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Charge-exchange cross sections for collisions between H2 and ions with unusually low center-of
mass energiessø6 eVd and high-charge statessXeq1:35, 43 # q # 46, Thq1:73 # q # 80d have been
measured using a Penning ion trap. A nondestructive measurement technique permitted both
and product ion analysis. The data, averaged over the charge states indicated above, are consis
a total cross section that scales linearly with ion chargeq. The true double-capture cross section
found to be about 25% of the total cross section at highq. The results are compared to predictions
the absorbing-sphere model. [S0031-9007(96)00972-6]
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Charge exchange between H2 and highly charged ion
of Xe sXe351, Xe431 to Xe461d and ThsTh731to Th801d
has been studied at unusually low center-of-mass ene
for such high-charge states. This energy is calculate
be about 6 eV. Total electron-capture cross section
this energy range have been predicted using the absor
sphere model [1], that is based on the Landau-Zener th
This model is expected to be most valid for high cha
and predicts a cross section that scales slightly less
linearly with charge stateq. On the other hand, the cro
section for double-electron capture versusq is not well
estimated, and is a matter of continuing investigation
4]. The present measurements, averaged over the c
states indicated above, are consistent with a total c
section that scales linearly withq to q  801. The true
double-capture cross sections at intermediateq s441d and
high q s801d are about 25% of the total cross sectio
True double capture occurs when both electrons rema
the ion [5].

The present measurements were performed
Lawrence Livermore National Laboratory (LLNL
using the LLNL Electron Beam Ion Trap (EBIT) [6
and RETRAP systems [7]. The highly charged ions w
produced in EBIT, extracted, analyzed, and transpo
to the cryogenic Penning trap of RETRAP, where
charge-exchange measurements were performed.
time evolution of the numbers of ions in sequential cha
states was determined using a nondestructive techn
and the data were fitted to rate equations to determ
the charge-exchange rates. From the rates, the
of the true double-capture cross section to total c
section was obtained without further analysis. Howe
a determination of an absolute cross section requ
knowledge of ion velocities and the density of H2. The
ion velocities were determined from ion signals a
storage properties, and the density of H2 was determined
from measurements performed on Ar111, for which the
electron-capture cross section had previously been
sured [8].
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Trapped highly charged high-Z ions (HCHZI) with low
energies are currently being studied in x-ray and be
sources like EBIT, and in ion traps. Often in these stud
the subject under investigation is a specific ionization s
of a highly charged ion, as in mass-spectrometry m
surements [9]. Typically, the main loss of an ion in
specific ionization state is via charge exchange; hen
an understanding of charge-exchange processes in
sources and in mass-spectrometry measurements is
portant. Although the combination of HCHZIs with low
energies is rare in nature, it may be encountered
planned fusion-energy devices such as the Internatio
Thermonuclear Experimental Reactor (ITER) and in c
tain astrophysical events. In addition, when multiple el
trons are captured into high-n states, the decay may be b
photon emission, or by autoionization. This affects the
tio of, for example, the true double-capture cross sec
to the total cross section, and also the “inverted” popu
tions interesting for x-ray laser schemes.

Charge-exchange processes of multiply charged i
have previously been studied in crossed [2–4,10]
merged [11] beam arrangements, as well as in traps [
However, there remains a paucity of data at the low
energies, combined with high-charge states, which
present measurements begin to address.

The cryogenic Penning trap employed is schem
cally shown in Fig. 1, and was modeled after the op
ended cylindrical Penning trap developed by Gabrie
et al. [13]. This trap is composed of five cylindrical elec
trodes (two end, two compensation, and one ring). T
design creates a harmonic axial potential well in the c
tral region of the trap when the end, compensation,
ring electrode potentials areV0, 0.118V0, and 0, respec-
tively. Radial confinement was provided by a 4 T un
form magnetic field that was collinear with the axis of t
electrodes.

The highly charged ions from EBIT were quickly re
leased following production, yielding an ion beam wi
a pulse width of about 20ms and a kinetic energy o
© 1996 The American Physical Society 1735
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FIG. 1. Schematic of open-ended cylinder trap and detec
circuit, and timing of end-electrode voltages. The capt
was applied only to the left electrode (i.e., capture e
electrode), whereas, the “predump” (used to remove hot io
and “precool” (used to cool the remaining ions) waveform
were applied to both end electrodes.

aboutq 3 4.5 keV. Since only a single charge state w
desired, the extracted ions were directed through an ana
ing magnet. Next, the ions were decelerated upon en
ing a long cylindrical electrode situated above the Penn
trap, which was pulsed in potential from near the EB
extraction potential to near ground at the appropriate ti
As the decelerated ions entered the Penning trap, the
ture end electrode (see Fig. 1) was quickly switched fr
ground toV0 (about 70 V), which trapped the ions. On
a few ions (up to about 30) were captured per pulse, s
many of the ions were lost or rejected in the extractio
magnetic analysis, deceleration, and capture phases.

