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State-selective single electron capture, in collisions of multicharged ions Kr81 at 18 keV with laser-excited
Rydberg Rb* (nip) atoms, is investigated by use of a field ionizing lens system~FILS!, in a three-crossed-
beam experiment. By scanning the laser over a wide range of wavelengths~303–298 nm!, this investigation
covers the 15p–25p Rydberg series, showing the influence of the initial state of Rb. For every well-defined
Rb* (nip) state,~i! very high Rydberg states of the Kr71* (n) product ions are detected as a consequence of
the high degree of excitation of the target and of the high charge of the projectile, and~ii ! then distribution of
the capture cross section is obtained in the domain 67<n<95, by measuring the energy spectrum of the
Kr 81 ions produced by field ionization in the FILS of the excited product ions Kr71* . Thesen distributions
become wider and are systematically shifted towards highern values asni increases. By using the classical
trajectory Monte Carlo method, then distributions are calculated for thenip series. Although the calculated
n distributions are systematically wider, the behavior of their widths and of their relative positions is in
agreement with the experiment. On the other hand, the extended classical over-the-barrier model yieldsn
distributions significantly narrower than the experimental ones.@S1050-2947~96!00811-6#

PACS number~s!: 34.70.1e, 34.60.1z, 34.50.Rk

I. INTRODUCTION

Single electron capture from an atomic ground state into a
multicharged ionAq1 takes place into relatively lown or-
bitals of the product ionA(q21)1(n), even in the case of
alkali-metal atoms for which the binding energy of the va-
lence electron is small. Within the classical model@1–3#,
orbitals withn close to 10 are mainly populated forq58 and
Rb target atoms. Large capture cross sections due to the high
charge of the projectile are expected, increasing almost pro-
portionally toq, for q larger than some units.

These large capture cross sections are limited, however, to
a domain of impact velocities below and around the match-
ing velocity ṽ51, whereṽ, the so-called reduced velocity, is
defined byvp/ve , the ratio of the multicharged projectile
velocity vp and the orbital electron velocityve in the target
atom. In the practical example of Kr81 on Rb~5s!, a classical
cross section of order of magnitude equal to 10213 cm2 is
obtained for a kinetic energy close to 80 keV/charge~i.e.,
ṽ51!.
Using the scaling laws of the classical model, it is also

seen that the total single electron capture cross sections t is
inversely proportional to the square of the electron binding
energy in the target atomeat. Atoms with a very weakly
bound electron would therefore be exceptional targets for
strongly enhanced capture processes: a reduction of the bind-
ing energy by a factor of 100 means an increase by a factor
of 104 of the cross section which approaches 1029 cm2, i.e.,
the micrometric range~0.1mm2).

Simultaneously, because of the quasiresonance of the

charge-transfer process, orbitals much higher thann.10
would be populated. Classical scaling laws show that the
ratio n/ni increases withq asq0.81 within 3%, wheren and
ni are the principal quantum numbers of the captured elec-
tron in the final product ion and in the initial target atom,
respectively.

Laser excitation combined with a field-ionizing lens sys-
tem ~FILS! has made it possible to detect very high
Kr 71* (n) Rydberg states after single electron capture from
Rb* (17p) atoms into Kr81 multicharged ions, and to mea-
sure then distribution of final states@4#, for the two collision
energies 18 and 40 keV.

There is a great lack of experimental work relevant to this
type of multicharged ion plus Rydberg-atom collision. To
date, final-state distributions after charge transfer from Ryd-
berg atoms were observed via field ionization by MacAdam
and co-workers for singly charged projectiles, such as Ar1

and Na1 ions, over the energy range 60–2100 eV. This cor-
responds to a reduced velocityṽ. 0.2–2.0, when bombard-
ing laser-excited Na* (ni l i) atoms inni l i 5 24d, 28d, and
33d, and 25s, 29s, and 34s states@5–7#. The observedn
distributions of the Ar* (n) and Na* (n) reaction products,
which are neutrals in this case, extend typically fromn. 20
to n.50. The replacement of singly charged projectiles by
multicharged ions in collisions with Rydberg atoms pushes
the final-state orbitals to still highern values, as observed up
to 110 in Ref.@4#. However, compared to field ionization of
neutrals, field ionization of fast highly excited multiply
charged ions such as Kr71* is complicated by the sensitivity
of the trajectories to any field, including the ionizing field
itself; this is the primary experimental difference between the
present experiment and that of MacAdam and co-workers.

At the beginning of this field of collisions of multicharged
ions with laser-excited atoms, the resonant state Na* (3p)
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obtained by laser excitation at the easily produced wave-
length of 589 nm was mainly used as a target. An experiment
was performed by Aumayr and co-workers with He21 pro-
jectiles, where translational energy spectroscopy of the prod-
uct ions He1* (n) was used to study state-selective capture
@8# and alignment effects on the capture cross section@9,10#.
The combination of a small projectile charge (q52! and a
still rather high binding energy~for the resonant target elec-
tron eat52.10 eV! ends up in captures in relatively low ex-
cited statesn5 3, 4, and 5 of the product ion. The same kind
of alignment experiment with Na* (3p) target atoms has
been developed as a function of the collision energy by using
the detection of the fluorescence photons emitted by the
product ions. Schlatmann and co-workers used He21 projec-
tiles and observed the He1* (4l→3l 8) transitions@11#, and
Schippers and co-workers used the more highly charged pro-
jectiles O61 leading to higher excited levelsn5 6–15
among which the O51* (10l→8l 8) transitions were detected
@12#.

Recently, DePaola and co-workers obtained absolute val-
ues of total~without state selection! electron capture cross
sections for Xeq1 (q5 8,16,32,40! projectiles colliding with
Rb* (10f ) @13#. For this purpose, the target atoms were ex-
cited via the 5s→5p→4d→10f steps by superposition of
three laser beams, and the total diminution of the primary
Xeq1 beam was measured when the laser excitation was
turned on. The very high cross sections predicted by the
classical model are actually obtained: they show a maximum
of some 10210 cm2 for ṽ51 and a fast decrease whenṽ
increases to 3.

In this paper we describe the experimental procedure of
our investigation in more detail than in our Letter@4#, and
report on the extension of our measurements to a series of
nip Rydberg states of the Rb target atom. All the states from
ni515 to ni525 were investigated by scanning the uv laser
over a wide domain of wavelengths~from 303.29 to 298.76
nm!, and by measuring then distribution of the capture cross
section for every Rydberg state in order to show the influ-
ence of the initial state of Rb.

