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Energy transfer in ion–Rydberg-atom charge exchange
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Charge-transfer collisions between slow multiply charged ions and highly excited Rydberg atoms have been
studied to determine the details of the internal energy transfer accompanying charge exchange. The experiment
uses lasers to define uniquely the binding energies of both initial and final states of the collision, thereby
eliminating the ambiguity inherent in the selective field ionization method used for previous studies. The
results clearly characterize the capture energetics over the range of ion chargeq51 – 11 and velocityv
50.031– 0.138 a.u. The measurements are in very good agreement with predictions of the classical trajectory
Monte Carlo method, but not with predictions of other classical models.
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INTRODUCTION

The charge-exchange reaction between multiply char
ions and highly excited atoms occurs with very large cr
sections and results in highly excited products within a n
row range of energies. For example, a slow bare oxy
nucleus can capture an electron from a hydrogen atom in
n514 state with a cross section of about one square mic
and will likely result in ann580 state of hydrogenic oxygen
lying 870 eV above the ground state of that system. Thi
potentially an important cooling mechanism in hot plasm
since such a product state may decay radiatively, relea
almost 1 keV of energy in the form of photons for ea
charge capture. Of course the tendency to form highly
cited products is also present in collisions of multip
charged ions with atomic ground states, but the very la
capture cross sections for highly excited states gives th
importance beyond their relative abundance. An additio
reason for interest in the ion–Rydberg-atom charge-tran
collisions is that they result in controllable, highly inverte
populations in the product ions. These could be usefu
some schemes to produce x-ray lasers or in the study of o
processes involving excited states.

Because of the very large number of quantum states
volved when the target atom is highly excited, there ha
been no successful quantum-mechanical treatments of t
collisions. To date, the most successful theoretical desc
tion is obtained with classical mechanics. The classical
jectory Monte Carlo~CTMC! method treats the collision as
three-body classical problem@1#. An initial classical orbit for
the target electron is selected randomly from a distribut
representing all possible orientations and orbital phase
elliptical orbits whose energy and angular momentum
within a discrete range corresponding to the quantum n
bers of the target. The incident ion’s velocity and impa
parameter are chosen, and the classical equations of m
are integrated through the collision. When the heavy p
ticles are well separated, if the electron is bound to the p
jectile ion, its energy and angular momentum relative to
ion are determined and used to infer its ‘‘quantum stat
1050-2947/2001/63~5!/052712~15!/$20.00 63 0527
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using the same discrete correspondence as for the in
state. To what extent this theoretical approach gives an
equate description of ion–Rydberg-atom charge transfe
still an open question. In a broader sense, these collis
provide an interesting case for studying the classic
quantum correspondence. Characteristic quantum feat
known to be important in ground-state collisions, such
level anticrossings, do not occur in classical treatments,
may possibly appear in another guise.

Despite the fascinating characteristics of ion–Rydbe
atom collisions, there have been very few experimental st
ies of their properties. MacAdam, Gray, and Rolfes p
neered this field, using slow beams of Na1 ions incident on
excited Na targets@2#. In these studies, the product stat
were analyzed using selective field ionization. Lat
Pesnelle used a similar approach to study the results of
lisions between Kr81 ions and a target of excited Rb atom
@3#. In both cases, the experiments confirmed the predic
resonant nature of the capture, i.e., the tendency to popu
a narrow range of product states with binding energies
proximately equal to that of the target electron. Howev
important details of the experimental results, such as
most probable final-state energy and the width of the fin
state energy distribution, appeared to differ significan
from the predictions of the CTMC method in both expe
ments. Part of the problem could lie in the method of ana
sis of the product states. The selective field ionization~SFI!
method assumes a unique correspondence between the
ing energy of a state and the electric field leading to its St
ionization. While this is approximately true, the actual fie
that ionizes excited atoms of a fixed principal quantum nu
ber can vary by as much as a factor of 3, depending on
other quantum numbers of the state and the slew rate of
ionizing field @4#.

In view of the ambiguity inherent in the SFI method,
more quantitative approach is needed to achieve a defin
test of CTMC predictions for this process. One possible
proach was first demonstrated in 1993 in Ref.@5#. In this
experiment, a beam of S1 ions captured an electron from
Rydberg-atom target of Rb. Following the charge captu
©2001 The American Physical Society12-1
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particular product states were selectively detected by la
excitation upward to a very weakly bound discrete state,
lowed by Stark ionization of this state and collection of t
resulting current. We now refer to this method of detect
as resonant excitation Stark ionization spectrosc
~RESIS!. This is a sensitive and selective way to detect s
cific excited states. Using a Doppler-tuned CO2 laser, it can
easily detect neutral Rydberg states with principal quan
numbersn59 or 10, and in favorable cases fully resolve t
fine structure of these states. For example, in Ref.@5# all the
n510 fine-structure levels withL>4 were fully resolved in
the RESIS spectrum. Using this method, the authors of R
@5# demonstrated that the populations of the variousL levels
within n59 and 10 manifolds were dramatically nonstatis
cal, and that this distribution changed noticeably when
excitation level of the Rydberg-atom target was chang
from 8 to 10@5#. Unfortunately, this study yielded only frag
mentary information regarding the energy distributions f
lowing charge capture, because the RESIS method ca
easily be applied to detect energy levels other than 9 and

A way to surmount this difficulty and use the RES
method to study the energy distributions was first dem
strated by Fisheret al. in 1997@6#. In this study, the charac
teristics of the resonant capture were revealed not by stu
ing the populations of a range of final states produced fro
fixed energy initial state, but instead by studying the po
lation of a fixed-energy final state as the energy of the ini
Rydberg-atom target state was varied. While somewhat i
rect, this approach retains the advantages of uniquely defi
energies in both the initial and final states, and is in t
sense an improvement over the SFI method. In this stu
He1 ions were incident on a Rydberg target with a princip
quantum numbernt that could be tuned over the range
<nt<14. The RESIS signals corresponding to excitat
from nL510 to nU530 were measured, withL54 and 5
states resolved and highestL levels, L57 – 9 forming an
unresolved high-L peak. The strength of these RESIS sign
is proportional to the population in these specific states. T
ing the excitation level of the Rydberg target should rev
which target produces these levels most efficiently. Si
targets with different values ofnt may have different thick-
nesses, the total charge-transfer beam, in this case ne
helium, was also measured. The ratio of the RESIS signa
the total charge-transfer beam is independent of the ta
thickness. Measurements of this ratio vsnt show a charac-
teristic variation which depends on the details of the ene
distribution in charge capture. The results of Fisheret al.
were consistent with the energy distributions predicted
the CTMC method over this range of target energies. L
ited information was also obtained about theL distributions,
which did not agree as well with CTMC predictions.

The RESIS method was extended to multiply-charg
ions in a second study by Fisheret al. @7#. Using ions with
chargeq52, 3, and 4, and at a range of velocities, this stu
used the same indirect method of probing the energy tran
used earlier for singly charged ions@6#. In this case, the
RESIS transitions used to detect particular final states of
dberg ions wereq52(19– 51), q53(29– 71), and q
54(37– 85). The Rydberg target was tuned over the ra
05271
er
l-

n
y
-

m

f.

e
d

-
ot
0.

-

y-
a
-
l
i-
ed
s
y,
l

n

s
n-
l
e

tral
to
et

y

y
-

d

y
er

y-

e

7<nt<18. In each case, the strength of the high-L RESIS
signal was measured to indicate the population of the lo
n-level. As in Ref.@6#, the total charge-transfer beam wa
also measured, and the ratio of these two measured quan
was compared to theory. The results clearly showed that,
q.1, the final state was more tightly bound than the tar
state which produced it most efficiently. However the size
this shift appeared to be in disagreement with CTMC cal
lations. The width of the capture resonance was also sh
to vary systematically with the charge and velocity of t
incident ion.

