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Electron capture from H2 to highly charged Th and Xe ions trapped
at center-of-mass energies near 6 eV

G. Weinberg,1,* B. R. Beck,2 J. Steiger,2 D. A. Church,1 J. McDonald,2 and D. Schneider2

1Physics Department, Texas A&M University, College Station, Texas 77843-4242
2Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94550

~Received 19 May 1997!

Ions with charge states as high as 801, produced in the Lawrence Livermore National Laboratory electron
beam ion trap were extracted and transferred to a Penning ion trap~RETRAP!. RETRAP was operated at
cryogenic temperature in the field of a superconducting magnet. The stored low-energy ions collided occa-
sionally with H2 molecules in the ultrahigh-vacuum environment of the trap, capturing one or two electrons
and reducing the charge state of the ions. The number of ions was monitored nondestructively by ramping the
axial oscillation frequencies of the ions through resonance with a tuned circuit composed in part of trap
capacitance and an external inductor. This produced resonance signals whose square is proportional to the
number of ions in each charge state. These signals were recorded vs storage time to determine the electron-
capture rates. From these rates the relative electron-capture cross sections were obtained using estimates of the
mean ion energies based on modeling the ion storage, and with the aid of a density calibration measurement
using Ar111. The measured total electron-capture cross sections are consistent with a linear increase with
charge stateq. The cross-section data for the highest charge states lie above the predictions of the absorbing
sphere model, but agree within uncertainties in both experiment and theory. The true double-capture cross-
section fraction forq.35 is near 25%. The results are discussed with relation to measurements on lower
charge states, and with theory.@S1050-2947~98!06406-3#

PACS number~s!: 34.70.1e, 39.90.1d, 34.10.1x
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I. INTRODUCTION

High charge-state and low-energy electron-transfer co
sions are important in laboratory plasmas and ion source
astrophysical plasmas, and in certain types of potential x
lasers. General considerations important to the theory
these collisions are the scaling of the total cross section w
ion charge state@1#, the velocity dependences of the cro
section in different energy regions@2#, and the relationship
of single-to-multiple electron capture@3#. Particular interest
has focused on true double capture@4–6#, in which both
captured electrons remain on the ion after the collision.

At the low energies of interest here, theory has been m
successful with few-electron atomic targets, particula
atomic hydrogen, but also H2 and He. At these energies, th
collision can often be treated as the temporary formation
quasimolecule, with molecular wave functions and poten
energies calculated as a function of the internuclear sep
tion R of the ion and neutral target. An electron is transferr
at certain avoided crossings of these potential energy cu
@7#. Collisions of various ions in low charge states with
and H2 have been measured and calculated over a rang
energies@8–11#.

At these energies, and for low charge states, this deta
quasimolecular theoretical treatment is appropriate, with
culations of orbitals for each collision pair required. T
magnitudes of the capture cross sections can vary appr
bly with energy and charge. Electron capture to ions w

*Present address: Research, 2201 Third Street, San Franc
CA 94107.
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high charge stateq is expected to occur into closely space
highly excited states~high-n states!, under conditions where
there are a large number of avoided crossings. The absor
sphere model of Olson and Salop@1#, based on Landau
Zener theory, applies under these conditions, while ov
barrier models@12–14# apply at these and still higher ene
gies. An important prediction of these theories is
approximately linear dependence of the total electr
capture cross section on charge stateq, in contrast to an
earlier prediction@15#.

The lower end of the energy range for validity of th
classical over-barrier model@14# for electron transfer begins
near the energy of the present measurement. This s
model allows calculation of the cross section for the init
populations of charge states, but not subsequent autoion
tion as could occur with multielectron targets. Neverthele
it should be valid for the total capture cross section. In
collision the Coulomb barrier separating target electro
from projectile~ion! electrons ceases to be effective at so
internuclear radiusRt

i which depends on the ionization en
ergy I i of each target atom electron. IfRt

i.Rtp , the distance
of closest approach, then electront becomes ‘‘molecular’’
and can be transferred back and forth between target
projectile. An individual ‘‘molecular’’ electron may end up
either on the projectile or the target as the internuclear
tance increases, with a probability depending on the amo
of phase space available for motion around each binding c
ter. Niehaus@14# showed that the ‘‘geometrical’’ cross sec
tion p(R1

i )2 is the sum over all charge-changing cross s
tions given by this model, whereR1

i denotesRt
i for the first

electron transferred. For Th801 colliding with H2, R1
i

533.4 a.u., andp(R1
i )2'10213 cm2 in reasonable agree

co,
4452 © 1998 The American Physical Society



-
E

le
rg
u

ex
n
ili
io
o

lity
o

fo

-
d

th

io
te

s

int
e
-
m

f t
te

he
pr
m
a
le
s
ro

as
to
a

io
ru

e
al
u

f

the
for
ents.
all
tron

on
ong
u-

se
ans-
ed
e’’
e

the
by
in

end
ed.
the
the
all

d by
ar-
ns
ns
c-
it

into

pi-

the
and
al
n

to-
the
ion,

ing
the

57 4453ELECTRON CAPTURE FROM H2 TO HIGHLY CHARGED . . .
ment with the data presented below.
A complication with multielectron targets is multiple

electron capture, either sequentially or in a single event.
perimental studies@4# at low energy forq,8 indicated that
the cross section for two-electron transfer and for sing
electron transfer depended similarly on energy and cha
Multiple-electron capture into autoionizing states may occ
resulting in emission of electrons to the continuum. For
ample, capture of two electrons with autoionization of o
may appear experimentally as single capture. The probab
of an Auger process of this type is largely independent of
chargeq, since it depends only on the correlation of tw
captured electrons, while radiative stabilization probabi
scales asq4 for DnÞ0 transitions. Both processes depend
the principal quantum numbern of the states initially popu-
lated by the capture, which also depend onq. Nevertheless,
the ratio of the Auger to radiative rates tends to scale asq24,
indicating that radiative stabilization should dominate
q.10, according to an early analysis@16#. Recent data for
Xeq1-He collisions (15,q,42) @6# show that true double
capture~radiative stabilization! increases rapidly forq.28
to a plateau for 35,q,42. This indicates that a more de
tailed analysis of the true double-capture rate, possibly
pending on the details of ion structure, is required, and
data for still higher charge states are desirable.