Such high Kr71* Rydberg ions are semiclassical in na-
ture; therefore the electron capture should be well described
by a classical model. In particular, the three-body classical
trajectory Monte Carlo~CTMC! method, as successfully
used in previous studies of ion and Rydberg-atom collisions
@14,15#, is well suited to treat these collisions, implying high
excited states in both the target atom and the product ion. For
these collisions, conventional quantum mechanical methods
are inapplicable in view of the large number of molecular or
atomic basis states to consider in the close-coupling calcula-
tions, which must include both excitation and ionization
channels. Those are implicitly included in the CTMC
method. Details on these calculations, which use model po-
tentials to describe the interaction between the excited elec-
tron in Rb* (nip) and the ionic Rb

1 and Kr81 cores@15,16#,
are given in Sec. IV.

II. EXPERIMENT

A. Experimental setup

The state-selective electron capture from laser-excited
Rb* (nip) atoms into multicharged Kr81 ions is carried out
in a three-crossed-beam apparatus, using a field ionization
technique~see Fig. 1!.

1. The multicharged ion beam

The Kr81 ion beam is delivered by the accelerator of
multicharged ions~AIM ! in Grenoble, where the beam-
transport optics have been especially designed and built to
provide a high quality emittancee < 45p mm3mrad, and a
beam of high brilliance by Andra¨ and co-workers@17#.

In order to reduce the degradation of the emittance by
Coulomb explosion of the mA’s of the extracted beam, the
highest extraction voltage from the electron cyclotron reso-
nance Caprice ion source is used, and the separation of all
unwantedq/m takes place as close as possible to the extrac-
tion region. To this end, the source is put on the user-defined
low positive potentialVs and the charge and mass separation
is effected by a double focusing magnet with its vacuum
chamber at a negative voltageVmag, summing up to a total
extraction voltage of usuallyVs 1 uVmagu 5 20 kV. After
q/m separation, the selected ions are decelerated by climbing
from the negative potentialVmag to ground. This deceleration
is controlled by a double Einzel lens which also focuses the
beam into a first diagnostic chamber. WithVs 5 2.25 kV and
Vmag5 217.75 kV, a low-energy beam with 2.25 kV/q, i.e.,
a Kr81 beam with a total kinetic energyE05 18 keV, is
obtained in the present experiment. WithVs5 5 kV and
Vmag5 215 kV, a beam with 5 kV/q, i.e., a Kr81 beam with
a higher kinetic energyE05 40 keV, is obtained as in our
Letter @4#. For both energies, an energy spread of the multi-
charged ion beamDE0 smaller than 20 eV can be deduced
from the performances of the accelerator, as verified in nu-
merous experiments, which corresponds to a relative energy
spreadDE0 /E0 smaller than 1.131023 at 18 keV, and 5
31024 at 40 keV, respectively.

After passing through a second double focusing magnet,
the ion beam is vertically and horizontally shaped by an
electric quadrupole triplet. Then, it is guided towards the
experiment via a switching magnet with a focal point in its
center, and focused by an Einzel lens in a second diagnostic
chamber which contains horizontal and vertical steerers, a set
of circular apertures, and a movable Faraday cup~FC1!.

A double Einzel lens with a variable magnification, in a
differentially pumped vacuum chamber, serves to focus the
beam from the center of the second diagnostic chamber to

FIG. 1. Schematic diagram of the apparatus. Only the terminal
part including the interaction and the detection chambers is shown.
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the point of interaction with the Rb beam. This point is lo-
cated inside the interaction vacuum chamber which contains
also two sets of vertical and horizontal steerers and two
2-mm-diam diaphragms in symmetrical positions with re-
spect to the interaction point. They are used for optimization
of intensity and quality~in shape! of the primary Kr81 and
product Kr71* ion beams.

Typical intensities on the FC1 of Kr81 ions are 2.7mA
for E0540 keV and 0.8mA for E0518 keV.

2. Laser excitation of Rb* „nip… atoms

The excitation of a single Rydberg level of Rb from the
ground state requires narrow bandwidth uv radiation at 300
nm: from 303.29 nm for the 15p level to 298.76 nm for the
25p level. It is generated by intracavity frequency doubling
@i.e., second harmonic generation~SHG!# in a single-mode
cw ring dye laser~Spectra-Physics 380D!, frequency stabi-
lized with the reference interferometer system~Spectra-
Physics 488!, as in our numerous experiments on He Ryd-
berg atoms@18#. The laser is operated with Rhodamine-6G
and with a 2.3-cm-long AD*A crystal ~ammonium dihydro-
gen arsenate! in noncritical 90° phase matching. With about
4.5 W of Ar1 pump laser power at 514.5 nm~Coherent
Innova100!, we obtained about 6 to 7 mW of single-mode,
continuously tunable, cw, uv radiation at 300 nm with a full
width at half maximum~FWHM! of 2 MHz. Our procedure
for SHG has been described in detail by Runge and co-
workers@19#.

The tuning range of the laser is large enough to directly
excite the one-photon 5s→nip Rydberg transitions up to the
ionization limit. Optimization of the uv power is achieved by
readjusting the crystal temperature at resonance. This tech-
nique, which deals with only one photon, offers a great ad-
vantage over the stepwise excitation technique where the su-
perposition of several~often three! laser beams in the
interaction zone is necessary to reach Rydberg states. Fur-
thermore, the present procedure is cw with the best possible
duty cycle.

Calculations of Rydberg-state lifetimes provide orders of
magnitude of 5ms for the 15p level to 32ms for the 25p
level @20#. Consequently, Rb* atoms with a mean velocity of
380 m/s cover a mean distance of 2 to 12 mm which is
longer than the laser spot in the interaction region. Loss of
excited states by an optical-pumping process towards the hy-
perfine ground-state levels is therefore expected to be negli-
gible.

The detection of the optical resonances occurring from the
5s ground state for85Rb(F52,3) and 87Rb(F51,2) to the
nip Rydberg levels is effected by measuring the fluorescence
photons of the strongest cascades in the visible far red, such
asnip→4d ~708–743 nm!, together with the resonance line
5p→5s ~780 and 795 nm!, by a photomultiplier with a color
filter. The hyperfine structure~hfs! spectrum of the transition
5s 2S1/2→20p 2P3/2 for

85Rb and 87Rb has been recorded
by scanning the laser continuously over a 10-GHz range. It
exhibits the clearly resolved and expected four lines of the
ground-state splitting since the hyperfine levels of the
high Rydberg states are nearly degenerate@21#. The strong-
est hyperfine component of the85Rb line, i.e.,
5s 2S1/2(F53)→nip

2P 3/2, is used for the experiment of
electron capture, and the fluorescence photons are used to

monitor the excited atom density during the Kr71* ion de-
tection. A stable uv beam is achieved over several hours with
the laser locked on the chosen transition via the reference
interferometer system, since the residual broadening of 400
MHz ~FWHM! due to the uncollimated Rb beam is suffi-
ciently wide.