This paper reports an extended and improved version
the experiment described in Ref.@6#. The range of ion
charges and velocities has been extended, and additiona
wider range of target energies has been obtained to m
fully define the capture resonances. The measurements
compared to CTMC predictions, incorporating several s
tematic corrections omitted in Ref.@6#. This removes the
apparent discrepancy with CTMC predictions reported the
The final results reported here agree very well with CTM
predictions over the entire range of charges and veloci
studied. This full report gives detailed descriptions of t
apparatus used for this study, and of the various system
corrections applied in comparison with the CTMC metho
Also included is a more complete description of the ope
tion of the Rydberg-atom target. Some of the features of
operation are not yet understood and merit further study,
these remaining questions do not interfere with its use in
application.

APPARATUS

Figure 1 shows a schematic diagram of the apparatus u

FIG. 1. Schematic diagram of the apparatus used for this stu
A beam of multiply charged ions passes through the Rydberg-a
target, where some fraction captures single electrons to form hig
excited Rydberg ions. Along with the residual primary ion bea
these ions enter the repeller. There, the primary ion beam
blocked, while the charge transfer beam of Rydberg ions is tra
mitted and refocused. The electric fields in the repeller also S
ionize very highly excited levels that could otherwise contribute
background in the detector. Following this, a Doppler-tuned C2

laser excites Rydberg ions from a specific energy state (nL) to a
very highly excited level (nU). Ions excited to thenU level are
subsequently Stark ionized in the detector, focused, and defle
into a channel electron multiplier~CEM!. A beam-viewing system
mounted opposite the CEM is used to visualize the beam, while
lens voltage is adjusted. The primary measured quantity is the r
between the CO2-induced signal and the total charge-transfer c
rent.
2-2
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for these measurements. It is very similar to that used for
studies of singly charged ions@6#. The major difference is
that in place of the electric deflection field following th
Rydberg-atom target, this apparatus has a double ele
static lens which functions as a ‘‘repeller.’’ A brief descrip
tion of the various elements is given in the caption of Fig.
The critical distance scales are as follows:

~1! Rydberg-atom target to repeller center: 23 cm.
~2! Repeller center to CO2 laser: 22 cm.
~3! CO2 laser to Stark ionizer: 35 cm.

The ion beams were produced by the CryEBIS ion sou
at the J.R. Macdonald Laboratory at Kansas State Univer
@8#. Ions were chosen whose ground electronic states weS
states, in order to insure a relatively simple heliumlike Ry
berg fine structure. Working under the assumption that
presence of tightly bound core electrons is irrelevant in c
lisions with highly excited Rydberg states, it was conveni
to use ions of different mass to vary the beam velocity. W
this choice, many of the electrostatic focusing eleme
could be left virtually unchanged as the velocity varie
Table I @23–25# shows the specific ions used.

The Ryberg-atom target used here is the same device
in previous experiments@5,6,7#. It consists of a thermal Rb
beam, excited by three cw lasers to thentF7/2 state where
7<nt<26. The more abundant isotope,85Rb, is excited in
the sequence of transitions~1! 5S1/2(F53) to 5P3/2(F54)
at 780 nm,~2! 5P3/2(F54) to 4D5/2(F55) at 1529 nm, and
~3! 4D5/2(F55) to ntF7/2(F56) at l(nt). The range of
targets used for this study includesnt57 – 18, 20, 22, and 26
This gives a range of target binding energies ranging fr
0.278 to 0.020 eV. The wavelength of the final transitio
l(nt), varies from 827 to 705 nm. The transition energies

TABLE I. Specific ions used for this study. All haveL50
ground states. The last column gives the dipole polarizability u
to calculate the fine structure in the detected levels.

Charge Ion Velocity~a.u.! K. E. ~eV! ad ~units of a0
3!

1 4He1 0.100 1000 9/32a

2 13C21 0.100 3250 3.56b

3 13C31 0.100 3250 4.0b

4 13C41 0.100 3250 0.009c

6 22Ne61 0.100 5500 0.428d

8 40Ar81 0.100 10 000 0.062b

11 40Ar111 0.100 10 000 0.019b

3 133Xe31 0.031 3195 10.25d

3 40Ar31 0.043 1850 3.52d

3 40Ar31 0.057 3250 3.52d

3 13C31 0.081 2132 4.0b

3 13C31 0.130 5492 4.0b

aDalgarno and Lewis@23#.
bEstimated.
cBhatia and Drachman@25#.
dCharlotte Fischer~private communication! @24#.
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these transitions were measured with precision of about 0
cm21, and were found to be given approximately by the e
pression

E~ntF7/2!2E~4D5/2!>14 335.502
109 736.63

~nt20.0150!2
cm21.

~1!

The spectral width of the excitation lasers was,30 MHz,
and the observed linewidth of the excitation transitions w
on the order of 100 MHz. The total excited-state dens
present in the several Rydberg-atom targets was estimate
comparing the size of the charge-transfer beam obtained
each target, and dividing by the calculated total char
transfer cross section for each target. The results, show
Fig. 2, indicate that the total density is maximum for arou
nt514, and decreases by about an order of magnitude ant
57 or 26. These are only typical results, obtained durin
single day. From day to day, the actual target thickness
vary depending on the conditions of the Rb oven and
excitation lasers. We estimate that the peak target den
corresponds to about 33108 excited atoms within an ap
proximately spherical volume of radius 3 mm, giving a pe
density of approximately 33109 excited atoms/cm3. In this
experiment, since the measured quantity is the ratio of
RESIS signal to the charge-transfer beam, and, since bot
these quantities are proportional to the total target thickn
the absolute target thickness should not affect the result. T
is true as long as the charge transfer associated with
lower states of Rb~5S, 5P, and 4D! is negligible compared
with the charge transfer from the target’s final sta
„ntF,(nt11)D…. From previous studies@9#, it can be shown
that the total charge-transfer beam from these lower state
negligible in this experiment.

Although the lasers excite only thentF7/2 level, this popu-
lation is efficiently shared with the nearby (nt11)D5/2 level.
The mechanism for this population sharing has been

d

FIG. 2. Relative values of the target thickness for seve
Rydberg-atom targets of different binding energies. The horizo
axis gives the principal quantum number of theF7/2 state excited by
the third laser. The vertical axis is an estimate of the target th
ness, obtained by dividing the total charge-transfer current by
calculated total charge-transfer cross section. The variation is
in part, to the variation of the third laser power as its frequency
tuned between 705 and 826 nm.
2-3
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FISHER, LUNDEEN, FEHRENBACH, AND DEPAOLA PHYSICAL REVIEW A63 052712
scribed as a ‘‘mirrorless maser,’’ and was discussed e
where@10#. Briefly, the population inversion created by e
citation of the ntF7/2 level creates large gain on the fa
infrared transition fromntF7/2 to (nt11)D5/2, and this in
turn causes radiation to build up on that transition until
two populations are equalized. In the case of the 10F target,
this process was studied in detail@10#. The existence of this
maser oscillation, and the resulting population transfer
responsible for the bright blue visible fluorescence from
target. Similar transitions exist for the other targets, and
existence of similar blue fluorescence suggests that th
other maser transitions are also efficiently transferring po
lation to the (nt11)D5/2 levels. If the linewidth of the mase
transition is, in all cases, Doppler limited, then tabulat
transition rates@11# indicate that the threshold population fo
the maser transition should decrease proportional tont

24,
and that therefore all the high-n targets should be well abov
threshold for the maser transition. However, a study of
fluorescence spectrum of several targets suggests other
Comparing the fluorescence from the (nt11)D state to that
from the 6D state, a cascade decay product of thentF state,
leads to the conclusion that, while the (nt11)D and ntF
populations are approximately equal for the lowern targets
(nt,12), the relative population of the (nt11)D state drops
by an order of magnitude fornt.16. This would indicate
that the efficiency of the population transfer by the ma
transition is decreased for the higher-n targets. If this is so,
then the target makes a gradual transition from a equal m
ture of ntF/(nt11)D to an almost purentF target for nt
.16. In either case, the target energy remains very w
defined, since the energy difference betweenntF and (nt
11)D is much less than 0.01 eV for targets withn.16. In
later comparisons with theory, it will be found that no si
nificant difference is expected between the charge-tran
populations formed withntF and (nt11)D targets.

