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Quenching collisions of low-energy metastable multiply charged argon ions
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Quenching rates have been measured for selected metastable levels of Ar?* ions (¢ =2, 3, 9, and 10)
stored in a Kingdon ion trap, with mean energies of 262¢q eV and 181qg eV. Effective quenching cross sec-
tions derived from these rates are found to be comparable to electron-capture cross sections of Ar?*-Ar
collisions studied independently using ion-beam techniques. This implies that quenching is dominated
by electron-capture collisions which change the ion charge state.

PACS number(s): 34.70.+e, 34.50.—s, 82.30.Fi, 52.20.Hv

I. INTRODUCTION

An increasing amount of work has been recently done
on the collisions of multiply charged ions which have
kinetic energies less than 1 a.u. [1]. These collisions are
significant processes in astrophysical and controlled
fusion plasmas, and have recently become necessary for
the measurement and analysis of the lifetimes of metasta-
ble levels of highly charged ions confined in ion traps [2].
Electron capture and transfer ionization are the most im-
portant collision processes which change the charge of an
ion at these energies, but other collisions such as charge
stripping also occur with much lower cross section [3].
In basic terms, electron transfer has been successfully an-
alyzed using extended forms [4,5] of the classical overbar-
rier model [6] and much work has been done on two-
electron targets such as He and H, [1]. For the many-
electron targets used in the recent metastable quenching
studies, fewer measurements have been completed, but a
basic understanding has nonetheless emerged. Vancura
et al. [7] have studied the Ar? " -Ar electron-transfer col-
lision for 8 <q <16, and this collision was earlier investi-
gated by Klinger, Miiller, and Salzborn [8] for 2<q <7,
Aubert et al. [9] for 2<q <12, and Barany et al. [4] for
4 <q <8. Typically, only one or two electrons are gained
by the projectile ions, although highly charged recoil ions
are produced [10]. The cross section for single-electron
capture is two to three times that for double-electron cap-
ture, and, for example, the total capture cross section for
Ar®t on Ar was about 10714 cm?, with a weak energy
dependence between 0.4g and 2.7q keV [11]. Work by
Hoekstra et al. [12] investigated the question of the
influence of the projectile core electrons on single-
electron capture. Using a Li target, fully stripped B>*,
H-like C°", and He-like N°t ions all had the same
single-electron-capture cross section between 2 and 8
keV/u. The cross section for Be-like Ne* differed from
that of fully stripped C®", but no explanation for the
difference was offered.

At very low energies, electron transfer is analyzed in
terms of the potential-energy surfaces of a quasimolecule
formed during the collision [13]. Under these conditions,
a metastable state may have a very different electron-
capture cross section from a ground state. since the
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energy-level differences are comparable to the kinetic en-
ergy of the collision. At higher projectile energies, more
product channels open, and eventually the classical over-
barrier model becomes appropriate. Studies of collisions
in which the initial level is identified are useful in verify-
ing level independence, or in determining situations when
level dependence exists. Such studies have been carried
out with Ar ions on inert gas targets using translational
energy spectroscopy [14-16] and analyzed using Landau-
Zener theory, based on the crossings of potential-energy
levels of the quasimolecular collision system. This
analysis has also proved effective in the study of angular
distributions of Ar?*-Ar collisions [17]. Total cross sec-
tions for electron capture in Ar** +Ar and Ar®*-Ar col-
lisions were obtained from these angular distributions
[18].

The metastable states of interest in the lifetime mea-
surements are excited levels of the ground term. These
levels will have significant populations in most collision
measurements, since they will probably be statistically
populated in the ion source, and typically have lifetimes
of milliseconds or more, long compared to typical beam
transport times. From this, one can conclude that mea-
sured cross sections of processes like electron transfer are
usually averaged over the populations of these levels, par-
ticularly at the higher collision energies. On the other
hand, when depopulation of a specific metastable level by
collisions is studied, charge transfer is only one of several
processes which may destroy the level population. Elec-
tron transfer is often endothermic in collisions of many
singly charged ions, and at low energies fine-structure
mixing by ion-neutral-species collisions plays an impor-
tant role [19]. Stark quenching has been observed in He™
metastable lifetime measurements [20]. Although
electron-transfer collisions are expected to dominate, it
appears useful to verify the primary source of metastable
level quenching of highly charged ions, under measure-
ment conditions involving ion storage.

Using a Kingdon ion trap [2,21], we have studied the
quenching of metastable levels of argon ions having states
g =2, 3,9, and 10 at mean energies of 262q eV and in
some cases at 187q eV. The quenching occurred in col-
lisions with Ar target gas. Previously, a Kingdon trap
had been used to obtain the cross sections for electron
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transfer from Ne and Xe atoms to Ne? ™ ions (3<g <10)
at energies of a few g eV [22].