3. The interaction region

In the interaction region, the Kr81 beam perpendicularly
intersects the Rb beam effusing from a resistance heated
oven~typical temperature from 450 to 525 K! via its 1-mm-
diam3 2-mm-long exit pipe which is overheated to 570 K
to suppress dimers. The uv beam is sent into the interaction
region anticollinearly with respect to the ion beam; the Rb
atoms are therefore illuminated over the complete width of
the Rb beam.

The interaction region is located inside a small copper
box which can be biased electrically, if necessary, to a po-
tentialVt in order to modify the collision energy. The poten-
tial Vt is also used to separate the two kinds of Kr

71* ions:
those due to electronic capture on Rb atoms inside the cop-
per box, which leave it with an energyE02qeVt , and those
due to electronic capture on background gas atoms elsewhere
along the Kr81 beam, which leave the copper box with an
energyE0. It has been verified that this second contribution
is negligible, and consequentlyVt could be grounded in most
of the experiments.

Baking the experimental setup yields a background pres-
sure in the interaction chamber of some 10210 mb with the
Rb beam off, and about 1027 mb after a one-day run of
about 15 h with the Rb beam on.

4. The field ionization detector

After electron capture, the Kr71* ions leave the interac-
tion zone and pass through the downstream steerers and dia-
phragm. They then enter the detection vacuum chamber
where a high vacuum is maintained (.1029 mb with the Rb
beam on!. The Kr71* ions are then separated from the rest
of the ion beam, which is mainly composed of Kr81 projec-
tiles, by a first electrostatic spectrometer~SP1! which fo-
cuses the Kr71* beam from the interaction zone to the en-
trance of the FILS.

The FILS is a cylindrically symmetric electrostatic field
ionization lens, especially designed for the present experi-
ment @22#. Compared to field ionization of neutrals, field
ionization of highly excited multiply charged ions such as Kr
71* is complicated by the sensitivity of the trajectories to
any field, including the ionizing field itself. This is the reason
we have adopted a geometry where the electric field is col-
linear to the Kr71* ion beam. The FILS is composed of 11
circular electrodes at suitable electrical potentials, equally
spaced over a total length of 100 mm, with a circular hole in
their center, sufficiently large to avoid strong focusing ef-
fects.

Symmetric voltages about the centerzc of the FILS pre-
vent the kinetic energy of an ion at the lens entrance from
being modified when it leaves the FILS without being field
ionized. It creates on itsz axis a negativeU(z) potential,
quadratically decreasing from 0 at the lens entrance towards
its centerzc where it reaches its minimum~its maximum in
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absolute value!. U(z) then quadratically increases fromzc
towards the lens exit where it reaches again 0.

Consequently, the FILS generates an electric fieldF(z),
linearly increasing from 0 at the lens entrance to its maxi-
mumFm which is reached about 10 mm in front ofzc . The
field decreases rapidly fromFm to 0 at zc where it is in-
verted; then it decreases rapidly to2Fm , and linearly rein-
creases to 0 at the lens exit. Two sets of potentials have been
applied on the 11 electrodes. The first one requires220 kV
on the center electrode; it is composed of the voltages 0.0,
20.8, 23.2, 27.2, 212.8, 220.0, 212.8, 27.2, 23.2,
20.8, and 0.0 kV which generate the maximum fieldFm 5
5.2 kV/cm. The second set requires235 kV on the center
electrode; it is composed of the voltages 0.0,21.4, 25.6,
212.6,222.4,235.0,222.4,212.6,25.6,21.4, and 0.0
kV which generate the maximum fieldFm 5 9.1 kV/cm. The
latter has been used in the measurements presented in this
paper.

When a Kr71* ion in a Rydberg statenj enters the FILS,
it experiences an electric field with increasing strength in the
first half of the FILS. It is field ionized and becomes a
Kr 81 ion at the critical fieldF j at the distancezj , with the
corresponding potentialUj . During the first half of the FILS,
it is accelerated as a seven-times charged particle untilzj ,
then as an eight-times charged particle untilzc . In the sec-
ond half of the FILS, it is then decelerated as an eight-times
charged particle. It is therefore more decelerated than accel-
erated, and the resulting Kr81 ion has lost an amount of
kinetic energy equal toeuUj u when leaving the FILS.

These Kr81 ions are then analyzed as a function of their
kinetic energy and separated from the rest of the ion beam by
a second electrostatic spectrometer~SP2! which focuses the
ion beam from the exit diaphragm of the FILS to the detec-
tor. The detector is either a Faraday cup~FC2! for measuring
the projectile beam, or an electron multiplier~EM! for count-
ing the Kr81 ions after field ionization of the Kr71* product
ions. The two spectrometers SP1 and SP2 are identical; they
are 100-mm midradius spherical analyzers, with two 90°
sectors closely spaced~15 mm!, which double focus the ion
beam in both the deflection plane and the perpendicular
plane. In order to achieve a high-energy resolution of the
whole system, two 1.5-mm-diam diaphragms were intro-
duced at the entrance and exit electrodes of the FILS, one
2-mm-diam and one 1.5-mm-diam diaphragm downstream
the SP2 exit before entering the cone of the electron multi-
plier.

The FILS has been conceived to yield a constant trans-
mission for all the ion trajectories, especially when charge-
changing ionization takes place somewhere inside the FILS.
A Monte Carlo simulation of the Kr71* and Kr81 ion tra-
jectories through the FILS, and through the whole detection
system composed of the FILS plus the spectrometer SP2 plus
the downstream diaphragms has been performed. It includes
Kr 81 projectile trajectories, Kr71* product-ion trajectories,
and Kr71* ,Kr 81 product-ion trajectories with Kr71*→
Kr 81 charge changing when field ionization occurs at differ-
ent positions along the trajectories in the FILS. The usual
experimental beam conditions are defined byE0518 keV,
the electrodes biased according to the second set of potential
values, and a half angle of beam opening of 10 mrad
(.0.6°). The transmission of the FILS is then 1.0 for any

position of field ionization of Kr71* in the FILS; the trans-
mission of the whole detection system is 0.58 with a standard
deviation of 0.05@23#. This result demonstrates that the de-
tection system does not introduce substantial discrimination
among the various trajectories without or with field ioniza-
tion whatever the position of charge changing is inside the
FILS.

