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Charge-exchange cross sections for collisions betwegrartd ions with unusually low center-of-
mass energieé=6 eV) and high-charge statéXe?*:35,43 = g =< 46,Th?*:73 = ¢ < 80) have been
measured using a Penning ion trap. A nondestructive measurement technique permitted both primary
and product ion analysis. The data, averaged over the charge states indicated above, are consistent with
a total cross section that scales linearly with ion chaggeThe true double-capture cross section is
found to be about 25% of the total cross section at ltjghThe results are compared to predictions of
the absorbing-sphere model. [S0031-9007(96)00972-6]

PACS numbers: 34.70.+e

Charge exchange between, End highly charged ions  Trapped highly charged highions (HCHZI) with low
of Xe (Xe¥*, Xe®* to Xe***) and Th(Th’**to Th#%*)  energies are currently being studied in x-ray and beam
has been studied at unusually low center-of-mass energissurces like EBIT, and in ion traps. Often in these studies
for such high-charge states. This energy is calculated tthe subject under investigation is a specific ionization state
be about 6 eV. Total electron-capture cross sections inof a highly charged ion, as in mass-spectrometry mea-
this energy range have been predicted using the absorbingurements [9]. Typically, the main loss of an ion in a
sphere model [1], that is based on the Landau-Zener theorgpecific ionization state is via charge exchange; hence,
This model is expected to be most valid for high chargean understanding of charge-exchange processes in ion
and predicts a cross section that scales slightly less thasources and in mass-spectrometry measurements is im-
linearly with charge statg. On the other hand, the cross portant. Although the combination of HCHZIs with low
section for double-electron capture versuss not well  energies is rare in nature, it may be encountered in
estimated, and is a matter of continuing investigation [2-planned fusion-energy devices such as the International
4]. The present measurements, averaged over the chargieermonuclear Experimental Reactor (ITER) and in cer-
states indicated above, are consistent with a total crodsin astrophysical events. In addition, when multiple elec-
section that scales linearly witlhito ¢ = 80+. The true trons are captured into highstates, the decay may be by
double-capture cross sections at intermedip®t+) and  photon emission, or by autoionization. This affects the ra-
high q (80+) are about 25% of the total cross sections.tio of, for example, the true double-capture cross section
True double capture occurs when both electrons remain die the total cross section, and also the “inverted” popula-
the ion [5]. tions interesting for x-ray laser schemes.

The present measurements were performed at Charge-exchange processes of multiply charged ions
Lawrence Livermore National Laboratory (LLNL), have previously been studied in crossed [2—4,10] and
using the LLNL Electron Beam lon Trap (EBIT) [6] merged [11] beam arrangements, as well as in traps [12].
and RETRAP systems [7]. The highly charged ions werédHowever, there remains a paucity of data at the lowest
produced in EBIT, extracted, analyzed, and transportednergies, combined with high-charge states, which the
to the cryogenic Penning trap of RETRAP, where thepresent measurements begin to address.
charge-exchange measurements were performed. TheThe cryogenic Penning trap employed is schemati-
time evolution of the numbers of ions in sequential chargecally shown in Fig. 1, and was modeled after the open-
states was determined using a nondestructive techniquended cylindrical Penning trap developed by Gabrielse
and the data were fitted to rate equations to determinet al. [13]. This trap is composed of five cylindrical elec-
the charge-exchange rates. From the rates, the ratioodes (two end, two compensation, and one ring). This
of the true double-capture cross section to total crosdesign creates a harmonic axial potential well in the cen-
section was obtained without further analysis. Howevertral region of the trap when the end, compensation, and
a determination of an absolute cross section requiresng electrode potentials arg,, 0.118V,, and 0, respec-
knowledge of ion velocities and the density of.HThe tively. Radial confinement was provided by a 4 T uni-
ion velocities were determined from ion signals andform magnetic field that was collinear with the axis of the
storage properties, and the density of Was determined electrodes.

from measurements performed on!Af, for which the The highly charged ions from EBIT were quickly re-
electron-capture cross section had previously been me&ased following production, yielding an ion beam with
sured [8]. a pulse width of about 2@s and a kinetic energy of
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| [> Here ge and m are the charge and mass of the ion,
respectively. For the present trap = 0.5449 andd =

0.512 cm. As an example, fot**Xe**, the condition

v, = vy occurred whenV, = 89.6 V, as can be seen

Tuned Circuit

Detection .
Ring Electrode

from Figs. 2(a) and 2(b). Fa ions with the same and
m, oscillating incoherently at resonance, the mean squared
current induced was
N
. N(E.)
~ 7 Uity = DAL (@D) = == (2)
Compensation ; T.R
Electrodes T
End Electrodes lon Detector Here,( ) means a time average over an ion axial oscilla-

tion time27/w,, 1,(i) was the current induced by thik

ion, (E,) was the average axial kinetic energy per ion, and
T. = 4 md?/(ge)*y*R was the time constant for damp-
ing the axial energy of ions on resonance, due to energy
dissipation inR. The coupling constang for the compen-
sation electrodes was 0.9 [13]. The input to the preampli-