The two compensation electrodes were connected b
770 mH inductor which, in conjunction with trap capac
tance, produced a parallel tuned circuit (see Fig. 1). T
circuit had a quality factorQ near 250, and a resonant fre
quencyn0  1.21 MHz. A cryogenic low-noise pream
plifier was attached to this circuit, allowing the rf voltag
across it to be monitored. For an ion oscillating axia
in the trap, a currentIZ existed in the tuned circuit which
produced a voltageVZ  IZR, when the axial frequency
of the ion was on resonance with the tuned circuit that h
parallel resistanceR. Since the ion signal was proportion
to the impedance, which was small except for frequenc
near resonance, only ions near resonance were detect

An ion with low axial energy oscillated axially in th
trap with angular frequency

vz  2pnz 

s
qeV0C2

md2 . (1)
1736
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Here qe and m are the charge and mass of the io
respectively. For the present trapC2  0.5449 andd 
0.512 cm. As an example, for136Xe441, the condition
nz  n0 occurred whenV0  89.6 V, as can be see
from Figs. 2(a) and 2(b). ForN ions with the sameq and
m, oscillating incoherently at resonance, the mean squ
current induced was

kI2
totall 

NX
i

kI2
z sidl 

NkEzl
TzR

. (2)

Here, k l means a time average over an ion axial osci
tion time2pyvz, Izsid was the current induced by theith
ion, kEzl was the average axial kinetic energy per ion, a
Tz  4 md2ysqed2g2R was the time constant for damp
ing the axial energy of ions on resonance, due to ene
dissipation inR. The coupling constantg for the compen-
sation electrodes was 0.9 [13]. The input to the pream
fier Vp was an incoherent combination of the on-reson
ion signals and the noise of the circuit and preampli
input Vn, added in quadrature:

V 2
p  kI2

totallR
2 1 V 2

n 
NkEzlR

Tz
1 V 2

n . (3)

To increase the signal-to-noise ratio, the preampli
output was filtered with a spectrum analyzer that was
to record a narrow frequency bandwidth,Df ø 9 kHz,
around the tuned-circuit resonance frequency. Figu
shows the spectrum-analyzer signal and the correspon
ramp of the potentialV0 as a function of time [the
signals in Figs. 2(b) and 2(c) are proportional toV 2

p].
For the data in this figure, the ions were held in t
Penning trap for 200 s. During this time,V0 was ramped
as shown in Fig. 2(a) every 10 s, and the spectru
analyzer signal was recorded (called a scan) for e
ramp. Figure 2(b) shows the first scan started 2 s a
the ions were captured, and Fig. 2(c) shows the 11th s
started 102 s after the ions were captured. After the 20
hold time, the ions were released from the trap. T
process of capturing, measuring, and releasing the
(called a cycle) was repeated, and the data average
further improve the signal-to-noise ratio. The data sho
in Figs. 2(b) and 2(c) are the average of 50 cycles. I
that reside in the harmonic region of the trap are des
to minimize the signal linewidths. The highest-ener
trapped ions were removed at the beginning of each c
by adiabatically lowering the end-electrode potential fr
V0 to aboutV0y6 (see “predump” in Fig. 1). For som
measurements, the remaining ions were then slowly sw
through resonance with the tuned circuit (see “precool
Fig. 1) to lower their axial energy.

Figure 2(b) shows that the injected ions were all Xe441

in that measurement. As storage time increased,
Xe441 signal decreased, and the signals for lower-cha
states first increased and then decreased with time.
evolution of the number of ions in each charge state
be modeled as
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FIG. 2. (a) Ramp ofV0 versus time, and the correspondi
spectrum-analyzer signals [proportional toV 2

p, see Eq. (4)]
started 2 s (b) and 102 s (c) after the ions were captured.
area of a peak is related to the number of ions in that ch
state.

dNqydt  2gqNq (4a)

dNq21ydt  2gq21Nq21 1 gs
qNq (4b)

dNxydt  2gxNx 1 gs
x11Nx11 1 gd

x12Nx12 , (4c)

for x  q 2 2, q 2 3, . . . . Here q is the charge o
the primary ion,Nx is the number of ions with charg
x, and gs

x , gd
x , and gx  gs

x 1 gd
x are the single-

double-, and total-charge-exchange rates for ions
charge x. The data were fitted by the solutions
Eq. (4). The single-, double-, and total-charge-excha
rates were obtained with the assumption that
charge-exchange rates are proportional to charge
g

s
q21  sq 2 1yqdgs

q], consistent with the overall resul
and theory. Note, the fits are typically over the highes
or 4 successive charge states; hence, this assumption
not significantly change the results.