B. Experimental procedure

In the interaction zone, the kinetic energy of the Krq1

projectile ions is

Et5E02qeVt , ~1!

whereq58 in the present work.
The Kr(q21)1* ions are produced by electronic capture

with a kinetic energyEt85Et1Q, whereQ is the so-called
energy gain~positive or negative!, defined via the conserva-
tion of the total energy of the colliding system byQ 5
e ion2eat @3#. In the present study, with Rydberg states in
both the initial and final channels, the binding energies are
small: eat varies from 0.089 to 0.027 eV over the
Rb* (nip) Rydberg series withni515 to 25;e ion varies from
0.194 to 0.096 eV over then567295 range of detected
Kr 71* (n) final states. Consequently,Q(ni ,n) varies over a
range of very small values, from 0.007 to 0.17 eV~corre-
sponding to 131024 to 331023 V for the spectrometer volt-
ageVsp). Q(ni ,n) is therefore neglected in the data analysis
~this omission has been verified to have no consequence on
the cross sections experimentally obtained!, and the
Kr (q21)1* ions can be considered as produced with the
same kinetic energy as the Krq1 projectiles. In the interac-
tion zone, the kinetic energy of the Kr(q21)1* ions produced
by capture from Rb* atoms is

Et85Et . ~2!

At the SP1 entrance, the kinetic energy of Krq1 projec-
tiles isE0 whateverVt is, since the potential on the midra-
dius of the spectrometer is zero and a reacceleration equiva-
lent to the deceleration before the interaction zone takes
place after the interaction zone~between the interaction box
and the SP1!. The kinetic energy of the Kr(q21)1* product
ions is, however, modified since they are less reaccelerated
due to their (q21) charge. It is equal to
E085Et81(q21)eVt , which becomes

E085E02eVt , ~3!

according to Eqs.~1! and ~2!.
After passing through the FILS, the Krq1 projectiles keep

their kinetic energy, while that of the Kr(q21)1* in a state
nj is modified according to the distancezj of charge chang-
ing: the final kinetic energy of the resulting Krq1 ions is
Ef85E081eUj whereUj is always negative, i.e.,

Ef85E02eVt2euUj u. ~4!
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In the present experiment, the low value of the kinetic
energyE0518 keV has been obtained directly by adjusting
Vs . The interaction box has been kept grounded, i.e.,Vt 50,
except for a test of verification that no substantial capture
takes place on the background gas along the path of the
projectile beam outside of the interaction zone. Conse-
quently, the energy analysis in the SP2 is made on the basis
of

Ef85E02euUj u. ~5!

The first step of the experimental procedure consists in
measuring, after optimization, the Kr81 projectile ion signal
on the Faraday cup FC2, with the SP1 and SP2 both tuned to
the chargeq 5 8 for the energyE0 5 18 keV. The high
voltages are already applied on the FILS in order to optimize
the ion trajectories for the final experimental conditions.
Scanning the SP2 symmetric voltages yields the correspond-
ing ion spectrum shown in Fig. 2; a typical Gaussian curve
centered at 334.3 V is obtained.

In a second step, the Kr71* (n) ion signal is measured on
the FC2; it is formed by electronic capture on ground-state
Rb(5s) atoms in the interaction box. This process mainly
populates the orbitaln 5 10 which is not field ionized in the
FILS. For this measurement, the SP1 and SP2 are both tuned
to the charge (q21) 5 7 for the energyE08 . E0 5 18 keV
@the energy gainQ(5s,10) is about 4 eV, corresponding to
0.08 V for the spectrometer voltageVsp: it can be neglected#.
Scanning the SP2 symmetric voltages yields the correspond-
ing ion spectrum shown in Fig. 3: a typical Gaussian curve
centered at 381.7 V is obtained.

From these measurements, one can confirm the value of
the calibration parameterk for the SP2 which is the ratio of
the spectrometer voltageVsp ~in V! applied to both sectors
~one sector with1Vsp, the other with2Vsp) and the ion
kinetic energy per chargeE0 /q ~in eV/charge!. When taking

into account the positive plasma potential inside the ion
source and the calibration of theVs potential,E0 is found to
be 18.17 keV. One finds, therefore,k . 0.147. Since the
kinetic energy of the multicharged ion beam is sharply de-
fined,DE0 , 20 eV ~FWHM! ~see Sec. II A 1! correspond-
ing toDVsp , 0.37 V, the Gaussian curves shown in Figs. 2
and 3 represent the transmission function of the experimental
detection system. The average value of the detection system
resolution is deduced from these spectra: one findsR̄. 90
~FWHM! @i.e.,DEf8/Ef8 5 DVsp/Vsp 5 1.1% ~FWHM!#.

The third step of the experimental procedure consists in
measuring the high Rydberg Kr71* (n) ion signal on the
channeltron EM stemming from electronic capture on laser-
excited Rb* atoms in the interaction zone. This process
populates very highn orbitals which are field ionized in the
FILS. To this end, the SP1 is tuned to the charge (q21) 5
7 for the energyE08 5 E0 5 18 keV, and the SP2 tuned to
the chargeq 5 8 for an energyEf8 given by Eq.~5!. The
energy distribution of these Kr81 ions is measured with the
SP2 by scanning its voltage. The abundance of Kr81 ions at
the energyEf8 corresponds to that of Kr71* ions with a
Rydberg electron in levelnj .

We observe that the signal of capture on laser-excited
Rb* atoms is much smaller than that on Rb(5s) atoms, in
spite of much larger cross sections. This is the consequence
of a very small ratior* d l * /rd l , wherer* andr, d l * and
d l are the density and the thickness of the Rb* and Rb
(5s) atomic target, respectively. This is mainly due to the
low effective laser intensity inside the collision chamber; it
will be seen in Sec. III, however, that the high sensitivity and
selectivity of the detection method overcome the small exci-
tation rate.

III. EXPERIMENTAL RESULTS

A. Ion energy spectra

The procedure described in Sec. II B is repeated for every
excitednip state of Rb. Of the whole series 15< ni < 25,

FIG. 2. Kr81 projectile-ion spectrum measured on a movable
Faraday cup which replaces the channeltron shown in Fig. 1, as a
function of the SP2 spectrometer voltageVsp ~in V!: L, experimen-
tal points; continuous line, Gaussian fit. Since the kinetic energy of
the multicharged ion beam is sharply defined~see Sec. II A 1!, this
curve represents the transmission function of the detection system.
The Kr81 kinetic energy is related to the SP2 spectrometer voltage
by .54.43Vsp ~in eV!, corresponding tok.0.147~with q58!.