The present measurements were carried out using
with an unprecedented combination of high charge sta
(35<q<80) and low energy~6 eV in the center-of-mas
frame!. These ions were produced@17# and then extracted
@18# from the electron beam ion trap~EBIT! at Lawrence
Livermore National Laboratory~LLNL !. Some of the ex-
tracted ions were then transported to and injected
RETRAP, a cryogenic Penning ion trap located in a sup
conducting solenoid@19#. In RETRAP, nondestructive moni
toring of signals whose squares are proportional to ion nu
ber and energy in each charge state permitted a study o
time evolution of the confined ion charges. Charge sta
changed when the ions collided with H2 molecules existing
at low density in the trap region. Following capture, t
reduced-charge heavy product ions remained confined,
viding information on the product ion charge states and ti
development, and capture rates for a string of charge st
@20,21#. Measurements of the charge-exchange rates for e
tron capture from H2 to Ar111 were performed. These rate
combined with independent measurements of the total c
section for electron capture from H2 to Ar111 @11,22# were
used to determinen. An estimate of the mean ion energy w
used to convert the reaction rates obtained from the ion s
age time constants to mean total cross sections, which
compared to theoretical predictions. The total cross sect
are found to increase in proportion to the charge state. T
double-capture cross sections are found to be about 25%
the total, even for Th801.

In Sec. II the apparatus and procedures specific to th
measurements are described. The results and data an
are presented in Sec. III. The relations of the results to c
rent theory are discussed in Sec. IV.

II. APPARATUS AND PROCEDURE

A. Ion capture

The production of highly charged ions in EBIT@17#, the
extraction of ions from EBIT@18#, and the fast extraction o
x-
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ions followed by transport and recapture into RETRAP@19#
have already been documented. The present focus is on
storage properties and detection of the ions in RETRAP
the purpose of the present electron-capture measurem
Briefly, highly charged ions of a particular element in a sm
range of charge states were produced by sequential elec
impact ionization in EBIT@23#. After production, they were
ejected from EBIT by a fast linear ramp of the potential
the center drift tube. These ions were then extracted al
the magnetic field lines at a potential near 4.5 kV. A partic
lar charge stateq was selected from the extracted ion pul
by use of an analyzing electromagnet. These ions were tr
ported electrostatically to RETRAP where they were slow
to a low kinetic energy upon entering a ‘‘deceleration tub
situated in the fringe field of the axial magnetic field of th
Penning trap. The potential of this tube, which was near
EBIT extraction potential, was then rapidly pulsed lower
nearly the extraction potential, permitting those ions with
the tube to emerge with energies,50q eV. After the
slowed ions entered the Penning trap through the upper
electrode, the potential of this electrode was rapidly puls
This pulse, from 0 to about 90 V, was delayed, relative to
deceleration tube pulse by an amount which optimized
capture of ions. Voltages and relative time delays were
separately scanned to optimize ion capture, as evidence
the delayed ejection of ions confined in the trap onto a p
ticle detector mounted below the trap. The number of io
captured into the trap was limited by the number of io
delivered to RETRAP in a spatially short pulse, by the fra
tion of ions in this pulse within the deceleration tube when
was pulsed, and by the fraction of those ions captured
the Penning trap. For ions like Xe441, an average of about 20
ions per pulse were caught, while somewhat fewer were ty
cally trapped for Th801.

B. Ion confinement

The Penning ion trap for these measurements was of
open cylinder design described by Gabrielse, Haarsma,
Rolston@24#, see Fig. 1. This trap consists of five cylindric
electrodes with radiusr: a ring electrode, two compensatio
electrodes, and two end electrodes separated by 2z0 ~see Fig.
3 of Ref.@19#!. The electrodes were chosen with a length-
diameter ratio to produce a harmonic axial dc potential in
central region, if potentials applied to the end, compensat

FIG. 1. Schematic diagram of the measurement system show
the ion trap and detection tuned circuit with preamplifier, and
separate particle detector.
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4454 57G. WEINBERGet al.
and ring electrodes had the valuesV, 0.118V, and 0. To
good approximation, this potential has the form

F~r ,z!5~C2V/2d2!~r 2/22z2! ~1!

for r andz small compared tod. Hered25(z0
21r2/2)/2 and

the constantC250.5449. In this potential an ion oscillate
with an axial angular frequency

vZ5~q eVC2 /md2!1/2. ~2!

The confining dc potential also extends inside the end e
trodes, where it gradually loses its harmonic character
approaches a limiting value. This extended axial poten
falls below a purely harmonic potential, so confined io
with the same mass-to-charge ratiom/q, oscillating axially
with large amplitudes, have a lower frequency than th
oscillating with lower amplitude in the harmonic regio
Thus the width and shape of the measured axial reson
provided information on the axial energy distribution for t
stored ions.

The uniform axial magnetic fieldB, required to inhibit
radial loss of the ions, was produced by a superconduc
Helmholtz pair of coils. It was operated near 4 T for the
present measurements. The Penning trap, plus a tuned c
and preamplifier described below, were situated at 4.2 K
the cold bore of this cryogenic system.