The Rydberg-atom target is modulated by chopping
second excitation laser beam. The blue fluorescence from
target is monitored by a photomultiplier tube, using an op
cal filter which passes only the blue-green fluorescence f
the (nt11)D-5P transitions. The phototube current sy
chronous with modulation of the target is used to monitor
relative strength of the Rydberg-atom target, and to cor
for any short term fluctuations within the period of a partic
lar measurement.

Following the Rydberg-atom target, the beam pas
through an electrostatic focusing element which we refe
as the ‘‘repeller.’’ It has two primary functions:~1! to re-
move as much of the primary ion beam as possible w
transmitting as much of the charge-transfer beam as poss
and ~2! to ionize those highly excited states in the charg
transfer beam which could otherwise be ionized in the R
berg detector, creating a background signal that would
grade the signal-to-noise in measurements of the RE
signal. Our repeller is a modified version of a commerc
device, the Colutron 400-L decelerator, pictured in Fig.
which functions as a double einzel lens. With the aid of
ion-optics programSIMION, it proved possible to find choice
of the potentialsVL1 andVL2 which blocked the primary ion
beam with only slight loss of the charge transfer beam. Ty
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cally, VL2 is set to a voltage slightly greater than the ener
per charge of the primary beam. This repels the prim
beam but allows transmission of the defocused charge tr
fer beam.VL1 is then adjusted to refocus the charge trans
beam. The second function of the repeller is to reduce
detector background by ionizing highly excited levels. B
cause the diabatic Stark ionization of the upper state of
RESIS transition takes place over a range of about a facto
2, it was desireable as having a maximum field in the repe
a factor of 2 larger than the ionizing field in the detector,
at least equal to that field. The maximum field encountere
the repeller,FR , and the maximum field in the detector,FD ,
are both tabulated for each ion in Table II.

A final consideration in the operation of the repeller is t
question of its possible effects on the populations which
sult directly from charge transfer. If the electric fields e
countered in the repeller are less than the critical value,

Emix5
q3

3nL
5

a.u., ~2!

where 1 a.u. of the electric field is 5.13109 V/cm, then there
is no possibility of mixing levels with different principa

FIG. 3. Geometry of the repeller, to scale. This device, ma
factured as a decelerator~Colutron 400-L! is used to discriminate
between the primary ion beam and the charge-transfer beam, o
basis of their different energy per charge. It also ionizes very hig
excited levels which could produce background in the Rydbe
atom detector.

TABLE II. Settings of the electric fields in the repeller an
detector. Column one gives the ion charge. Colum 2 and 3 list
lower and upper levels of the RESIS transition. Column 4 shows
maximum electric field encountered in the repeller lenses,FR . Col-
umn 5 shows the maximum field,FD , encountered later in the
Rydberg detector. Column 6 showsFmix , the repeller field neces
sary to cause thenL Stark manifold to overlap with a neighboringn
@Eq. ~2!#. Column 7 shows the full Stark width of the lower level
the maximum repeller field.

Q nL nu

FR

~V/cm!
FD

~V/cm!
Fmix

~V/cm!
DES(nL)

~GHz!

2 19 51 1482 1340 5493 990
3 29 71 2142 1204 2238 1500
4 37 85 1434 1390 1569 1860
6 55 133 1439 782 730 2730
8 73 161 2189 864 420 5580

11 102 200 1290 943 205 4680
2-4
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TABLE III. Details of the several RESIS transitions used in this study. Columns 1–3 identify the ion
its charge and velocity. Column 4 gives the quantum numbers of the lower and upper states of the
transition. Columns 5 and 6 identify the CO2 laser line used to excite the transition, and column 7 gives
approximate angle of intersection where the resonance was observed. Column 8 gives the observed r
linewidth, and column 9 lists the values ofL which are contained in the high-L peak.

Q Ion V ~a.u.! nL –nU Line nL U ~deg! W ~MHz! L

1 He1 0.10 10–30 10R(20) 975.930 95.2 60 7–9
2 C21 0.10 19–51 9P(20) 1046.854 110.34 300 9–18
3 C31 0.10 29–71 10R(24) 978.472 96.05 300 13–28
4 C41 0.10 37–85 9P(28) 1039.369 98.30 266 3–36
6 Ne61 0.10 55–133 9R(26) 1082.296 112.94 141 11–54
8 Ar81 0.10 73–161 9P(20) 1046.854 97.82 133 8–72

11 Ar111 0.10 102–200 10P(20) 944.194 98.18 133 7–101
3 Xe31 0.031 29–71 10R(24) 978.472 80.05 375 14–28
3 Ar31 0.046 31–100 10P(36) 929.017 75.72 158 13–30
3 Ar31 0.057 29–71 10R(24) 978.472 83.30 250 13–28
3 C31 0.081 31–100 10P(36) 929.017 79.19 500 11–30
3 C31 0.130 29–71 10R(24) 978.472 85.33 208 13–28
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quantum numbers in the repeller since their Stark manifo
do not overlap. For the measurements with ions havinq
<6, FR is less thanFmix , and therefore no mixing of popu
lations with nearbyn levels can occur. For higher charg
states, it was not possible to maintain this condition and
retain-low background. For these cases, there was overla
Stark manifolds in the repeller. If the anticrossings of the
levels are traversed diabatically, as seems very likely, t
no exchange of populations would take place. Even in
worst case where such mixing did occur, only levels who
binding energies are within about 10% of the measured le
(nL) could contribute to its population.

Discounting the possible effects of the repeller on then
distribution of the population, there still remains the pos
bility that the fields encountered in the repeller could chan
the distribution of product states among the variousL states
of commonnL . In fact, it seems very likely that theL dis-
tribution among the levels contributing to the RESIS highL
peak is completely scrambled in the repeller. To see t
consider that the maximum electric field in the repeller
reached within a time,

DtR'
2.0 mm

n
5S 0.91

n~a.u.! D ns, ~3!

or about 9 ns, for a typical velocity here. At the maximu
field, the typical Stark manifold for the lower state is abo
1500 GHz wide~see Table II!, but all the fine-structure lev
els included in the high-L RESIS peak lie within a frequenc
range at zero field of 500 MHz~see Table III!. This means
that the time necessary for the Stark width to exceed
zero-field separations of the measured states is much
than 9 ns, approximately 1/3000 timesDtR , or about 10 ps.
Since this is much shorter than 2 ns, the period associ
with 500 MHz, the entry into and exit from the repeller field
should be traversed diabatically by the levels contributing
the measured RESIS signals. However, since the rela
05271
s

ill
of
e
n
e
e
el

-
e

s,

t

e
ss

ed

o
ve

phase accumulated by the different Stark levels during th
passage through the repeller fields is very large, typically4

cycles, the population of the severalL levels should be ef-
fectively randomized by the repeller fields. Immediately fo
lowing the repeller is a set ofx-y electric steering plates
which can be used to correct for any small deflection of
ion beams by the repeller.