FIG. 3. Capture from Rb(5s) into Kr81: Kr 71 product-ion
spectrum~as in Fig. 2!. Since the kinetic energy of the multicharged
ion beam is sharply defined~see Sec. II A 1! and the energy gain is
negligible ~see Sec. II B!, this curve represents the transmission
function of the detection system. The Kr71 kinetic energy is related
to the SP2 spectrometer voltage by.47.63Vsp ~in eV!, corre-
sponding tok.0.147~with q57!.
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three energy spectra of the product Kr81 ions resulting from
field ionization of the Kr71(n) ions are shown in Fig. 4 for
Rb* (16p), Rb* (18p), and Rb* (24p).

Over the whole series, it is observed that the Kr81 ion
spectrum due to the field ionization of Kr71* (n) ions van-
ishes completely when the laser is blocked. It then reduces to
a nearly negligible constant background of a few hundred
counts ~see Figs. 4–6!. The great majority of Kr71 ions
cannot be field ionized. They are easily detected after the
SP2 with the Faraday cup FC2 at the order of magnitude of
nA’s ~see Fig. 3!. The small fraction of field ionized Kr71

ions are detected as Kr81 after the SP2 by a channeltron EM
in counting mode. The absence of any substantial Kr81 sig-
nal when the laser is off demonstrates the high efficiency of
our detection method by field ionization, which discriminates
completely against Kr71 ions which cannot be field ionized.

The Kr81 ion energy spectra in Fig. 4 are composed only
of the signal due to field ionization of the Rydberg
Kr 71(n) ions. In these spectra, Kr81 ions with increasing
kinetic energyEf8 correspond to Kr

71* (n) ions with increas-
ing values ofn. Rydberg levels in Kr71* (n) with highn are
field ionized with a smallF j existing close to the FILS en-
trance, corresponding to a smalluUj u. From Eq.~5!, one can
deduce that these ions leave the FILS with a kinetic energy
near its maximum valueEf85E0. Contrarily, Kr

71* (n) ions

in Rydberg levels with the lowestn, which are field ionized
with the largestF j existing close to the centerzc of the FILS,
experience a largeuUj u. These ions leave the FILS with a
minimum kinetic energyEf8 5 E02euUmu, whereUm is the
potential atzm where the field reaches its maximumFm .
uUmu is slightly smaller than the maximum value of the po-
tential uUzu. Consequently, all then levels more tightly
bound than that which is field ionized byFm are not de-
tected. This creates a lower limit to the detection window in
the present experiment:n. 66 for the second set of poten-
tials which generatesFm59.1 kV/cm.

The narrow peak close toE0 stems from very high Ryd-
berg levels which are ionized near the small diaphragm at the
entrance of the FILS~see Sec. II. A 4!. The diaphragm pro-
duces over the first few millimeters of the lens an increase of
the axial field sharper than the linear variation existing along
most of thez axis of the FILS. Therefore a significant num-
ber of highn states is field ionized in a region of relatively
small decrease of potential. All Rydberg levels withn above
a certain value are field ionized in this region and show up
within a very narrow band of kinetic energiesEf8 For the
second set of potentials that is used here, all then values
higher than 95 are packed up inside this peak. This peak is
not an artifact; the ion signal simulated by using a realistic
n-dependent analytical cross section produces an ion spec-

FIG. 4. Kr71* ion spectra for capture from Rb* (nip) into Kr
81 at 18 keV, fornip 5 16p ~a! and~b!, 18p ~c!, and 24p ~d!; L joined

by a continuous line, laser on;s laser off. The Kr71* ions are detected as Kr81 ions, on the channeltron, after field ionization in the FILS.
The Kr81 kinetic energy is related to the SP2 spectrometer voltage by.54.43Vsp ~in eV!.
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trum with a behavior similar to the experimental one, includ-
ing the narrow peak. This means that the signal included in
this peak does belong to the physical process under consid-
eration. However, the tightening of the Rydberg levels inside
this peak — both because of the density of Rydberg states
per energy interval increasing withn, and because of the
potential geometry at the FILS entrance—is such that we
limit the treatment of the signal to the detection window 67
<n< 95 for Fm 5 9.1 kV/cm.

The experimental design requires electric fields along
the whole ion path, the presence of which is unavoidable.
For instance, the excited ions withn > 135 are already
ionized in the SP1, before the FILS, where the radial field is
close to 500 V/cm for the present experimental conditions.

All the data show the same type of behavior, but we do
observe systematic shifts in our ion spectra depending on the
initial state of excitation of Rb* . As ni in Rb* increases, the
maximum close to the left of the narrow peak shifts towards
higherVsp. This is a logical behavior: it is explained by the
decreasing binding energyeat of the excited electron in
Rb* which results in the capture towards higher and higher
Rydberg levels in Kr71* .

B. Experimental cross sections

The treatment of the data for the deduction of the experi-
mental cross sectionsexpt(n) from the Kr81 ion spectra fol-
lows several steps:~i! all the voltages are corrected in agree-

FIG. 5. Experimental cross sectionsexpt(n) for capture from Rb* (nip) into Kr81 at 18 keV, fornip 5 15p ~a!, 16p ~b!, 17p ~c!,
18p ~d!, 20p ~e!, and 25p ~f!, versus quantum numbern defined within the classical field ionization model usingFc(n)5q3/(16n4): *. The
CTMC capture cross sections theor(n) calculated for each value ofn is represented by a continuous line. The cross sectionsexpt has been
normalized to the CTMC calculation.
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ment with the calibration, and the positive plasma potential
in the ion source is taken into account to defineE0 (E0 5
18.17 keV!; ~ii ! the background ion spectrum with the laser
off is subtracted from the ion spectrum with the laser on;~iii !
the constant resolution of the detection systemR̄5 Ef8/DEf8
5 Vsp/DVsp . 90 ~FWHM! causes the detection width
DVsp to increase linearly withVsp. The number of counts in
every channel of the spectra of the Kr81 product ions after
field ionization is divided byVsp to compensate for this ef-
fect. This 1/Ef8 correction has been verified to be sufficiently
accurate.

The experimental cross section is obtained using the criti-
cal field of the classical field ionization modelFc(n) 5
q3/(16n4). This hypothesis allows a direct mapping of the

kinetic energy of the ionEf8 onto the fieldF j in the FILS. For
a givennj value and the relevant classical fieldFc(nj ), the
correspondingzj distance andUj potential in the FILS are
deduced by using a high precision electrostatic lens analysis
program@23#. The final kinetic energyEf8 is deduced by Eq.
~5!, and the relevantVsp spectrometer voltage by the SP2
calibration parameterk.