The voltages of the end electrodes of the trap were rap
~tens of ns! pulsed from~or to! zero potential to capture~or
release! the ions. To ensure voltage stability and reduce el
trical noise, the fast pulsers were connected to the trap
relays in parallel with 1 MV resistors. The relays wer
closed during pulsing, and opened otherwise. A low ra
voltage was additionally applied to the end electrodes du
ion detection to sweep the axial frequencies of the io
Other low-amplitude wave forms were also employed
specific purposes~see below!.

C. Ion detection

A low-capacitance high-Q tuned circuit was constructe
by attaching the trap compensation electrodes to a 770mH
inductor formed by winding a single layer of copper wi
onto a ceramic form. This inductance tuned out the cap
tance of the trap, plus stray capacitance, at a resonant
quencyv0/2p51.21 MHz, with a quality factorQ near 250
at low temperature. ThisQ provided good signal-to-nois
ratios, and an appropriate bandwidth. A low-temperat
broadband GaAs preamplifier similar to one discussed
Ref. @25#, with high input impedance and low output impe
ance, amplified the voltage signal appearing across the tu
circuit by a factor of 3. A broadband low-noise room
temperature amplifier further amplified the signal, which w
filtered and detected in a 9 kHz bandwidth by a spectrum
analyzer operated in the ‘‘zero-span’’ mode. The time swe
of the spectrum analyzer was synchronized with the volt
ramp of the trap end electrodes. The trap voltageV was
initially set so that the frequency of the ion charge st
injected into the trap was below the tuned-circuit resonan
Voltage signals were detected on the tuned circuit as the
were swept through resonance. Resonance of the axial o
lation frequency of the injected charge state with the tun
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circuit frequency occurred at a low value of the ramp vo
age. Any lower charge state then appeared as a signal
higher value of the ramp voltage. One sees that the prod
qiV must be constant for a fixed value ofvZ , so for small
decrements in charge the voltage ramp is equivalent t
linear charge scale. The wave form variations and tim
cycle are diagrammed in Fig. 2.

The mean squared voltage signal induced byNi ions with
mean axial energyEz is given by the expression

Vi
25NiREz /tz5NiEz~qeg!2R2/4md2, ~3!

whereR5Q/v0C was the resistance of the tuned circuit
resonance, andtz54md2/q2e2g2R was the one-dimensiona
damping time constant for the axial energy of ions when h
at tuned-circuit resonance. The coupling factorg for the
compensation electrodes was calculated to be 0.9@24#. The
total mean squared voltage signal across the tuned cir
was the sum ofVi

2 andVn
2, whereVn

2 was the quadrature sum
of the residual Johnson noise of the tuned circuit at re
nance plus contributions from the first preamplifier. Rep
sentative individual and cycle-averaged squared signals
pear in Figs. 3 and 4, respectively.

As discussed in Sec. II B, higher-energy ions oscillate i
less harmonic potential. When individual ions with the sa
charge were detected, narrow resonance peaks such as
shown in Fig. 3 would appear. However, the position of t
peaks on the ramp could shift significantly relative to t
linewidth, due to an ion in one measurement having hig
energy than a different ion in another measurement. W
many ions were trapped, and the squared signals avera
broadened peaks with limited charge-state resolution w

FIG. 2. The timing pattern and wave forms used in the meas
ments are diagrammed. Initially the ions are captured into the
by the deceleration pulse plus a short downward pulse of the po
tial on the top end electrode. The ions are then stored and dete
and are finally dumped by a short downward pulse of the poten
on the bottom end electrode. The typical values of the labeled t
intervals areTip520ms, Tc5Td520ms, Tic'2 ms, Tpd51 s,
TA51 s. The detection sweeps were repeated 20 times during
storage interval~the first two and last one are diagrammed!. For Th
the interval between detection sweeps was 5 s, makingTs5102 s.
Longer times for Xe and Be were used. The relay pulse timesTR

were not critical. The deceleration voltage edge was about 10 n
duration. Representative signals obtained during the three
grammed sweeps are indicated.
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observed, as shown in Fig. 4~b!. To improve the resolution o
these peaks, the trap voltageV was temporarily reduced
adiabatically by a factor of up to 6, after ions were confin
but before the electron-capture measurement. This ‘‘p

FIG. 3. The peak at measurement timet1 is due to two Th ions,
initially in charge stateq579, nondestructively detected. At timet2

the charge state of one ion has decreased due to capture o
electrons in one or two collisions with H2 during the interval be-
tween measurements, resulting in two single-ion peaks in diffe
charge states. The other ion captures no electrons up to timet3 in
this measurement. The signal is a voltage with arbitrary magnitu
which depends on the amplification.

FIG. 4. ~a! The squared signal of Xe441 ions recorded just afte
the ‘‘pre-dump’’ phase, used to remove the highest-energy i
from the trap. The data were averaged over many cycles to re
the noise.~b! A similar cycle-averaged, squared signal for Xe441

ions, but with the full range of energies initially found for ion
captured into the trap. The structure is due to some energies b
more probable than others for higher-energy ions oscillating an
monically. The anharmonic oscillation broadens the signal, by c
tributing lower-frequency signal strength.
,
-

dump’’ resulted in the loss of the highest-energy ions o
the axial potential well barriers. For Xe ion measureme
with low collision rates~lower operating pressure!, the trap
voltage was then slowly~several seconds! ramped from
slightly above resonance to slightly below resonance, in
der to resistively cool the remaining ions by energy loss
the tuned circuit. Following the predump or both preparato
procedures, the ions were detected using the voltage ra
The peaks then had significantly narrower widths for i
proved charge-state resolution@Fig. 4~a!#.