The laser interaction region for this study is of a simp
design. A single-frequency CO2 laser enters from the bottom
of the beam pipe through a 2.54-cm-diameter ZnSe wind
The laser crosses the beam on its upward path, then is
flected downward from a gold mirror mounted on a rotata
shaft, so that it crosses the beam for a second time
variable angle. The angle is controlled by a precision rotat
stage on which the shaft is mounted. The apparent freque
of the laser beam at its second intersection with the beam
Doppler tuned as the angle of intersection is varied.

nL85nL

~11b cosu!

A12b2
, ~4!

wherenL8 andnL are the laser frequency in the moving an
lab frame, respectively,b is the beam velocity divided by the
speed of light, andu is the intersection angle between th
beam and the laser, measured from antiparallel.

The laser is a commercial cw grating tuned CO2 laser
~UltraLaserTech PX2500!. The laser shape is TEM00, with a
waist size of 0.45 cm and a spot size at the intersection p
of about 1.2 cm. The laser power, on the strongest lines
about 15 W. In order to separate the RESIS signal fr
backgrounds, the laser is chopped at a frequency of ab
510 Hz. There are a wide range of RESIS transitions av
able in the frequency range of the CO2 laser. The transitions
chosen for this study were at intersection angles close to
where the linewidth due to the 8-mrad angular spread of
ion beam would be minimized. Table III lists the transitio
chosen, the laser line used, and the approximate interse
2-5
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angles at resonance. A few additional transitions were s
ied in order to understand other sources of the linewidth

Because the upper state of the RESIS transition is v
susceptible to Stark broadening, some care was taken t
duce stray electric fields in the laser interaction regi
Earth’s magnetic field was reduced to less than 50 mG
magnetic shielding. The interior surfaces of the laser inter
tion region were coated with Aquadag@12#, to prevent the
buildup of charge on insulating surfaces. In spite of the
precautions, clear evidence of Stark broadening by fields
the order of 100 mV/cm was seen when transitions to diff
ent upper states were compared in width. It proved poss
to reduce these widths by putting a small dc potential on
gold mirror. The observed linewidth was minimized for
potential of about10.10 V on the mirror. We attribute this t
differences in the contact potential between the gold mir
surface and the other metal surfaces in the interaction reg
The minimum linewidth was about 100 MHz, close to wh
is expected from the angular collimation of the ion beam
Not all of the measurements are characterized by a linew
this small.

A rough estimate of the excitation probability on the se
eral RESIS transitions is given by the expression

Tex5W~Dt !5
4p2

3 S I

hn Daur nLnU
u2ng~n!~Dt !, ~5!

whereI is the laser intensity in W/m2, a is the fine-structure
constant,n is the laser frequency, andg(n) is the normalized
line-shape function. The radial matrix element can be e
mated as@13#

urWnLnU
u2>4S nL

nU
D 3F12S nL

nU
D 2G24S a0

q D 2

, ~6!

Taking the laser power to be 10 W; the linewidth to be 2
MHz, the laser beam diameter to be 1.2 cm, andDt
555 ns, this leads to the estimated excitation probabili
shown in Table IV. Forq51, this estimate indicates that th
transition is saturated (Tex.1), in agreement with the mea
surements of Ref.@6#. For larger values ofq, this estimate
predicts less than an order of magnitude decrease in ex

TABLE IV. Estimated excitation probabilities for the RESI
transitions used in this measurement. The estimates assume a
stant linewidth of 200 MHz, a laser power of 10 W, a laser-be
diameter of 1.2 cm, a transit time of 55 ns, and the matrix eleme
estimated in Eq.~6!.

q nL nU nU /nL

r nL,nU

~units of a0! Tex

1 10 30 3.00 0.49 2.4
2 19 51 2.68 0.31 0.95
3 29 71 2.45 0.25 0.62
4 37 85 2.30 0.22 0.48
6 55 133 2.42 0.13 0.17
8 73 161 2.20 0.12 0.14

11 102 200 1.96 0.12 0.14
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tion probability up toq511. This is partly due to the choic
of stronger transitions asq increases, as indicated by th
decreasing ratios ofnU to nL .

For this study, we will take the unresolved high-L portion
of the RESIS signal as an indication of the population of
lower state of the RESIS transition. For example, Fig.
shows the 29–71 transition in CIII . The strongest line is a
superposition of transitions fromn529 states with L
513– 28. To the right, at higher energies, several resol
peaks are suggested which originate in excitation of sin
nL states. The range ofL states contained in the unresolve
peak depends on the excitation linewidth and on the fi
structure of the lower state. The fine structure, in turn,
almost entirely due to the polarization energies, which
crease the binding of the Rydberg electron over the hyd
genic value by an amount

DE52
e2

2
ad^r

24&nL , ~7!

where ad is the dipole polarizability of the core ion, an
^r 24&nL is the hydrogenic radial matrix element. The valu
of ad used here for the core ions of this study are listed
Table I. In a few cases there are explicit theoretical pred
tions. In other cases it was necessary to make estima
Table I lists the values which have been used, and indic
their source. Given a value ofad , and a value of the exci-
tation linewidth, the range ofL states which contribute to th
unresolved high-L peak could be determined. This informa
tion is necessary for comparing the measurement result
theoretical predictions. The results of this analysis are lis
in Table III.

The final element of the experimental apparatus is
device used to ionize the upper level of the RESIS transiti

on-

ts

FIG. 4. Typical example of a RESIS excitation signal used
this experiment. This signal is due to excitation of CIII ~C21 plus a
Rydberg electron! from the n529 state to then8571 level. The
horizontal axis plots the difference of the Doppler-tuned laser
quency from the hydrogenic excitation frequency. The large sig
near 0 MHz is due to excitation of states with 13<L<28. The
smooth curve is a simulated signal based on the calculated
structure of then529 level. Signals due to excitation of singleL
states, while suggested by the solid curve, are too small to be
solved. The height of the large peak is taken, in this study,
represent the population of then529 level.
2-6
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and collect the ions that result. It is shown schematically
Fig. 1. It consists of four parts:~1! ionization region,~2!
focusing lens,~3! steering and deflection plates, and~4! de-
tection or viewing element.

Diabatic Stark ionization of a Rydberg level takes plac
abruptly at a critical electric field

q3

9n4
<Fs~a.u.!<

2q3

9n4
,

where the precise ionization field depends on the other qu
tum numbers (n1 ,n2 ,m) of the level. The Stark ionization
detector is designed to ionize and ‘‘voltage label’’ all Ry
berg states of a given value ofn. It consists, in principle, of
three electrodes along the beam axis, as illustrated in Fig
The first and third electrodes are grounded, and the seco
held at a potentialVD . The spacing between the second a
third electrodes isd, while that between the first and secon
is 3d. The potentialVD is chosen so that the electric field
the smaller gap is sufficient to ionize all atoms with princip
quantum numbernu , the upper state of the laser transition

VD

d
5

2q3

9nu
4

a.u. ~8!