The discrete character of then levels, in contrast to the
continuity of the Vsp voltage, is taken into account by
attributing all the ion signal within the range
@Fc(nj ),Fc(nj21)# to thenj level. Consequently,sexpt(nj )
~in arbitrary units! is derived by integrating the ion signal
over the interval@Vsp(nj21),Vsp(nj )#. This procedure is ap-
plied to the eleven spectra 15p < nip < 25p. Six of them,

FIG. 6. CTMC theoretical cross sections theor(n) for capture from Rb* (nip) into Kr
81 at 18 keV, fornip 5 15p ~a!, 16p ~b!, 17p ~c!,

18p ~d!, 20p ~e!, and 25p ~f!, calculated for every value ofn but represented by a continuous line as in Fig. 5.
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for nip515p–18p, 20p, and 25p, are shown in Fig. 5.
For the highest Rb excited statesnip >20p, the differ-

ence between the varioussexpt(n) becomes tenuous, though
visible. This is mainly due to the tightening of the excited
states of Rb. In the hydrogenic approximation, the gapdeat
between two adjacent levels decreases asn23; using the pre-
cise values for Rb, this effect can be illustrated by the gap
between the 21p and 25p states which is equal to that be-
tween the 15p and 16p states.

For all the Rb* states, very high Rydberg levels are de-
tected. They are distributed on wide and bell-shaped distri-
butions, centered onn 5 75–88 depending on the Rb initial
state between 15p and 25p. Since all the measurements for
this series have been made with the highest set of voltages on
the FILS, corresponding toFm59.1 kV/cm, the detection
window covers the domain 67–95. In our previous work@4#,
the cross sectionsexpt(n) for Kr

81 1 Rb* (17p) at 40 keV
has been presented in the domain 67–110. This is the result
of bringing together two measurements of the same process
using the two sets of voltages on the FILS; the lowest giving
information in the domain 75–110, and the highest in the
domain 67–95.

We do observe a systematic evolution of the shape of the
sexpt(n) cross sections. A broadening, together with a slight
displacement of the maximum towards highn, is clearly
shown when the initial state of Rb is scanned unit by unit
from 15p to 25p. For Rb* (15p), sexpt(n) exhibits a sharp
maximum atn . 72 and a width~FWHM! Dn . 14. For
Rb* (16p), sexpt(n) exhibits a less sharp maximum atn .
77 and a widthDn . 19. For Rb* (17p), sexpt(n) exhibits a
flatter maximum atn . 81 and its width@which is obtained
via a slight extrapolation ofsexpt(n) towards the highn# is
Dn . 25. For the still higher Rb* levels, the width
~FWHM! cannot be deduced any longer because the cross
section at the higher threshold of the detection window does
not drop to HM. But the behavior ofsexpt(n) around the
maximum tends to become flatter and flatter, indicating a
broadening of then distribution. For Rb* in the states
(18p), (19p), and above, the maxima are located atn . 84,
86, and tend to stabilize at. 88–90 fornip >20p.

IV. THEORETICAL CALCULATIONS

The collision between the ion Kr81 and the target atom
Rb* (nip) is reduced to a three-body collision problem: the
two ionic cores Kr81 and Rb1, and the excited valence elec-
tron e. Since the two cores have closed shells, a local model
potential is well adapted to describe the effective interaction
between the active electron and each of the two cores. We
have used

VRb1~r !52
1

r
~1136e23.333r16.429re21.369r ! ~6!

for thee-Rb1 interaction@24#, and

VKr8
1~r !52

1

r
~8128e24.75r15.7re23.52r ! ~7!

for the e-Kr 81 interaction@16#. The parameters of the po-
tentials have been determined to fit spectroscopic data. The
potentials have the correct behavior at large and small dis-
tancesr .

The three-body CTMC method is based on solving
Hamilton’s equations for the three classical particles~the two
cores and the active valence electron!, given the initial con-
ditions for the target and the projectile. As in previous cal-
culations@15,16#, the method used for sampling the initial
state of Rb* from a microcanonical distribution is that of
Ref. @25#. The binning procedure of the classical quantities
~energy, angular momentum vector of the electron, and its
projection along the initial velocity direction of the projectile
taken as quantization axis! to determine the finaln,l ,m dis-
tributions of the captured electron has been developed previ-
ously @26,27#. Let us note that the asymptotic quantum de-
fectsd( l ) of the Kr71* ion are considered in the procedure,
although the core-electron effect of the projectile, which
populates significantly low values ofl in the capture from a
ground-state target@16#, is much less important in the cap-
ture from Rydberg-state Rb* atoms. In the latter case, large
l values are predominantly produced~see Sec. V B!.

Our CTMCn distributions are calculated with a sufficient
number of classical trajectories~between 1.53105 and
53105) to provide statistical uncertainties less than 5% near
the maximum and less than 10% in the edges. The
s theor(n) distributions at 18 keV, fornip515p to 18p, 20
p, and 25p shown in Fig. 6, extends over larger and larger
domains asnip increases. While the lower limit of the do-
mains varies over the small intervaln . 40 to 50 asnip
increases from 15p to 25p, the higher limit varies over the
wide intervaln . 110 to more than 250@the limits defined
here are such thats theor(n) exceeds 0.053 s theor

max #. The
maxima are distributed fromn . 65 to 93 fornip varying
from 15p to 20p, and pushed ton .110 for nip 5 25p;
their amplitudes theor

max decreases slowly from.3.7310212

cm2 to .2310212 cm2. However, since the width of the
distributions increases substantially asnip increases, the to-
tal capture cross section increases significantly~from
.1.2310210 cm2 to .2.3310210 cm2 for nip varying
from 15p to 25p), but not as much as would be expected
from simple considerations of the geometric cross sections.
This can be explained by the increasing weight of the ion-
ization channel whennip increases, compared to that of elec-
tron capture; the ratio of the total cross sections for the elec-
tron capture and the ionizations t,theor/s t,theor

1 varies from 77
to 0.5 between 15p and 25p. This originates in the increase
of the reduced velocityṽ 5 vp/ve from 1.14 to 2.07 between
15p and 25p for the projectile energy of 18 keV. For Rb
* (25p), the large cross section for ionization may explain
the large extent of then distribution of the capture cross
sections theor towards very highn ~as possible channels to
ionization!.

V. DISCUSSION AND CONCLUSION

A. Comparison of experimental results
with theoretical calculations

Comparison of the experimental cross sections with the
theoretical CTMC ones shows a reasonable agreement as far

54 4059STATE-SELECTIVE ELECTRON CAPTURE BY 18-keV . . .



as the overall behaviors~i! of the cross section withn ~for a
givennip), and~ii ! of then distribution of the cross section
with nip, are concerned. We observe that the maximum of
the CTMCs theor(n) is shifted in the same direction as that of
the experimentalsexpt(n) when nip varies from 15p to 25
p, but by a larger amount, however. The maxima of the 11
s theor(n) of the series 15p–25p are spread over an interval
n . 64 to n . 105, which is larger than that observed for
the sexpt(n) given by n . 72 to n . 90. The width of
s theor(n) increases whennip varies from 15p to 25p as does
that ofsexpt(n); it remains, however, always larger. For the
cases where the whole width FWHM is measured, we ob-
serve thats theor(n) has a width larger thansexpt(n) by a
factor of. 2.