D. Measurement and analysis procedure

The data were accumulated and analyzed in two differ
ways. All measurements were of voltage signals on the tu
circuit, produced by ramping the axial oscillation frequenc
of the ions through resonance. Each sweep of the spec
analyzer was recorded for all collected data. In some m
surements an individual ion was captured and monitored
function of time by periodically ramping its oscillation fre
quency through the tuned-circuit resonance. After
electron-capture collision, the heavy product ion remain
confined in the trap. Because each measurement was
corded and stored, the time history of the charge state
individual ions could be followed@26#. Since the squared
signal is proportional to axial energy@Eq. ~3!#, and since the
ion axial energy decreases due to damping during each r
through resonance, the signal decreased slowly with m
surement time even if the charge did not change during ty
cally 20 measurement sweeps. This form of data analy
which was basically digital in nature, was not affected by t
changes in axial energy. Figure 3 shows the time deve
ment of the signals due to two simultaneously confined
ions, both initially withq5791. At each measurement, th
charge state of each ion was determined, and from sev
histories like this, the mean collision rate with H2 molecules.
It was found that the histories of at most three ions per m
surement could be unambiguously followed in this way. T
data for several charge states of individual ions were ac
mulated over a number of histories to obtain the total trans
rate and the ratio of the true double-to-total electron-capt
cross section.

The second measurement technique was based on av
ing the analog data at each delay time from many sepa
measurement cycles. Otherwise, the same apparatus
techniques were employed. This second technique was
for all of the data. The analog data were analyzed to de
mine the area under the squared voltage signal for e
charge state. These areas were determined either by inte
ing between ramp-voltage limits, or by fitting the data pea
Both methods were found to give comparable results, w
compared for particular measurement parameters. Thes
eas were proportional to the ion numberN, q2, and the mean
axial energyEz , at each time according to Eq.~3!.

The initial ion axial energy~of the sample surviving the
preparation! was analyzed using observed signal widths
gether with calculations of the expected anharmonic f
quency shifts as a function of oscillation amplitude in t
trap potential. Based on this analysis, the average axial
energy at the start of the measurements was 4q eV in the
laboratory frame, or approximately 2.6 eV in the center-
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4456 57G. WEINBERGet al.
mass frame. These estimates were also in accord with si
amplitudes measured for single ions. Energy also reside
the cyclotron motion of the ions~see below!.

In determining the relative ion number from analog s
nals there is a correction to the signal related to the cha
The squared signal dependence is explicitly proportiona
q2 for ions with a constant axial amplitude of oscillatio
However, the detection sweep is adiabatic, so the axial c
ponent of the action is a constant of the motion during
ramp, but not the axial energy. The well depth for lowe
charged ions is increased more before detection. Conside
the variation of the squared signal due to the change
charge and mean axial energy, aq3/2 dependence results
requiring a small charge-state correction to the data.

Corrections to the raw data for other changes in the m
axial ion energy with ion storage time were also requir
These changes are described and discussed separately,
the general analysis procedure is presented below. Cha
in the mean axial energy occurred in part due to the sm
energy loss during measurement as noted above. This
was determined using the fitted value of the cooling ti
constant obtained in the measurements~see below!. It was
compatible with the calculated time that the ions were
resonance with the tuned circuit during the measurem
cycle. This energy loss associated with detection was
experimentally determined by measuring the loss while us
different numbers of detection sweeps in short intervals
otherwise identical measurements. Results similar to the
culations were obtained.

It was also noted that despite these straightforward c
rections for charge state and energy, the sum of all of
numbers of highly charged ions tended to change with m
surement time instead of remaining constant. This could b
consequence of product ion loss, or to additional change
the mean axial ion energy during the course of a meas
ment, or to instrumental effects. No heavy product ion lo
from the trap due to collisions was observed in the few-
digital analysis. This is expected, since the energy cont
uted to the highly charged heavy ion in the breakup of
quasimolecule following electron transfer is negligible co
pared to ion confinement energies in the present meas
ments. Low-charge ions such as Be1 and Be21, which were
captured into the trap in numbers up to 105 from a pulse of
ions produced by a metal vapor vacuum arc~MEVVA !
source mounted above the trap, had storage times excee
4000 s~including charge changing due to electron captur!,
demonstrating that ion loss due to radial diffusion, for e
ample, was negligible during the much shorter time-sc
measurements on the highly charged ions.

However, there can be significant energy transfer betw
the axial and radial degrees of freedom of the confined
motion, produced by ion-ion collisions@27# or by other cou-
pling. The initial radial energy of the ions in the cyclotro
motion arises from effects associated with deceleration of
ions in the relatively weak fringe magnetic field above t
trap. As the ions approached the trap, the magnetic field
came sufficiently strong to guide the ions adiabatically alo
the field lines, and the effective magnetic moment of
radial orbits became an adiabatic invariant. Estimates of
mean radial energy, based on modeling the deceleration
cess, indicated that the expected radial energy could be c
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parable to the spread of axial energies of the stored io
depending on the details of the ion trajectories during de
eration.

Ion-ion collisions tend to equilibrate the ion energi
among the degrees of freedom, with a time constant
varies asn21q24 at constant mean energy, wheren denotes
the ion number density andq is the charge state@27#. The
relatively low density of highly charged ions resulted in
energy equipartition time that was a significant portion of
electron transfer measurement. Transfer of energy betw
axial and radial degrees of freedom was found to be con
tent both with the overall signal changes observed in som
the electron transfer data, and with the estimated ratio
initial axial and radial energies.

It was observed that the linewidths of the ion signa
~comparable to the tuned-circuit bandwidth! often tended to
increase somewhat during the measurement interval of a
100 s. This cannot be associated with an axial energy
crease, which should produce narrowing, but is compat
with radial diffusion of the stored ions across the lines
magnetic field. Such diffusion might affect the coupling
the ions to the tuned circuit, but this correction was estima
to be negligible, and the linewidth effects were not correla
with the signal changes. The observed sum-signal chan
were analyzed based only on collisional energy transfer.