Capture
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Potential on
End Electrodes

P (=10 . . I
- recool {~10¢) Off Hes/c;ance fier V, was an incoherent combination of the on-resonant
Predump (~1s) Base Level ion signals and the noise of the circuit and preamplifier

input V,,, added in quadrature:

Time
FIG. 1. Schematic of open-ended cylinder trap and detection 2 _ /g2 2 2 _ N(E)R 2
circuit, and timing of end-electrode voltages. The capture Vi {Tou)R™ + V, T TV 3)

was applied only to the left electrode (i.e., capture end :

electrode), whereas, the “predump” (used to remove hot ions) Tg increase the signal-to-noise ratio, the preamplifier
and “precool” (used to cool the remaining ions) waveforms, ot was filtered with a spectrum analyzer that was set
were applied to both end electrodes. .

to record a narrow frequency bandwidthf =~ 9 kHz,
around the tuned-circuit resonance frequency. Figure 2

abO.th X 4.5 keV. S_mce only a_smgle charge state WaSshows the spectrum-analyzer signal and the corresponding
desired, the extracted ions were directed through an analygémp of the potentialV, as a function of time [the

ing magnet. Next, the ions were decelerated upon entels s in Fias. 2(b d 2 tional
ing a long cylindrical electrode situated above the Penninglgp?hse Igat;gisﬁ tﬁig Egure (i)r]:r;nzrovsg:éorﬁzld\t@% the

trap, W.h'Ch was _pulsed in potential from near the EI.':’H-Pennin(‘:) trap for 200 s. During this tim&, was ramped
extraction potential to near ground at the appropriate time

As the decelerated ions entered the Penning trap, the cagz alsyhz%\/rvnsiglynn a||:|?/\./a25(ar)ece(;1f?jreyd 1((():ajie3 n;j Stgzn)s pfﬁ;:trg;gh
ture end electrode (see Fig. 1.) was quickly switched fromramp. Figure 2(b) shows the first scan started 2 s after
grounq toV, (about 70 V), which trapped the ions. On.ly the ions were captured, and Fig. 2(c) shows the 11th scan
Started 102 s after the ions were captured. After the 200 s
hold time, the ions were released from the trap. The
process of capturing, measuring, and releasing the ions
(%alled a cycle) was repeated, and the data averaged to
further improve the signal-to-noise ratio. The data shown
th Figs. 2(b) and 2(c) are the average of 50 cycles. lons
that reside in the harmonic region of the trap are desired
to minimize the signal linewidths. The highest-energy
trapped ions were removed at the beginning of each cycle
by adiabatically lowering the end-electrode potential from

many of the ions were lost or rejected in the extraction
magnetic analysis, deceleration, and capture phases.
The two compensation electrodes were connected by
770 wH inductor which, in conjunction with trap capaci-
tance, produced a parallel tuned circuit (see Fig. 1). Thi
circuit had a quality facto® near 250, and a resonant fre-
quencyry = 1.21 MHz. A cryogenic low-noise pream-
plifier was attached to this circuit, allowing the rf voltage
across it to be monitored. For an ion oscillating axially

in the trap, a current; existed in the tuned circuit which Vo to aboutV,/6 (see “predump” in Fig. 1). For some

produ(;ed a voltag¥’z = IzR, vyhen the aXIaI_frequency measurements, the remaining ions were then slowly swept
of the ion was on resonance with the tuned circuit that haqinrough resonance with the tuned circuit (see “precool” in

parallel resistancB. Since the ion signal was proportional Fig. 1) to lower their axial energy

to the impedance, WhI.Ch was small except for frequencies Figure 2(b) shows that the injected ions were alfXe

near resonance, only ions near resonance were detected .o+ aasurement.  As storage time increased, the
An ion with low axial energy oscillated axially in the Xe** signal decreased, and the signals for Iower-ch’arge

trap with angular frequency states first increased and then decreased with time. The
evolution of the number of ions in each charge state can

qeVoCs
' be modeled as

w, =27V, = >

(1)
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FIG. 3. Time dependence of ion number for five ion-charge
states. The points are data and lines are fits to the solutions of
Eqg. (4).

adiabatically, thusk, is changed in such a way that
E./w, is constant. The higher an ion’s charge, the less
ramping and hence compressional heating required to

Tuned Circuit Signal
o O O o O

.05 - bring it on resonance with the tuned circuit, as can be
0.00 . . . . . . . seen in Fig. 2. It can be shown that an ion’s on-resonance
"“0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 energy scales ag~'/? as compared to the energy it has