In the classical over-the-barrier~CB! model, scaling laws
indicate that the capture of an electron of binding energy
eat in Rb* proceeds with a quasiconservation of this binding
energy. The binding energye ion of the captured electron in
the Kr(q21)1* ion is given by

e ion5eat/g
2~q!, ~8!

where the functiong2(q) is given by

g2~q!5~112Aq!/~q12Aq!. ~9!

g(q) slightly decreases from 1 to 0.7 forq varying from 1 to
8. If we adopt the hydrogenic approximation for the excited
levels in both the excited Rb* atom and Kr71* ion, Eq.~8!
reduces to

n5qg~q!ni . ~10!

Within this framework, a uniquen state is populated in the
capture process, the value of which increases fromn 5 84 to
140 by steps of five or six, fornip increasing from 15p to 25
p by steps of one. We observe that the range of variation of
this unique leveln is larger than that of the maximum of
both the experimental and CTMCn distributions and is
shifted towards highern.

In comparison, the extended classical over-the-barrier
~ECB! model @3# yields n distributions with positions of
maxima increasing fromn 5 69 to 125. We have calculated
these distributions and normalized them according to

s~n!5pRc
2n2W~e!/(

k
nk
2W~ek!, ~11!

whereRc is the capture radius andW(ek) is the reaction
window in the space of binding energies of the captured
electron in the product ione, as defined in Ref.@3#. Summa-
tion is made over all thenk levels populated in the Kr71*
ion. The agreement with the experimental distributions is
satisfactory as far as the positions of maxima for the 15p–
18p states are concerned; for higher states, the ECB maxima
are at highern values. Four of the resulting ECB distribu-
tions are shown in Fig. 7. The ECB model is not basically
kinetic-energy dependent, although it includes some dynami-

cal features. The width of the ECB distributions arises from
uncertainty in the height of the potential barrier due to lim-
ited transition time. A comparison of the ECB distributions
with either the experimental ones or the CTMC ones at 18
keV shows that they are narrower than the experimental ones
by a factor of. 2 ~for the 15p) to 3 ~for the 17p and higher
states!, and narrower than the CTMC ones by a factor of
. 4 to 6.

From Ref.@28#, the ECB model should be valid only for
ṽ 5 vp/ve ! 1. In the present experiment,ṽ varies from
1.14 to 1.61 in the interval 15p–20p and reaches 2.07 for the
25p. Therefore its application is just indicative. A Rydberg-
state target atom has a very slow peripheral electron:ve 5
0.081 a.u. for the 15p orbital andve 5 0.044 a.u. for the 25
p orbital. The production of a sufficiently intense beam of
eight-times charged ions is facilitated by a relatively high
kinetic energy of the projectile. Approaching collisional con-
ditions close to the matching velocityṽ. 1 is already diffi-
cult in the present experiment. Obtainingṽ ! 1 would have
required an improved ion optics at the entrance and exit of
the target box.

B. Approximations in the determination
of the experimental cross sections

The n distributions derived from our experimental data
rely on several approximations.

The first point concerns the use of the classical model for
field ionization. In this model, the ionization probability of a
Rydbergn state equals one as soon as the electric field ex-
ceeds the classical fieldFc(n)5q3/(16n4), and zero if it
does not. In this framework, only the height of the potential
barrier between the electron and the core in the presence of
an electric field is considered; this effect isn-dependent
only.

In the quantum mechanical treatment, the electron may
escape from the atom by tunneling through the barrier, which
depends on the probability of presence of the electron close
to the barrier. Everyn state separates into Stark substates
which ionize with different probabilities, resulting in the
emergence of adiabatic and diabatic SFI~state-selective
field-ionization! peaks. Quantum mechanical calculations of
theF-dependent ionization probabilityG(F,n1 ,n2 ,m), as a

FIG. 7. ECB theoretical cross sections calculated as defined in
the text~see Sec. V A! for capture from Rb* (nip) into Kr

81 at 18
keV, for nip 5 15p, 17p, 20p, and 25p.
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function of the parabolic quantum numbersn1 , n2 , m ~for
all l values from 0 ton21), for Rydberg states of hydrogen
which ionize diabatically, actually show very strong varia-
tions with the field strength. For instance, for the two ex-
tremem50 Stark substates ofn510 (n1 5 9, n2 5 0 and
n1 5 0, n2 5 9!, G increases by factors of 33106 and
23107, respectively, for a field increase of about 50%@29#.
Furthermore, the field values leading to neighboring values
of G are different~by a factor of nearly 2!, depending on
whether the upper or the lower extreme substate is consid-
ered. As a consequence, the diabatic SFI signals are expected
to be dependent on the experimental conditions of observa-
tion period and field slew rate; they have been generally
observed for field values larger than the classical field
Fc(n)5q3/(16n4) in the case of laser excitation of specific
high n, low l , andm states@30,31#.

In the present case, very high Rydbergn states close to
100 are populated, with certainly wide but not experimen-
tally accessiblem distributions. However, our CTMC calcu-
lations predict these distributions for the total capture pro-
cesss t,theor ~see Fig. 8!. At 18 keV, and fornip5 15p,
17p, 20p, and 25p, for instance, them distributions~with
summation overn and l ) are all peaked atm51, but are
quite broad. It is expected that states withm 5 0, 1, and
perhaps 2 ionize mainly adiabatically while those withm
* 3 mainly diabatically. The exact determination of the field
ionization probabilities for all Stark substates with the
present n,l ,m distributions would require an enormous
amount of work not possible at the present time. In such a
context, the classical field ionization model, albeit not exact
since it ignores tunneling ionization, can be revisited, espe-
cially after the series of works devoted to SFI~see, for in-
stance,@32#!, which demonstrates that this model is physi-
cally justified and that the notion of a discontinuous
threshold is reasonable. However, field values responsible
for adiabatic and diabatic ionization appear to be included in
the rangeFc(n)5q3/(16n4) to q3/(9n4), rather than defined
by its lowest limit.