Figure 3 shows the measured ion number and the fi
curves versus time for a primary ion of Xe441. The
measured ion numbers were obtained from scans sim
to those shown in Fig. 2 by fitting the peaks in ea
scan to obtain the areas under each peak [close inspe
of Fig. 2(c) will reveal the fitted line]. Note that th
is only a relative measurement of the number of io
The areas were then scaled to account for several ef
associated with the measurement. (a) During the ram
phase shown in Fig. 2(a), an ion’s axial energy is chan
he
ge

th

e
e
e.,

3
oes

ed

lar
h
ion

s.
cts
ng
d

FIG. 3. Time dependence of ion number for five ion-cha
states. The points are data and lines are fits to the solution
Eq. (4).

adiabatically, thusEz is changed in such a way th
Ezyvz is constant. The higher an ion’s charge, the l
ramping and hence compressional heating required
bring it on resonance with the tuned circuit, as can
seen in Fig. 2. It can be shown that an ion’s on-resona
energy scales asq21y2 as compared to the energy it h
during the longer, nonramp phase. From Eqs. (2)
(3) it follows that the signal is proportional toq2kEzl,
hence, the data were scaled byq23y2. (b) An ion on
tuned-circuit resonance loses energy at the rate2EzyTz

(we have calculatedTz from the trap parameters an
found it to be close to the measured value). Althou
this loss was confined to the short times that the i
spend on resonance during the ramps, the cumula
effect over a cycle was not negligible, and required
adjustment. (c) The measured signals were proportio
to the average axial energy and not the average
energy of the ions. It was necessary to account for
mixing of axial and radial energies that occurred over
long time of the cycle. Therefore, the areas were sca
by q23y2 exps2atd s1 1 A expf2btgd, where a is the
energy damping rate from (b), andA andb are parameter
that allow for mixing of axial and radial energy.A is
a simple function of the initial ratio ofkEzlykE'l, thus
allowing us to determinekE'l from kEzl. Some of the
data could be analyzed by a method independent of
energy [14], in fact, independent of items (a), (b), and
above. The results of this latter analysis confirmed
efficacy of the corrections discussed above. However
choose to present the former analysis because it coul
used for all the data and it yields the ratiokEzlykE'l.

The fitted rates are given bygx  nksxyl, where n
is the number density of the H2 target. Observed [8
cross sectionssx are, to good approximation, velocit
independent in the energy range of our data. The me
squared velocity of the ions was obtained from an anal
of ion signals and the calculated storage properties
the trap. Ions that resided in the harmonic region of
trap must have had an energy less than aboutq 3 12 eV
1737
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[15]. We adjusted the predump voltage (see Fig. 1) u
the ion signals indicated, from the width of the sign
that all ions remaining after the predump phase are
the harmonic region of the trap. Hence, we usegx >
nsxky2l1y2 to obtain the cross sections from the fitte
rates. A measurement ofg11 for Ar111 together with the
published value fors11 [8] enabled a determination o
the H2 density. With conditions similar to that describe
above, but with only Be ions initially trapped, we used
time of flight measurement and observed only Be ions
hydrogen product ions. This indicated good H2 target gas
purity in the cryogenic vacuum.

The absorbing-sphere model predicts a total cr
section that varies nearly linear withq as shown by
the dot-dashed line in Fig. 4(a). In the calculation, t
Franck-Condon factor for H2 was chosen as 0.1, in acco
with earlier work [1], and a correction to account fo
the polarization of H2 by the high charges was include
[16]. The data in Fig. 4 are plotted in a simplified wa
by averaging the measurements for 10% ranges of ch
states (i.e., Xe431 to Xe461 and Th731 to Th801), since
variations with charge in these ranges are not signific
relative to the measurement uncertainties. The data
well above the theory, especially at highq, although it
should be noted that the normalizing Ar111 cross section
also lies above the calculation. Our present data would
consistent with the theory if this were not the case.

The ratios of the true double-capture cross section
the total cross section are plotted versusq in Fig. 4(b).
This ratio agrees with the published result for Ar111,
and rises withq. This is consistent with the expectatio
that double capture preferentially occurs into radiativ
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FIG. 4. Plots of (a) the total cross section and (b) the ra
of true double-capture cross section to total cross section
different highly charged ions as a function of ion-charge s
q. The dashed line is a linear fit to the data, and the dot-das
line is a plot of the absorbing-sphere model.
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stabilized states for highq. There is no apparent increas
of the mean values forq $ 351, indicating that transfer
ionization, in which one captured electron is lost during t
collision or through an Auger process, may be minim
Transfer ionization is theoretically largest at lowq, and
contributes to the single-capture fraction in the pres
measurements.

In summary, low-energy charge-exchange has b
studied for high-charge states using a specialized ion p
duction and storage apparatus (RETRAP). The measu
total cross sections are consistent with a linear depende
on charge. The ratio of the true double-capture cr
section to the total cross section is found to be independ
of q to within experimental uncertainties forq $ 35, and
is about 25%.

We wish to express our thanks to Ed Magee and D
Nelson for their help in the development and setup
the RETRAP system. This work was performed und
the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contra
W-7405-ENG-48.
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