Consequently, the electric field in the long gap (VD/3d) will
ionizenoneof the states with principal quantum numbernu .
Thus all of the atoms in thenu level ionize immediately upon
entry into the second gap. The change in charge which
sults causes their kinetic energy to either increase or decr
~depending on the sign ofVD! as they return to the groun
potential at the third electrode. This change in speed dis
guishes the true Stark ionization current from other ions
the same charge that may have been produced in other w
either residual primary ions which survived passage thro
the repeller or ions that did capture an electron but then w
subsequently collisionally ionized.

In practice, the ionization region consists of two nes
sets of electrodes of this type, with a ratio of 3 between th
‘‘small’’ gaps. This arrangement makes it possible to det
a much wider range of Rydberg states. With this two reg
device, values ofVD between 300 and 5000 V can be used
ionize Rydberg states with 20q3/4<nu<55q3/4, whereq is
the charge of the ion core. For this study, an ionizer wit
smaller gap (d50.88 cm) was used for all the signals.

Immediately following the Stark ionizer is a simple ape
ture lens. This is used to focus the signal beam as tightly
possible in the detector plane. Adjustment of the lens volt
is made possible by real-time viewing of the beam profile
the beam viewing system~Colutron BVS-1! mounted at the
end of the detector. Focusing of the RESIS signal direc
was very difficult since it is such a small signal. Instead,
signal focus was adjusted by turning off the voltagesVL1 and
VL2 in the repeller, and using a target that produces a r
tively large population in states near the upper level of
laser transition~typically nt514!. Under these conditions
there was a large enough Stark-ionized beam so that the
cus could be adjusted. Once the optimum focus was de
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mined, the repeller voltages were turned on again to red
the background. Since it was also necessary to measure
total charge-transfer beam, a separate choice of optim
lens voltages was made for that beam also@14#.

Following the lens, x and y deflection plates were
mounted. Thex deflection was necessary to compensate
small steering effects of the Stark ionizer. They deflection
was used to separate the several beams emerging from
analyzer by deflecting them vertically from the beam ax
These beams could either be viewed on the BVS-1 view
system when the deflection was upwards, or directed in
channel electron multiplier~CEM! for quantitative measure
ment when the beams were deflected downward.

In order to measure the ratio between the RESIS sig
and the total charge-transfer beam, it was necessary to sw
frequently between detector settings which have been cho
to optimize collection of one or the other of these signa
For this purpose, a single switch was provided to swi
between preset values of the voltages in the detector.

MEASUREMENTS

For each choice of incident ion, the first step in the me
surement procedure was to obtain a good scan of the higL
RESIS signal. This scan typically consisted of 15–20 m
surements at angles scanning the complete high-L resonance.
By examination of this resonance scan, three angles w
chosen which corresponded approximately to the cente
the line, and two angles where the signal has dropped
about half its maximum value. Subsequent measuremen
the RESIS signal were made only at these three angles.

Measurement of the ratio between the RESIS signal
the total charge-transfer beam required that each of th
quantities be measured separately. With the present dete
design, this cannot be done simultaneously. Instead, the
tector settings were switched between the settings wh
gave optimum detection of each type of signal. Both qua
ties, the RESIS signal and the charge-transfer beam, w
measured with the same Channeltron and on the s
lock-in amplifier ~Stanford Research Systems-830!, but not
with the same reference signal. For the charge-transfer be
the reference signal was obtained from a chopper wh
modulated the second excitation laser of the Rydberg tar
The measured lock-in signal in this case corresponds to
charge-transfer beam produced by the Rydberg-atom ta
excluding any background charge transfer produced by c
ture from ground-state Rb or other residual gas in the syst
The frequency of this reference signal was 172 Hz. For m
surement of the RESIS signal, the reference signal was
tained from a chopper which modulates the CO2 laser. The
frequency of this chopper was 510 Hz. Since the magnit
of the RESIS signal was much smaller than the total char
transfer beam, the bias voltage on the CEM was different
the two signals, typically 800 V for the charge transfer a
1100 V for the RESIS signal. A separate lock-in amplifi
measured the blue fluorescence from the Rydberg target
chronous with the chopping of the second excitation lase

To make a single measurement of the desired ratio
following sequence of measurements were made.
2-7
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~1! With the detector, lock-in reference, and CEM bias
at the charge-transfer values, the charge-transfer beam
the blue fluorescence were measured twice, with 10 s a
aging times.

~2! With the detector, lock-in reference, and CEM bias
at the RESIS values, the RESIS signal at each of the th
chosen angles was measured twice, each with an avera
time which varied between 10 and 30 s.

~3! Repeat step~1! to complete data for this ratio mea
surement.

~4! Remove effects of small fluctuations in the Rydbe
target by normalizing the four measurements of char
transfer@steps~1! and ~3!# and the six measurements of th
RESIS signal@step~2!# to the simultaneous measurement
the blue fluorescence in each case.

~5! Average the four measurements of normalized cha
transfer to obtain a best estimate of the charge transfer.

~6! Fit the six normalized RESIS signal measurements
a Gaussian whose width is fixed at a value found in fitt
the detailed signal scan taken earlier. The fitted amplitud
taken to represent the RESIS signal size.

~7! Divide the result in step~6! by the result in step~5!.
This is the final result for the desired ratio.

A typical example of such a ‘‘data set’’ is shown in Tab
V.

Four data sets like this were taken for a range of Rydbe
atom targets for each choice of incident ion. Then, four
ditional data sets were taken for the same choices of Ryd
target, but in a different order. The total time necessary
one data set was about 3–9 min, so measurements for
target could be completed in about 30–90 min. For a typ
incident ion, about nine different targets were used, mean
that the total measurement time for each incident ion w
about 5–15 h. The statistical error on each ratio meas
ment was taken from the scatter among the eight indepen
measurements. A typical result for this measured ratio, a
function of the target binding energy, is illustrated in Fig.
The results for the other cases are tabulated in Tables
and VIII and are illustrated in a later figure. As Fig. 5 illu
trates, the measured ratio shows a clear variation acros

TABLE V. Typical measurement of the RESIS signal to t
charge transfer~CT! signal ratio. This represents one of eight ind
pendent data sets taken for the case of CIII at v50.10 a.u. Average
CT/Blue, 0.410. The fitted RESIS signal amplitude is 0.0469, a
the ratio is 0.114.

Angle RESIS Sig. CT Sig. Blue~CT!/~Blue! ~RESIS!/~Blue!

105.3 242.5 0.4342
102.8 239.6 0.4290

Q1 7.716 239.4 0.03223
Q1 8.655 238.6 0.03627
Q2 11.011 229.9 0.04789
Q2 11.650 231.2 0.05039
Q3 4.725 222.2 0.02126
Q3 4.470 220.8 0.02024

82.7 210.7 0.3925
79.1 205.5 0.3849
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range of targets used. The relative sensitivity of the cha
transfer and RESIS measurements are not known, prima
because both depend on the focusing adjustments in
Rydberg-atom detector. Thus the absolute ratio is uncer
by an unknown factor common to all the measurements fo
particular ion. Because of the dependence of the collec
efficiency on the detector settings, all the measurements
a given incident ion were made with the same settings of
detector.