To illustrate the effect of such a higher ionizing field on
the determination of then distributions, a second treatment
of the data withFc(n)5q3/(9n4) is made. We observe that
the effect consists of a moderate shift towards highern and a
slight broadening of the experimentaln distributions: the

shift by dn of the maximum of the distribution varies from
dn . 11 to.14 when scanning the series 15p–25p, and the
width is no more than 15% larger~for any Rb* state!. Ex-
amples are given in Fig. 9. We observe, finally, that the
shape of thesexpt(n) distributions is not much affected by
the choice of the functionFc(n), but that their positions are
moderately sensitive to it. We can consider that the twon
distributions issued fromq3/(16n4) andq3/(9n4) delimit a
region where the exact distribution is located. One can con-
clude that using the classical field ionization model gives a
reasonable estimate of the positions and shapes of then dis-
tributions.

The second point concerns the lifetime of the excited
Kr 71* (n) ions. At 18 keV, the transit time between the tar-
get region where these ions are created and the FILS is about
2 ms. The lifetime of such ions is not available in the litera-
ture, but it can be estimated, in a first approximation, by the
scaling law

t~n!5t0~n0!S nn0D
4.5S q0q D 4. ~12!

In this formula, the lifetime is averaged over statistical popu-
lations of l sublevels~all l values from 0 ton21). With a
hydrogenic lifetime for the reference valuet0(n0), for in-
stance, that of H* (n056! equal to 0.196ms @33#, one ob-
tains t(n) distributed between 2.5ms for n 5 67, and 15
ms for n 5 100. This suggests that a fraction of the excited

FIG. 8. Distributions ofm sublevels of the total cross section
s t,theor, calculated by the CTMC method, for capture from
Rb* (17p) and Rb* (25p) into Kr81 at 18 keV.

FIG. 9. Experimental cross sectionsexpt(n) for capture from
Rb* (17p) ~a!, and Rb* (25p) ~b!, into Kr81 at 18 keV, versus
quantum numbern; *, obtained withFc(n)5q3/(16n4); s, ob-
tained withFc(n)5q3/(9n4).
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Kr 71* ~n! ions with the lowestn levels would not reach the
FILS, and consequently that the related ionic signal could be
underestimated owing to the short lifetimes.

Electron capture, however, is not expected to produce a
statistical population ofl sublevels. These populations are
not accessible in the present experiment but can be approxi-
mated by the CTMC ones. Thel -specific lifetimes can be
estimated by the scaling law

t~n,l !5t0~n0 ,l !S nn0D
3S q0q D 4. ~13!

By using the hydrogenic lifetimes up tol512 of Ref. @34#
for the reference valuet0(n0 ,l ), one can estimate directly all
the t(n,l ) for l <12, and, after an extrapolation, all the
t(n,l ) for l >12. For 18 keV, the CTMCl distribution of
the total capture cross sections t,theor is calculated; it is com-
pared with thel distribution calculated with a statistical
population ofl sublevels weighted by the present CTMCn
distribution for Rb* (15p), Rb* (17p), and Rb* (25p), in
Fig. 10.

In the case of Rb* (17p), one observes that the population
of the lowestl sublevels,l < 15, is negligible, which causes
the lifetimes to be always larger than 1.6ms, a time which is
comparable to the transit time@the shortest lifetimes being
those of then567 state, the shortestl -specific lifetime is
t~67,15! . 1.6 ms#. One observes also that the sublevels
with l < 45 are still under-represented compared to the sta-
tistical distribution; the shortest related lifetime ist(67,45)
. 14 ms. This means thatt (n567, averaged over alll ) is
obviously@ 14 ms, particularly when one observes that the
l distribution has its maximum atl 5 60 which corresponds
to a lifetime t~67,60! . 24 ms. Since all the lifetimes
t(n>67, l> 60! are still longer, we neglect the effect of the
transit time from the target to the ionizing lens.

In the case of Rb* (25p), one observes that much higher
l sublevels are populated, yielding much longer lifetimes.
The sublevels withl < 27 are not populated, which indicates

that thel -specific lifetimes are always larger than 4.5ms, a
time already longer than the transit time. The sublevels with
l < 80 are still under-represented; the shortest related life-
times aret(67,66). 29 ms andt(81,80). 72 ms, which
largely exceed the transit time. Therefore, for this state, we
can conclude that no loss of ions may happen, especially
when noting that thel distribution has its maximum at ex-
tremely highl ( l 5 120!.

In the case of Rb* (15p), one observes that the domain
where thel sublevels are under-represented extends tol .
33; the shortest related lifetime ist(67,33). 7.6 ms. This
value @to be compared with 14ms in the case of
Rb* (17p)# does not exceed largely the transit time, involv-
ing a possible loss of ions. This feature could explain the
specific shape ofsexpt(n), which decreases more deeply than
all the others whenn decreases under 72.

C. Conclusion

We have observed very high Rydberg levels in
Kr 71* (n) ions produced after single electron capture from a
series of Rb* (nip) Rydberg atoms, excited separately by a
monochromatic laser light at about 300 nm. For every well-
defined Rb* (nip) state, a widen distribution of the capture
cross section has been obtained, extending up to very high
n levels close to 100. We do observe a systematic evolution
of the shape of thesexpt(n) cross sections: a broadening,
together with a slight displacement of the maximum towards
high n is clearly shown when the initial state of Rb is
scanned unit by unit from 15p to 25p.

The comparison with our theoretical results based on
CTMC calculations shows a reasonable agreement as far as
the overall behaviors of the cross section withn ~for a given
nip), and of then distribution of the cross section with
nip, are concerned. Whennip varies from 15p to 25p, we
observe~i! that the maximum of the CTMCs theor(n) cross
section is shifted in the same way as that of the experimental
sexpt(n) cross section, by a larger amount, however, and~ii !
that the width of the CTMCs theor(n) increases as does that
of sexpt(n), while remaining, however, always larger@by a
factor of about 2 for the cases where the whole width
~FWHM! is measured#.

Then distributions ofsexpt(n) are observed to be broader
than those predicted by the ECB model, which yields widths
about two to three times smaller, for this kinetic energy. This
is a confirmation of the ability of the ECB model to explain
capture on atoms in the ground state or in the first resonant
state only, where the velocity of the electron to be captured
is much larger than that of the projectile. This is not the case
for our target atoms in Rydberg states.
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FIG. 10. Distributions ofl sublevels of the total cpture cross
sections t,theor; L, s, h, calculated by the CTMC method~with
summation on CTMCn andm distributions!; dot-dashed, dashed,
solid lines, calculated within the hypothesis of a statistical popula-
tion of l sublevels weighted by the CTMCn distribution ~with
summation on CTMCn distributions and on statisticalm distribu-
tions!. Capture from Rb* (15p), Rb* (17p), and Rb* (25p) into
Kr 81 at 18 keV.
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