Time (s) during the longer, nonramp phase. From Egs. (2) and
(3) it follows that the signal is proportional tg*(E.),
FIG-tZ- €Y Fliamp ofVo \I/er?us timte_, ar?d ut;?e correESpoF&ng hence, the data were scaled hy*2. (b) An ion on
spectrum-analyzer signals proportional 1g,, Se€ Egq. tuned-circuit resonance loses energy at the ralg /T,
started 2 s (b) and 102 s (c) after the ions were captured. Th
area of a p(ea)k is related (to) the number of ions inpthat chargéNe h"’_we calculated’, from the trap parameters and
state. ound it to be close to the measured value). Although
this loss was confined to the short times that the ions
dNy/dt = —y4N, (4a) spend on resonance during the ramps, the cumulative
dN,—1/dt = —y,—1Ny—1 + YiNg (4b)  effect over a cycle was not negligible, and required an
s d adjustment. (c) The measured signals were proportional
dNy/dt = =yNy + v iNest T ¥i0Ner2, (4€) 19 the average axial energy and not the average total
for x=¢g — 2,9 —3,.... Here q is the charge of energy of the ions. It was necessary to account for the
the primary ion,N, is the number of ions with charge mixing of axial and radial energies that occurred over the
x, and y¢, y¢, and y, = y$ + y¢ are the single-, long time of the cycle. Therefore, the areas were scaled
double-, and total-charge-exchange rates for ions withy ¢~ 3/2 exp(—at) (1 + A exd—B1t]), where « is the
charge x. The data were fitted by the solutions of energy damping rate from (b), akdandg3 are parameters
Eqg. (4). The single-, double-, and total-charge-exchangéhat allow for mixing of axial and radial energyA is
rates were obtained with the assumption that the simple function of the initial ratio ofE,)/(E, ), thus
charge-exchange rates are proportional to charge [i.eallowing us to determin€E ) from (E,). Some of the
Yo-1 = (q — 1/g)v;], consistent with the overall results data could be analyzed by a method independent of ion
and theory. Note, the fits are typically over the highest 3nergy [14], in fact, independent of items (a), (b), and (c)
or 4 successive charge states; hence, this assumption dagsove. The results of this latter analysis confirmed the
not significantly change the results. efficacy of the corrections discussed above. However, we
Figure 3 shows the measured ion number and the fittedhoose to present the former analysis because it could be
curves versus time for a primary ion of #&. The used for all the data and it yields the ra{i.)/(E ).
measured ion numbers were obtained from scans similar The fitted rates are given by, = n(o,v), wheren
to those shown in Fig. 2 by fitting the peaks in eachis the number density of the Htarget. Observed [8]
scan to obtain the areas under each peak [close inspectiorpss sectionsr, are, to good approximation, velocity
of Fig. 2(c) will reveal the fitted line]. Note that this independent in the energy range of our data. The mean-
is only a relative measurement of the number of ionssquared velocity of the ions was obtained from an analysis
The areas were then scaled to account for several effectd ion signals and the calculated storage properties of
associated with the measurement. (a) During the rampinthe trap. lons that resided in the harmonic region of the
phase shown in Fig. 2(a), an ion’s axial energy is changettap must have had an energy less than algout 12 eV
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[15]. We adjusted the predump voltage (see Fig. 1) untibtabilized states for high. There is no apparent increase

the ion signals indicated, from the width of the signal,of the mean values fog = 35+, indicating that transfer

that all ions remaining after the predump phase are imonization, in which one captured electron is lost during the

the harmonic region of the trap. Hence, we use=  collision or through an Auger process, may be minimal.

no(v)Y2 to obtain the cross sections from the fitted Transfer ionization is theoretically largest at lay and

rates. A measurement of;; for Ar!'* together with the contributes to the single-capture fraction in the present

published value foro;; [8] enabled a determination of measurements.

the H, density. With conditions similar to that described In summary, low-energy charge-exchange has been

above, but with only Be ions initially trapped, we used astudied for high-charge states using a specialized ion pro-

time of flight measurement and observed only Be ions anduction and storage apparatus (RETRAP). The measured

hydrogen product ions. This indicated goodtdrget gas total cross sections are consistent with a linear dependence

purity in the cryogenic vacuum. on charge. The ratio of the true double-capture cross
The absorbing-sphere model predicts a total crossection to the total cross section is found to be independent

section that varies nearly linear with as shown by of g to within experimental uncertainties fgr= 35, and

the dot-dashed line in Fig. 4(a). In the calculation, theis about 25%.

Franck-Condon factor for Hwas chosen as 0.1, in accord We wish to express our thanks to Ed Magee and Dan

with earlier work [1], and a correction to account for Nelson for their help in the development and setup of

the polarization of H by the high charges was included the RETRAP system. This work was performed under

[16]. The data in Fig. 4 are plotted in a simplified way the auspices of the U.S. Department of Energy by the

by averaging the measurements for 10% ranges of chardeawrence Livermore National Laboratory under Contract

states (i.e., X8 to Xe*** and TH3* to Th*'"), since  W-7405-ENG-48.
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