COMPARISON WITH CTMC THEORY

The measured ratios can be compared with any the
which predicts both the total charge-transfer cross sec
and the partial cross section into a particular final level.

d

FIG. 5. Typical example of direct comparison between the m
sured ratio of RESIS signal to charge-transfer beam and CT
calculations. The solid diamonds represent the measured ratio
the case ofq56 andv50.10. The measured RESIS signal for th
case was the 55–133 transition, and represents the population o
n555 level with a binding energy of 0.162 eV. The horizontal ax
is the binding energy of the several Rydberg-atom targets use
this case. There is a clear variation of the measured ratio across
range of targets. The open triangles show the simplest compar
with the CTMC theory from Eq.~9!,

RCTMC
0 5sP /sT ,

where sp is the calculated cross section for capture into then
555 level, andsT is the calculated total charge-transfer cross s
tion. Since the absolute value of the measured ratios is not sig
cant, the calculated ratios have been adjusted by an overall con
for best agreement with the measurements. WhileRCTMC

0 is in quali-
tative agreement with the measurements, it is systematically sh
downward. Better agreement is achieved withRCTMC

corr , from Eq.
~11! in the text, which is shown by the open circles. This correc
ratio accounts for ionization of part of the charge-transfer beam
the repeller and for the evolution of excited-state populations
tween the Rydberg-atom target and the CO2 laser. This example
illustrates the relative significance of the various corrections app
to the CTMC calculations. Results for all other cases are show
Fig. 6.
2-8
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present, only the classical trajectory Monte Carlo method@1#
provides such predictions. Quantum methods which h
been used to predict charge capture from ground states
come impractical because of the very large number of qu
tum states which could be involved in capture from a Ry
berg level. In the CTMC method, the capture process
treated as a classical three-body problem. The initial stat
the Rydberg-atom target is represented by a classical o
whose size and shape are chosen to be within a disc
range representing its quantum state. In the version of
CTMC method used here@15#, the quantum defect of the
target state is incorporated by changing the effective cha
of the Rb1 ion core to give the correct binding energy. On
the initial orbit of the target electron is chosen and given
random orientation in space and a random orbital phase.
projectile ion is set in motion with a fixed impact paramet
From this point, the classical equations of motion are in
grated to determine the outcome of the collision. After t
heavy particles are well separated, if the electron is foun
be bound to the projectile ion, then its energy and angu
momentum are determined and the corresponding quan
numbers are assigned according to the same discrete c
spondence used to set up the initial state. By repeating
calculation for a large number of initial conditions, an es
mate can be made of the cross section for capture into
particular quantum level~n,L,m! by any choice of incident
ion and Rydberg-atom target.

In its simplest form, the prediction of the CTMC theo
for the result of our measurement would be

RCTMC
0 5

sp

sT
, ~9!

wheresp denotes the capture cross section into states w
principal quantum numbernL and sT denotes the tota
charge transfer cross section. For this and all other CT
calculations presented here, the Rydberg-atom target is
sumed to consist of an equal mixture ofntF and (nt11)D
states. Figure 5 illustrates a comparison between this pre
tion and the measured ratio in a typical case,q56 and v
50.10. The predictions have been adjusted by a comm
factor to achieve the best agreement with measureme
Even this simple comparison gives reasonably good ag
ment with the measured ratios.

There are a number of corrections that should be app
to this simple model to achieve the most realistic compari
to the measured ratios. The simplest of these is due to
fact that, since the repeller fields were left on during t
measurement of the ‘‘total charge-transfer’’ beam, on
product states which are not Stark ionized in the repe
should be counted toward the cross section which determ
the denominator in the predicted ratio. To account for th
an effective total cross section is defined as

sT85 f RsT , ~10!

where sT8 includes only capture to levels withn<ncutoff

5(q3/6FR)1/4, whereFR is the maximum electric field in the
repeller in a.u. The effect of this factor,f R , is to reduce the
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effective total cross section for the highernt targets, since
they produce a larger fraction of the population in states t
can be Stark ionized in the repeller. The omission of t
factor in the report of Ref.@7# was responsible for the appa
ent disagreement between the measured ratios and the
dictions of the CTMC theory noted there.

There are also corrections to the numerator in the ca
lated ratio. For one thing, not all captures into thenL level
will contribute to the high-L signal, but only a subset of th
captures which have appropriate values ofL. Knowing the
range ofL’s included in this peak~see Table III!, the CTMC
calculation will determine ‘‘f L , ’’ the fraction of the capture
into nL which is in this subset. Finally, the change in th
level populations between the capture at the Rydberg ta
and the excitation at the CO2 laser needs to be accounted fo
Recall that the distance between the Rydberg-atom ta
and the repeller is 23 cm, and the distance from the repe
to the CO2 laser is 22 cm. During both these periods, the
will be spontaneous decay, and perhaps blackbo
stimulated transitions which will cause the populations
evolve with time. Fortunately, the lifetimes of the high
excited levels populated in the capture are long compa
with the transit times, which are on the order of 1ms. We can
simulate the effects of these spontaneous and stimul
transitions, after assuming the population distributions at
target predicted by the CTMC theory. The result of this c
culation is the ratio between the population of the subse
detected levels at the CO2 laser, and of the same set of leve
at the Rydberg target. We denote this calculated ratio
f cascade@16#. Thus we can improve the theoretical estimate
the measured ratio by

RCTMC
corr 5

f L f cascadesp

f RsT
, ~11!

Figure 5 shows that these improved predictions agree
tremely well with the measured values. Again, the predic
values have been adjusted by an overall factor to find
best agreement with the measurements.

Figure 6 shows similar comparisons for all choices
incident ion charge and velocity. For simplicity, onlyRcorr is
shown. The results forq51 are taken from Ref.@6#. In gen-
eral, the comparison shows a remarkable degree of ag
ment between the measured ratios and the predictions o
CTMC theory. For example in the set of measurements
v50.10, both the position and width of the measured ra
shift dramatically vsq, but these changes agree extreme
well with CTMC predictions. The set of measurements aq
53 shows primarily a variation in the width of the peak as
function of v. Again, the CTMC predictions are in goo
agreement with this trend. At the two lowest velocities,
appears that the measurements are slightly broader than
predictions, perhaps by 10–20%. At the highest veloc
studied, the agreement in shape is not very satisfactory.
reason for this is not known. Still, overall, it is clear that th
predictions from the CTMC theory are very close to the o
served behavior.

The variation of these measured ratios withnt combines
the variation ofsP and sT . The more interesting of these
2-9
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sP , gives the cross section into a fixed energy product s
from initial states of various energies. This is a quant
which is analogous to the partial cross sections into vari
final states from a fixed initial state. We can obtain an e
mate ofsP from the measured ratios by multiplying by th
value of sT calculated with the CTMC theory. More pre
cisely, including several correction factors,

sp>
f RsT

f L f cascade
Rmeasured. ~12!

Figure 7 shows the values ofsP which result from this esti-
mate. To within the precision of the measurements, th
measurements appear to conform to relatively simple re
nance curves. This provides a way to parametrize the res

FIG. 6. The measured ratios between RESIS signals and cha
transfer beam for all cases of this study are shown by the s
points. Numerical tabulation of the results is given in Tables V
and VIII. The open circles showRCTMC

corr , from Eq.~11! in the text,
adjusted by a constant factor in each case. The shape and po
of the ratio curve varies widely with the charge and velocity of t
projectile ion, but the agreement with the predictions of the CTM
theory is generally good throughout. The poorest agreement is
for the lowest velocities atq53 ~v50.031 and 0.046!, where the
measurements appear slightly wider than the predictions, and a
highest velocity atq53 (v50.130), where there appears to b
disagreement in the position of the curve.
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by fitting to such a curve and extracting the position a
width of the curve. Most of the results can be well fit by
simple Gaussian. However, the results at the lowest vel
ties are much better fit by a Lorentzian. We chose to fit th
to the following function, which incorporates both Gaussi
and Lorentzian curves as special limits:

sp~Et,Ep!5AH cF 1

114S Et2kEp

W D 2G1~12c!