To compensate the data for these signal-changing effe
the sum of the areas of the squared voltage signals w
different charges~following corrections for charge state! was
fitted to a function of the formF(t)5A„11B exp(2t/
t1)…exp(2t/t2). The effective time scale for energy transfer
denotedt1 , andt2 characterizes the time scale for ion coo
ing by temporary interaction with the tuned circuit, describ
above.A is proportional to the equilibrium axial ion energy
while B denotes the fraction of axial energy differing fro
equilibrium. The fitted parameters wereA, B, t1 , and t2 .
The scaled areasS(t) for each charge state are then given
the equationS(t)5S8(t)/F(t) whereS8(t) denotes the mea
sured area at timet. The time dependences of the scaled d
were then proportional only to the time dependences of
number in each charge state, independent of energy eff
These scaled data were fitted to the solutions of rate eq
tions. Cross sections obtained from analog analysis of
data scaled in this way were compared to cross-section
sults obtained from digital analysis of the data available
certain measurements taken under the same conditions.
two methods were found to be consistent within the stati
cal error of 10%, indicating that these corrections to the r
data were adequate. The values ofB obtained from the fits
provided information on the~unobserved! relative radial en-
ergy of the ions. In the present measurement sequence, in
radial energy was found to exceed initial axial energy o
for one charge state studied. Overall, the mean total ene
of ions captured in the trap was determined to be about 6
in the center-of-mass frame of reference.

The composition and density of the target gas are ot
important considerations in these measurements. The
perature of the Penning trap and its environs was thermal
at 4.2 K by the large liquid helium reservoir, and no dire
density or pressure measurement was feasible. Only H2 and
He have appreciable vapor pressures at 4.2 K, but they
effectively pumped by the large area of cold surfaces in
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vicinity of the trap. No He was admitted into the vacuu
system, but H2 is a common residual gas in ultrahigh
vacuum systems. A time-of-flight measurement was app
to the products of the charge-exchange reaction betw
stored Be21 ions and the target gas, by a rapid dump of t
trapped ions onto the ion detector mounted below the t
Ions of Be and hydrogen product ions were observed, bu
other mass-to-charge ratios. These results provided d
evidence that the target gas was H2 with negligible impuri-
ties. It was noted that after many days at cryogenic temp
ture, the neutral density at the Penning trap increased
evidenced by shorter ion storage times associated with
creased electron-capture rates. This was interpreted as
effect of H2 buildup on the cold surfaces raising the loc
vapor pressure. Following the measurements, it was pos
to analyze the residual gas of the vacuum chamber. The
tial pressure of H2 dominated by far, and no residual He w
observed.

The density of the target gas was calibrated by perform
electron-capture measurements of Ar111 with H2, in our sys-
tem. The total cross section for Ar111 had been indepen
dently measured@11,22#. With the known cross section
mean ion energy, and storage time constant, the H2 density in
the trap was determined, as discussed in Sec. III.

III. RESULTS AND ANALYSIS

The rate coefficient for electron transfer is usually writt
as k5*0

` f (v)s(v)v dv, where f (v) is the distribution of
relative velocitiesv and s(v) is the cross section. In th
present measurements,f (v) is not well known, but other
measurements@11# show that the cross section does not d
pend significantly on ion velocity. However, the mean i
energy was determined~Sec. II D! so the rate coefficientk
for charge stateq can be approximated askq5sqvqrms in
terms of an average cross sectionsq and a root mean
squared speed determined by the mean energy.

Experimentally, the rate coefficientkq was determined us
ing the relationkq5(nTq)21, whereTq is the ion storage
time constant measured for charge stateq and n is the H2
target gas number density determined from the calibra
measurements. This densityn was obtained using the rela
tion n5(ssv11rmsT11)

21. T11 is the time constant for storag
of Ar111 ions in the target gas of the trap,v11rms is their rms
velocity, andss is the total cross section for electron trans
from H2 to Ar111 measured at that velocity, using an io
beam technique@11#. However, measurements of single a
double electron-transfer collision cross sections of A81

through Ar161 with H2 have also been completed by Vancu
et al. @22# in a beam measurement, but at an energy of 2.q
keV. Although this is well above the energy of present int
est, the results of Vancuraet al. lie close in center-of-mas
energy to the upper limit of the energy range studied
Kravis et al. @11#, in an energy region where the cross se
tion is weakly dependent on energy. The measurement
Vancura et al. are distinguished by particular care in th
analysis and design of the target gas cell. Their cross sec
for single-electron capture have a stated uncertainty of
compared to 10% for the data of Kraviset al., but fall a
factor of 2.4 lower for Ar111 ~i.e., outside the error estimate
of both!. On the other hand, the measurements of b
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groups agree quite well for charge states 81 and 91, and
the data of Vancuraet al.exhibit the expected linear increas
with ion charge. The cross sections of Kraviset al. double
between Ar91 and Ar111, after following a general linear
increase from Ar61 to Ar91. It seems reasonable to scale t
Kravis et al. results at 6 eV in the center-of-mass frame sin
their cross sections for Ar111 seem anomalously high. Th
scaling factorF50.42 was determined as the ratio of Krav
et al. data at their highest energy for Ar111 divided by the
corresponding data of Vancuraet al. at their nearby energy
This produces a cross sectionss51.4310214 cm2 at 6 eV in
the center-of-mass frame. Thus the reference cross sectio
which the data in Tables I and IV are normalized isss
5Fs11, where s11 is the sum of single- and double
electron-capture cross sections measured by Kraviset al.
near 6 eV in the center-of-mass frame. This normalizat
differs from that originally used in Ref.@20#, which wass11.
The data plotted in Fig. 7 now show an improved agreem
with the absorbing sphere model, and also agree with
classical over-barrier calculation.

