improvement in the comparison is obtained.

We instead suggest that the dominant effect is due to
the wake-field-induced Stark splitting of the states. If
we neglect for the moment the fine structure of the excit-
ed states of hydrogenlike krypton, the expected effects on
the population of these states can be qualitatively under-
stood on the basis of a simple model. Let a~exp(i&+. )
and a exp(ip-) be the capture amplitudes in the two
(parabolic) Stark states corresponding to n =2, m =0;
co, be the (wake-field-induced) splitting of these states;
and p=p~ —

p . When capture occurs inside a solid,
the Stark states will have different phase evolution dur-
ing the time t between capture and exit from the target.
Projection at time t on the spherical states gives there-
fore time-dependent "cross sections"

cr,' = —,
' (a $ +a ' ) —a ~a cos (co, t + p),

rr~o= —,
' (a)+a' )+a+a cos(rot+ad).

This effect is germane to s-p coherence measurements
in an external field. ' In our case, however, capture can
take place at any time between 0 and the dwell time td
through the target. Integration over target thickness (or
range of times t) leads us to predict a general increase
(2s quenching inside the solid), but also damped oscilla
tions, of the Lyman a (2p Is) line emission cross sec-
tion as a function of target thickness. Indeed, part of the
oscillatory behavior is kept for the thinnest targets when
td &2xc0, ' (—10 ' s). Especially, the amplitude of
the first oscillation is governed by the s-p coherence an-
gle p, and the time scale by the wake-field strength.
Note also that fast (—10 '7 s) periodic fluctuations of
the mean wake field related to binary encounters in the
solid would not alter this pattern deeply.

Our measurements indeed display an increase of Ly-
man a cross section, but the damped oscillations are fur-
ther washed out by a significantly enlarged cascade con-
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tribution to Lyman a total intensity resulting from the I
mixing in upper states. For large dwell times (td »ro, )
the contribution of the oscillatory term in the above
equations becomes negligible, and the relative substate
population in any shell tends in first approximation to-
wards a random distribution, among all possible I values,
of a given total m population. Assuming such a "com-
plete I mixing" of the substates, we find an increase in
the Lyman a relative intensity, corresponding now to
values of 5.8 and 16.7 for the a/P and a/y ratios, in
much better agreement with experiment (5. 1 and 16.4)
than use of pure statistical populations in our model cal-
culation (see above). Part of the small observed devia-
tion (-15%) in the case of Lyman P intensity could also
be accounted for by fine structure and QED effects.
Only the splitting in the n =2, rnj =

& manifold has been
evaluated, with the assumption of a wake field of e = 10
V/cm. This gives a characteristic time of 2.2x10 ' s in
n =2 (and smaller or comparable times in upper levels),
which is in good agreement with our experimental satu-
ration time (Fig. 3).

In conclusion, use of high-Z projectiles gave us the op-
portunity to achieve an original comparison of the cap-
ture process in solid and gaseous targets under single-
collision conditions. For the first time, evidence of
anomalous 1 populations in deep excited states inside
solids has been given. For these states, the nl-nl' excita-
tion is a minor phenomenon, in contrast with Rydberg
states which have been studied up to now. A new
wake-field-induced effect has been considered, and has
been shown to give encouraging agreement with our re-
sults. Finally, we point out that subtraction of the cas-
cade contribution to the feeding of lower levels' may
lead in the future to quantitative determinations of
coherence angles and wake-field intensities.
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