3@e2277@~Et2kEp!/W#2
#J . ~13!

HerekEp is the value ofEt at the peak cross section,W is
the full width at half maximum of the curve, andc deter-

e-
id
I

ion

en

he

FIG. 7. Estimates of the partial cross section for capture int
final level of fixed energy (Ep) from initial Rydberg targets of
varying energy (Et). These are obtained from the measured rat
~see Fig. 6 and Tables VII and VIII!, by multiplying by the calcu-
lated total cross section, as in Eq.~12! of the text. The solid curves
are fits to the resonance shape of Eq.~13!, which are used to pa-
rametrize the curves in terms of the center energyEt

max and the full
width at half maximumW. Because the energy of the detected lev
Ep , varies slightly from case to case,Et

max is measured in terms o
Ep and defined by the parameterk[Et

max/Ep . The fitted parameters
k andW are shown in Table VI, along with parameters obtained
similar fits of direct CTMC calculations ofsp .
2-10
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TABLE VI. Best-fit values of the parametersk andW from fits of the measuredsp’s, and from fits of
CTMC calculations ofsp . The value ofx2 per degree of freedom~DOF! for each fit is also shown. The fac
that these are consistently greater than 1 indicates that the fitting function is not quite correct.

q v ~a.u.!

Expt. CTMC

k W x2 ~DOF! k W ~eV! x2 ~DOF!

1 0.10 0.91~5! 0.15~3! 31.1 0.97~2! 0.193~2! 3.6
2 0.10 0.76~3! 0.113~15! 13.7 0.759~10! 0.118~8! 20.1
3 0.10 0.658~6! 0.086~4! 2.1 0.635~13! 0.093~5! 64.7
4 0.10 0.54~2! 0.089~8! 11.5 0.54~2! 0.077~7! 555.3
6 0.10 0.442~14! 0.064~8! 6.1 0.436~12! 0.064~5! 45.3
8 0.10 0.400~9! 0.051~4! 16.5 0.396~8! 0.046~4! 105.4

11 0.10 0.357~7! 0.037~4! 0.1 0.359~4! 0.038~3! 12.3
3 0.031 0.566~8! 0.019~5! 12.9 0.567~2! 0.0169~6! 29.3
3 0.046 0.524~15! 0.032~7! 18.3 0.518~12! 0.025~6! 341.0
3 0.057 0.503~14! 0.047~8! 14.6 0.516~6! 0.039~4! 145.0
3 0.081 0.562~14! 0.075~4! 3.6 0.572~13! 0.078~5! 130.7
3 0.130 0.809~14! 0.130~12! 7.2 0.717~8! 0.129~7! 12.5
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mines the Gaussian and Lorentzian character of the cu
The best fit values ofk andW are given in Table VI. Also
shown in Table VI are the results of similar fits of the dire
predictions ofsp by the CTMC theory. The fitted values ofk
and W from theory and experiment are in good agreeme
The fitted values ofc are of less interest. Generallyc was
small, indicating a Gaussian shape, except at the lowes
locities where it was near 1, indicating a Lorentzian sha
This behavior was seen both in the measuredsp’s and in the
CTMC calculation. Table VI also gives values ofx2 per
degree of freedom for each fit. The fact that these values
consistently greater than 1 indicates that the fitting funct
does not reproduce the data within the stated errors.
errors in the fitted parameters were expanded to accoun
the poor fit, but because of the poor fit, they should
viewed with some caution.

Figure 8 illustrates the fitted values ofk, plotting 1/k vs q
for the measurements atv50.10 a.u. Since 1/k5Ep /Et

max,
this plot illustrates the degree to which the product st
tends to be more tightly bound than the target state. Note
the measurements are completely consistent with the pre
tions of the CTMC theory, which are shown in the figure
the open squares. The measurements are similar in sha
the function predicted by the overbarrier model@17#,

Ep

Et
5

q12Aq

112Aq
, ~14!

but clearly inconsistent with this prediction. Similarly, the
are inconsistent with the simple anzatz suggested some
ago by examination of CTMC results@1#:

Ep

Et
5Aq. ~15!

Both these convenient and often cited analytic express
are illustrated in Fig. 8, where their inconsistency with t
present measurements can be clearly seen. A figure simil
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Fig. 8 was reported in Ref.@7#, and showed disagreemen
between measurements and CTMC predictions. This ap
ent disagreement is due to the neglect, in Ref.@7#, of the
correction factorf R . Recall thatf R represents fraction of the
charge-transfer beam which is transmitted through the re
ler. This decreases as the target binding energy decre
since a larger fraction of the charge-transfer beam is in v
highly excited states which can be ionized in the repel
Neglect of this factor would shift the curves representingsp

FIG. 8. Fitted values ofEp /Et
max for capture by ions withv

50.10 a.u. and 1<q<11. The plotted value isk21, wherek is the
parameter obtained in fits of the partial cross sections~Fig. 7!. The
dotted curves show two widely used predictions. The lower cu
shows the function predicted by the classical overbarrier mo
The upper curve shows an empirical estimate obtained by ins
tion of CTMC predictions. Neither of these formulas is in satisfa
tory agreement with the measured values. The open squares,
ever, are obtained by fitting explicit CTMC predictions for th
partial cross sections analogous to the measured values to the
functional form used for the measurements. These are in exce
agreement with the measurements for all charges.
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to the right in Fig. 7, and result in an overestimate of t
factor 1/k.

The variation of 1/k with velocity is illustrated in Fig. 9.

FIG. 9. Fitted values ofEp /Et
max for capture by ions withq

53 and various velocities. The horizontal axis is the ion velocity
atomic units where 1 a.u.5ac, with a the fine structure constan
andc the speed of light. As in Fig. 8, the plotted values are sim
k21, where k is the parameter obtained in fits of the measu
partial cross sections. The observed behavior is in contrast to
expected from the level-crossing model of the charge-transfer r
tion, which would predict a smooth 10% increase across this ra
of velocities. The open squares show the results obtained f
CTMC calculations of the specific partial cross sections analog
to the measurements.

FIG. 10. Fitted values of the parameterW, measuring the full
width at half maximum of the partial cross section measurement
Fig. 7. These results are for ions withv50.10 a.u. and 1<q<11.
The dotted curve shows that the results are consistent with aq21/2

dependence over this range. The open squares show the result
similar fit of explicit CTMC predictions of the partial cross se
tions. These are in very good agreement with the measuremen
05271
The measured values are again in good agreement with
predictions of the CTMC theory, with the possible excepti
of the highest velocity point. The nonmonotonic behav
indicates that the ratio of binding energies of the prod
state and the target state does not increase monotoni
with velocity, as has been predicted by considerations of
‘‘reaction window’’ in a level crossing picture of the charg
capture reaction@18#. Over this range of velocities the reac
tion window picture would predict a smooth 10% increase
1/k, which is clearly different from the observed behavior

Figure 10 shows the fitted widths for thesp curves at
fixed v50.10. These are seen to decrease withq, approxi-
mately as

W~n50.10 a.u.!>
0.15 eV

Aq
, ~16!

which is represented by the dashed line in Fig. 10. We kn
of no simple explanation for this dependence onq.

It is interesting to note that the analogous width in t
product space changes very little withq, if the predictions of
the CTMC theory are accurate. This difference is sugges
by the functional form of our fitting function@Eq. ~13!#. In
this expression,W is the full width at half maximum in the
variableEt , but the width in the variableEp is W/k. Since
1/k is approximatelyq1/2, this suggests that the width in th
product space (Ep) is greater than in the target space (Et) by
about q1/2. This implies an approximately constant ener
width in the product space for the several values ofq studied,
and this is exactly what is seen in CTMC predictions.