The precision of the measurement ofT11 in the ion trap
was better than 10%. Representative data for Ar111 are
shown in Fig. 5. The uncertainties in the fitted total-captu
rate and single-capture rate are about 7%. Additionally, th
were slow increases in the densityn between calibration
points, which influenced repeated measurements of cer
rates. During a typical measurement sequence with a g
charge state,n increased by about 20%. Taking this as
conservative measure of uncertainty, and adding indepen
uncertainties in quadrature, the expected overall accurac
the determination ofn is about 30%.

Rate equations for the time development of the ion cha
states in the trap have been presented in Ref.@20#. The so-
lutions to these rate equations are, for the primary and
secondary charge states,

N0~ t !5N00exp~2l0t !, ~4!

FIG. 5. Storage time constant data were obtained from fits s
as these for Ar111 ions. With the known storage time constant, pl
an adjusted previously published total cross section for this co
sion, the H2 target gas density for the highly charged ion collisio
was calculated~see Sec. III!.
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N1~ t !5N00@l0s /~l12l0!#@exp~2l0t !2exp~2l1t !#,
~5!

whereN00 is the initial number of primary ions.N0(t) is the
number of these ions at timet, andN1(t) is the number of
secondary product ions at timet. The decay ratesl0 andl1
describe the sum of single and true double capture to
primary and secondary ions, respectively. They can be w
ten in terms of single- and true double-capture ratesl i j ,
wherei 50 or 1 refers to the primary or secondary ion, a
j 5s or d refers to single or true double capture, i.e.,l0
5l0s1l0d and l15l1s1l1d . In certain measurements
small initial population of ions with chargeq21 was ob-
served, due to the injection of ions from an adjacent cha
state into the trap. For these measurements,

N18~ t !5N1~ t !1N10exp~2l1t ! ~6!

describes measurements with an initial populationN10. The
digital ~when possible! and two independent analog analys
were performed on the data. The digital analysis and on
the analog analyses fitted only the first two charge state~q
and q21!, while the other analog analysis included ad
tional rate equations to fit peaks down to as far asq24. All
analyses gave consistent results. Since it was found tha
total electron-capture cross sections scaled approximate
q, the ratesl i5(q2 i )l0 /q, with similar equations for the
single- and true double-capture rates, were used for the p
uct ion rates in the analyses. This simplified the fitting p
cedures for the secondary ions, without biasing the ove
data, sinceq was high. Figure 6 is a plot of the time evolu
tion of the number of Th741, Th731, and Th721 ions, and the
fits to the Th741 and Th731 data. These fits were used
determine the total reaction rate coefficientskq for the pri-
mary ions. These rates are presented in Table I. Altho
there seem to be small variations in rate coefficient betw
adjacent charge states, the uncertainties in the rate for
charge state are too large to permit definite statements a
possible variations in the rates from one charge state to

FIG. 6. Fits to the time development of the averaged signal
the Th741 and Th731 charge states, showing that in this case so
Th731 was also initially trapped along with the Th741 when the
measurement was initiated. The Th721 data were not fitted in this
instance.
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next. Consequently, average rates were computed over
ranges for the Th ions (73<q<80) and for the Xe ions
(43<q<46) @20#.

The digital measurements on individual stored Th i
charges were analyzed in terms of the probabilitiesPn , n
50, 1, and 2 for the ions making 0, 1, and 2 steps in cha
during any measurement intervalt. Assuming the same cros
sections for successive charge states, a good approxim
for adjacent states at highq, these probabilities can be writ
ten as

P05exp~2l0t !, ~7!

P15~l0st !exp~2l0t !5l0stP0 , ~8!

P25@l0dt1~l0st !
2/2#exp~2l0t !5@l0dt1~l0st !

2/2#P0 .
~9!

The quadratic term inP2 accounts for two successive sing
captures during a measurement interval. ThePn were experi-
mentally determined by counting the ions in each 5 s interval
determined by the measurement ramps. The results forP0
andP1 determinedl05l0s1l0d andl0s . From these rates
the true double-capture ratel0d was calculated, along with
the ratiol0d /l0 . The mean results for seven measureme
on Th791 are summarized in Table II. They indicate that t
true double-capture fractionl0d /l050.21(5) for this charge
state. These results were in agreement with the rates obta
with the fits using the analog analysis method discus
above.

For all data, the averaged, scaled areas for each ch
state as a function of time were fitted to Eqs.~4!–~6! to
obtain the decay ratesl0(q) for charge stateq. These rates
were then used with the calibrated H2 densities to obtain the
total cross sections in the form of ratios of rates multipli
by the calibration total cross section, i.e.,sq
5l0(q)/nvqrms5ss@l0(q)v11rms/l0(11)vqrms#. Small cor-
rections were also included for the ratio of the root me
squared velocities of the ions, due to the differences in

f
e

TABLE I. Mean total rate coefficients and total cross sectio
for electron capture from H2 to Xeq1 ions (35<q<46) and Thq1

ions (73<q<80), determined relative to the Ar111 cross section
and then scaled as described in the text. The scaling total c
sectionss51.4310214 cm2.