The variation of the width of thesp curve as a function of
velocity, at fixedq53 is illustrated by Fig. 11. The mea
sured values are consistent with a purely linear depende
represented by

d
at
c-
e

m
s

of

of a

.

FIG. 11. Fitted values of the parameterW, measuring the full
width at half maximum of the partial cross section curves, for io
of charge 3 and various velocities. The measured results are co
tent with the dotted curve which is proportional to the velocity. T
open squares show the results of fitting explicit CTMC predictio
of the relevant partial cross sections.
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TABLE VII. Measured ratios between the amplitude of the high-L RESIS signal and the total charge
transfer beam~in arbitrary units! for ions of varying charges and constant velocity ofv50.10 a.u. The quoted
errors are one standard deviation estimates based on the scatter between at least eight independent
ments. Column 1 gives the principal quantum numbernt of the F7/2 state excited to form the Rydberg-ato
target.

nt q51 q52 q53 q54 q56 q58 q511

7 0.721~18!

8 1.363~35! 0.032~2! 0.02~4! 20.015~6!

9 1.550~41! 0.110~3! 0.282~12! 0.037~5!

10 1.765~40! 0.111~3! 0.562~18! 0.138~5! 0.084~9! 0.036~2!

11 1.640~43! 0.172~13! 0.095~6!

12 1.283~33! 0.099~3! 0.73~4! 0.191~5! ! 0.222~6! 0.0079~10!

13 1.225~33! 0.079~2! 0.304~14! 0.0168~12!

14 0.918~29! 0.071~7! 0.56~3! 0.186~8! 0.341~9! 0.0281~16!

15 0.066~6! 0.238~19!

16 0.038~7! 0.42~3! 0.119~8! 0.38~3! 0.0297~7!

17 0.028~18! 0.219~16!

18 0.022~7! 0.29~2! 0.090~12! 0.166~5! 0.260~12! 0.020~3!

20 0.199~9!

22 0.26~2! 0.103~15! 0.081~18! 0.108~11! 0.013~2!

26 0.22~4! 20.014~36!
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Again, the measured values are in full agreement with
predictions of the CTMC theory. The linear dependence
velocity is inconsistent with theAn dependence predicted i
one version of the overbarrier model@19#.

DISCUSSION

This experiment represents by far the most extensive
quantitative study of energy transfer in charge exchange
slow ions on highly excited atoms. Previous studies w
confined to singly charged ions over a range of velocities@2#
or to ions of chargeq58 at two velocities@3#. In contrast,
this study included a wide range of charges and velocit
The previous studies used selective field ionization to a
lyze the final-state distribution after charge transfer, and b
revealed an apparent disagreement with the details pred
by the CTMC theory. In contrast, this study uses lasers
fully define the energy of both initial and final states, a
finds virtually complete agreement with the predictions
the CTMC method. The range of validity of the CTM
method at low velocities is difficult to assess in the abse
of experiments or other computational methods@20#. It has
often been assumed that the limit of validity isn5ne , or
reduced velocity51 @1#. This study extends to reduced v
locities as low as 0.3, with no sign of disagreement. Ot
recent experiments have also suggested that CTMC pre
tions could be valid well below a reduced velocity of 1@21#.
Perhaps the simplest conclusion that can be drawn from
study is that, to within the precision of this measurement a
over the range of parameters included, the description
ion–Rydberg-atom charge transfer by the classical CT
theory appears to be completely satisfactory. If there i
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significant breakdown of the CTMC theory at low velocitie
as has been suggested, it occurs beyond the range o
present experiment. In contrast, the quantitative meas
ments of this study are clearly inconsistent with some of
clear predictions of the overbarrier and level-crossing p
tures of the charge-capture process.

It is true that the poorest agreement with the CTM
theory observed in this experiment is at the lowest velocit
where the observedq53 resonances are slightly wider tha
predicted, and at the highest velocity, where there appea
be a disagreement in shape. This suggests that further stu
at the extreme velocities should be pursued. It would be
teresting to know if the apparent disagreement atn50.130
for q53 would be confirmed by a remeasurement, and i
persists at even higher velocities. Even more interest
though, would be extensions of these measurements to lo
velocities. There are a number of reasons to expect that
CTMC theory cannot continue to be valid at extremely lo
velocities. Some have suggested that the onset of tunne
will become dominant at low enough velocities, making t
classical picture fail@22#. Others expect that the increasin
importance of quasimolecular effects will make the simp
classical model fail@21#. We can already see from the width
measured here that quantum discreteness of the allowed
ergy levels must become a factor only at slightly lower v
locities. For all of these reasons, measurements at even lo
projectile velocities would be the most interesting extens
of this measurement. Previous studies of the total cha
exchange cross section in a region of reduced velocity be
1 have revealed cross-section oscillations which corre
with multiple ‘‘swapping’’ of the captured electron betwee
the projectile and core@21#. This behavior suggests the ons
of moleculelike behavior, which is expected to dominate
extremely low-velocity behavior of charge exchang
2-13
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TABLE VIII. Measured ratios between the amplitude of the high-L RESIS signal and the total charge
transfer beam~in arbitrary units! for ions of varying velocity~in atomic units! and constant chargeq53. The
quoted errors are one standard deviation estimates based on the scatter between at least eight ind
measurements. Column 1 gives the principal quantum numbernt of the F7/2 state excited to form the
Rydberg-atom target.

nt v50.031 v50.046 v50.057 v50.081 v50.100 v50.130

8 0.02~4! 0.250~8!

9 0.009~2! 0.019~8! 0.046~3! 0.282~12! 0.459~11!

10 0.013~7! 0.16~3! 0.049~2! 0.091~5! 0.562~18! 0.46~3!

11 0.105~7! 0.30~4! 0.132~7! 0.201~6!

12 0.205~4! 0.66~4! 0.152~3! 0.261~6! 0.73~4! 0.553~15!

13 0.286~13! 0.87~3! 0.153~7! 0.257~14!

14 0.185~7! 0.89~4! 0.116~3! 0.198~6! 0.56~3! 0.511~14!

15 0.111~2! 0.79~3! 0.084~3! 0.185~15!

16 0.076~3! 0.48~4! 0.049~3! 0.174~8! 0.42~3! 0.52~3!

17 0.21~3! 0.127~12!

18 0.146~16! 0.129~12! 0.29~2! 0.422~16!

22 0.26~2! 0.40~3!

26 0.22~4!
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Whether, and how, the swapping phenomenon is reflecte
the energy distributions of captured electrons is yet to
explored.

Another direction that holds promise for future studies
the ion–Rydberg-atom charge transfer by the RESIS te
nique is the more detailed analysis of final state distributio
The L distributions in final states of neutral Rydberg atom
were studied by the RESIS method in Ref.@5#. Similar stud-
ies should be possible forq.1, although these will require a
higher signal-to-noise ratio than was obtained for the pres
measurement.

An intriguing application of the Rydberg-atom target us
here might be as a source of controlled initial population
highly excited ions in other studies. Now that the ener
distribution functions have been characterized experim
tally, they could be used as a way to create initial popu
tions of well-controlled binding energies. It might even
A

hy
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possible to populate highly excited ion states with co
pletely well-determined principal quantum numbers by t
technique.
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APPENDIX

In Tables VII and VIII we present ratios between the a
plitude of the RESIS signal and the total charge-trans
beam.
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