Charge state
Total rate coefficient

(1028 cm3 s21)
Total cross section

(10214 cm2)

111 3.5 ~1.1! 1.4 ~0.2!
351 5.5 ~3.3! 2.7 ~1.1!
431 8.1 ~4.8! 2.9 ~1.1!
441 11.3 ~3.6! 4.0 ~1.6!
451 15.2 ~5.6! 5.4 ~2.1!
461 8.9 ~5.1! 3.1 ~1.5!
731 24.4 ~7.5! 10.8 ~4.1!
741 26.1 ~8.9! 11.5 ~4.4!
751 28.0 ~9.3! 12.3 ~4.6!
761 27.8 ~8.9! 12.2 ~4.6!
791 25.0 ~7.5! 11.0 ~4.2!
801 25.1 ~7.5! 11.1 ~4.4!
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TABLE II. Mean probabilities for an ion remaining in the same charge state (P0), for changing one
charge state (P1), and for changing two charge states (P2) during 5 s intervals in measurements using digi
analysis of individual stored Th791 ions. The mean rates for single- (l0s), true double- (l0d), and total-
(l05l0s1l0d) electron capture in collisions with H2 were obtained, and the ratiol0d /l0 calculated. The
results are compatible with those obtained by the analog analysis.

P0 P1 P2 l0s l0d l0 l0d /l0

0.705 0.194 0.076 0.055~9! 0.0149~13! 0.0699~100! 0.213~50!
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distribution of axial and radial velocities for different charg
to-mass ratios, as determined by the data analysis. T
total cross sections and the rate coefficients appear in T
I. The true double-to-total capture ratios from the digi
analysis of Th791 appear in Table II. The mean true doubl
capture rates relative to the total electron-capture rates
determined by the fits to the data, appear in Table III.
Table IV, data from Table I were combined for seve
charge states, for better comparison with the absorb
sphere calculation, including the corrected Ar111 data. The
uncertainties in the fitted total-capture rate and single-cap
rate are about 7% for Ar111. The ratio of the rates for true
double-to-total capture is about 9%, in very good agreem
with the result of Kraviset al. ~see Fig. 2 of Ref.@11#!, and
also with typical results for relative true double capture o
a range of Ar charge states@5,22,28,29#.

IV. DISCUSSION

Due to the low mean collision energies typical of t
present measurements, the relatively high charge states
because of the use of a H2 target, the most appropriate ge
eral theory applicable to these data is the absorbing sp
model of Olson and Salop@1#, which is based on Landau
Zener coupling. This theory has been revised in certain ca
by reducing the effective coupling@30#, but not in the presen
analysis. Polarization effects in the entrance channel h
been added at the suggestion of Olson@31# due to the high
ion charge. A unit probability for reaction is assumed
occur below a critical radiusRc given by the expression@1#
in the original analysis

Rc
2exp@22.648~2I t!

1/2Rc /q1/2#

52.86431024q~q21!v0 / f . ~10!

The velocityv055.231023 a.u. is determined by the mea
ion energy, and the first ionization potentialI t515.4 eV for
H2 was used. In the recent analysis of low-energy Arq1

TABLE III. Mean results for the ratios of true double-to-tot
electron-capture rates obtained using fitting procedures to an
data. The mean of all data~digital plus analog analysis! for
Th732801 is l0d /l050.242~68!. The errors are one standard devi
tion of the mean of the data.

Charge stateq l0d /l0

111 0.086~14!

351 0.205~25!

(43– 45)1 0.263~32!

(73– 80)1 0.267~93!
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1H2 collisions @11#, the Franck-Condon factorf was set
equal to 1. However, in the initial calculations for H2 @1#, a
value of f much closer to 0.1 was used. The value 0.1 w
used in the present calculations.

In collisions of Ar51 with D2 , Gieseet al. @32# showed
that at lower collision energies~500 eV vs 1000 eV in their
data!, the internuclear separation ofD2 increased, and henc
the effective two-electron binding energy decreased, dur
two-electron-capture collisions. This implies that the us
Franck-Condon calculation will be incorrect for double ca
ture at low energies, but the correct value is unknown. I
assumed here that the 40% error estimate assigned by O
and Salop to their absorbing sphere calculation@1# includes
variations and uncertainties of this type, and that the Fran
Condon factor of 0.1 used in the calculations, although
exact, is adequate within the stated uncertainty. The p
dicted total cross section issc5pRc

2, which scales approxi-
mately asq, but which yields a lower total cross section
high q than a strictly linear dependence.

To modify this relation to account for polarizatio
effects, the differences in slopes of the diabatic poten
energy curves near Rc were changed from DF
5(q21)/Rc

2 to DF85@12G(q)#(q21)/Rc
2, where G(q)

52aq/(q21)Rc
3 anda50.8310224 cm3 is the polarizabil-

ity of H2. G(q) was evaluated to first order by inserting th
value ofRc obtained by solving Eq.~10! using the original
DF. Little q dependence due to polarization was found sin
Rc increased withq. The introduction of the correctionG(q)
had about a 2% effect on the square of the reduced ma
element for the transition, and negligible effect on the p
dicted total cross section. The accuracy of the absorb
sphere calculation forq.10 was estimated to be only abo
40% in the original work@1#.

The absorbing sphere calculation lies below the data
Table IV averaged overq nearq576. However, when the
error estimates for the data and for the theory are taken
account, no conclusion about the difference can be dra

TABLE IV. Comparison of the mean measured total-electro
capture cross sections with the absorbing sphere prediction.
cross sections are in units of 10214 cm2. The absorbing sphere
theory is estimated to have an error of about 40% for high cha
states.

Charge state
Measured total
cross section

Absorbing sphere
cross section

111 1.4 ~0.2! 1.6
351 2.7 ~1.1! 3.7

(43– 46)1 4.0 ~1.4! 4.6
(73– 80)1 11.5 ~3.8! 6.9

og
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The prediction of the classical over-barrier model lies b
tween the absorbing sphere prediction and the present
for Th801. The data overall agree well with a linear depe
dence of the total cross section on ion charge. Figure 7
plot of the total cross-section data for individual char
states vsq, together with a fit of the forms5aq to the data
and the prediction of the absorbing sphere model.

The relative amount of true double capture to be expec
in high-q collisions is still a matter of debate. In the me
surements on Arq11H2, 6,q,11, it was found that the
true double-capture cross section was less than 10% o
total cross section@11#. True double capture has also be
studied for these collision partners in Arq11He collisions in
higher charge states (q515– 18) @5#. It was found for Ar161

that true double capture~q22 product ions that stabilized
radiatively! occurred in ‘‘strongly asymmetric’’ (4,n8) states
with n8.10, while transfer ionization~double capture fol-
lowed by autoionization resulting inq21 product ions! oc-
curred in more symmetric (5,n8! states with 6<n8,11. It
was argued that the important quantity in the ener
resonance condition for double-electron transfer is the t
binding energy of the two active electrons. Two electro
captured in symmetric states have a higher probability
experiencing an autoionization interaction due to the ene
proximity of highly excited Xe(q21)1 states@33#. In these
measurements@5#, sTI /sSC50.13 near 1.3 keV/u while Wu
et al. @29# foundsTI /sST50.24 at 0.9 keV/u. HeresTI is the
cross section for transfer ionization andsSC is the single-
capture cross section. Both groups found an average p
ability for radiative stabilization near 9%.

Measurements at much higher charge states on a
electron target, e.g., Xeq11He (25,q,44) @6# have also
been studied at about 3.4q keV. The data were analyzed i
terms of one-electron and two-electron removal from the
target, i.e., true double capture and transfer ionization
both included in two-electron removal. Low observed rat
of the cross sections for these processes were explaine
limitations in capture-state densities for the collisions, w
no evidence for an increasing importance of transf

FIG. 7. Total charge-exchange cross sections plotted vs ch
state for individual ion measurements~solid circles!. The solid line
is a fit of the forms5aq to the data. The shaded region shows t
estimated error range for the predicted cross section of the abs
ing sphere model. The value and uncertainty for the Ar111 data
point are from Ref.@11#, corrected as described in the text~see Sec.
III ! by data from Ref.@22#.
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excitation processes at largeq, which had earlier been sug
gested as a cause for the low ratios of true double captu

Data for collisions of Xeq1 (22,q,42) with Xe and
with He were analyzed in terms ofPrad5sDC/~sDC1sTI!
wheresDC is the cross section for true double capture~ra-
diative stabilization! andsTI is the cross section for transfe
ionization@4#. Similarities inPrad(q) for Xe(q22)1 (nl,n8l 8)
states populated in collisions with Xe and He suggested
the projectile structure, rather than the target structure,
decisive for the balance between transfer ionization and
double capture. A rapid increase from about 0.1 to about
in Prad(q) for 26<q<36, followed by little change with
charge for 36,q<42, for each target, was interpreted
terms of a radiative cascade to the 4f , n9l 9 states, with sub-
sequent radiative decay~but not autoionization! strongly ef-
fected by the number of holes in the 3d shell of Xe(q22)1.
The number of 3d holes increases for 26<q<36. Based on
this analysis, the next strong increase inPrad(q) was then
expected only when the 2p shell was opened (q>45) for
Xeq1.

For the case of Thq1 ions in the present measuremen
the 3d shell has many holes, but not the 2p shell, for 73
<q<80. Consequently, these ions are analogous to Xq1

with 36<q<45, so Prad(q) might be expected to hav
reached a plateau for Thq1 in this charge range. The platea
value of Prad(q) would be expected to be higher, howeve
since the radiative decay probability relative to that of au
ionization is increased by the higher charge of the Th ions
value of Prad50.4 for Xe361 implies sDC50.67sTI. Due to
the q4 scaling of the hypothesizedDn51, D l 51 transition
from the 4f state to a hole in the 3d shell, the radiative
stabilization rate might be increased by a factor near 16
Th ions in our charge range compared to Xe361, leading to
sDC'10sTI or Prad'0.9. If the mean probability for true
double capture is near 0.25, as observed in the present
surements, this implies that autoionization already wo
contribute only a few percent to the single-capture rate, w
little more contribution to be expected for higher char
states, and that true double capture is near its peak va
According to Landau-Zener theory, the maximum probab
ity is one-half that a single electron is captured in traversa
and out through an avoided crossing. If two electrons
captured independently and there is a high probability
radiative stabilization, then true double capture occurs
one-quarter of the collisions. Unfortunately, a direct co
parison of our Th data with the published Xe data is n
otherwise feasible.

V. CONCLUSION

Measurements on ions with charge statesq ranging from
35 to 80, produced in EBIT, and recaptured into RETRA
with mean energies less than 4q eV ~6 eV mean collision
energy in the center-of-mass frame! have provided results on
electron-capture collisions in these charge and energy ran
Electron capture from H2 was studied, to enable a compar
son with other measurements at lower charge, and to pro
a test of theory. Nondestructive measurement techniq
were used, including a technique which enabled the histo
of individual highly charged ions to be studied as a functi
of time, as they changed charge due to collisions with H2.
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Because the highly charged product ion numbers were m
sured, in addition to the primary ion numbers, the ratio
true double-to-total cross sections could be determined.

Analysis of the data showed that the total cross section
electron capture was consistent with a linear dependenc
q in this energy range. The ratio of true double-to-total cro
section increased from 9% for Ar111 to 20% for Xe351, and
remained near 25% for higherq. The absorbing spher
model predicts comparable values for the total-capture c
section to those measured. Further work is necessary to
ter understand the electron-transfer process to highly cha
high-Z ions.

Additional measurements using this technique with2
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targets are feasible with a modified apparatus, which co
provide improved precision in results for individual char
states and further comparisons with theory.
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