II. TECHNIQUE AND MEASUREMENTS

The general technique used in these measurements has
been previously described [3,21,23] and only a brief
synopsis is appropriate here. Metastable- and ground-
state ions extracted from an electron cyclotron resonance
ion source (ECRIS) were selected by charge-to-mass ra-
tio, and focused through the midplane of a Kingdon elec-
trostatic ion trap. The trap consisted of a cylinder and
axially concentric wire, terminated with two end plates.
Four symmetrically placed apertures in the cylinder mid-
plane permitted transmission of the ion beam, and the
detection of photons and released ions at right angles to
the ion-beam direction.

The cylinder potential ¥, was near the extraction po-
tential of the ECRIS V., either 3.5 or 2.5 kV in these
measurements. The end plates were operated at a poten-
tial 400 V higher, to confine the ions near the trap center,
and the wire potential ¥, was initially near the cylinder
potential. When ¥V, was pulsed rapidly (=300 ns) to
zero, ions inside the trap structure were captured. After
a predetermined storage time, the wire potential was al-
lowed to slowly (=10 ms) increase back to V,. During
the storage interval, photons emitted in the decay of a
metastable level, and collected by a quartz optical system,
were selected in wavelength with an interference filter,
and detected using a photomultiplier tube. Also during
the storage interval, some ions were observed to escape
the trap to the particle detector. The signals were aver-
aged over many cycles.

To determine the rate of metastable quenching, the
photon signal was collected vs storage time over a range
of fixed pressures of Ar target gas, which was admitted
through a leak valve from a bakable gas-handling system.
The photon decay data were fitted to a sum of two ex-
ponentials plus a constant background. There was an ini-
tial decrease in intensity with a short time constant, ob-
served in all the data, associated with stabilization of the
ions in the trap. The longer time constant decay was due
to the decay of the metastable level by the transition
selected with the interference filter. If the initial channels
were eliminated from the data, this longer decay was well
fitted by a single exponential plus constant background.
The time constant for this decay varied inversely with the
pressure of the target gas. The slope of a plot of the in-
verse of the measured decay time constants vs target gas
pressure was the rate coefficient Kk =07 for quenching
collisions.

For the logarithmic potential near the trap midplane,
the virial theorem provides the relationship o2
=geV/m In(a /b) for an ion with charge ge and mass m,
confined by the potential difference V|, in a trap with the
ratio of cylinder to wire radii a /b. In the potential away
from the trap midplane, the more general relation

72 =(ge/m)r-VV(r,z)

applies [24], but is much more difficult to evaluate. In
electron-transfer studies, carried out earlier in a Kingdon

trap [22], the velocity (72)!/? was used with the rate
coefficient for electron transfer k,=oc v to obtain the
effective cross section for charge transfer o =k /
(72)!/2. The effective cross section for quenching can be
calculated in a similar way, for comparison with cross
sections measured in other ways. Prior, Marrus, and
Vane [22] studied the distribution of velocities of ions
near the midplane of a similar Kingdon trap, and found
agreement with the predictions of the virial theorem to
within 10%.

III. ANALYSIS

A charge-changing collision of a multicharged ion with
a neutral atom results in the formation of two product
ions, one fast (the incident ion with reduced charge q')
and one slow (with charge g,). The kinetic energy of the
slow product ion can be estimated from the repulsive po-
tential energy of the charged products at the capture ra-
dius R, :

‘I"Iz‘f2
R 3

x

V(R,)=

which is shared approximately equally between the ions if
their masses are similar. If capture occurs from a mole-
cule, dissociation into slow product ions is also possible,
where the energies now depend in part on the equilibrium
separation of the nuclei of the neutral molecule. For
both cases, the energies are multiples of electron volts.
This can be compared to the mean initial kinetic energy
of the original ion:

Eyin,; =mv */2=gqeV,/21n(a /b)=P,/2=262q eV

for ¥;=3.5 kV. Product ions must have sufficient angu-
lar momentum relative to the central wire to remain
confined. The highly eccentric orbits of the slow prod-
ucts are likely to lead to rapid ion loss by collision with
the central wire, due to small perturbations by weak col-
lisions with other ions or atoms. Johnson [24] has ex-
pressed the condition on the initial ion energy for stabili-
ty in the trap as

Eyin:>PoIn(r/b)/[(r /b)*sin*6—1] ,

where Py=geV/In(a /b) and 6 is the angle between the
initial ion velocity vector and the radius. This applies to
an ion formed at radius r. Since P, > Ey;, ;, this condi-
tion is likely to be satisfied only at large r, and then most
likely for = /2.

The mean kinetic energies of the fast product ions from
electron transfer only exceed their initial kinetic energies
slightly, due to the relatively small amount of kinetic en-
ergy transferred. Energy gains less than 15 eV are typi-
cally observed [15]. However, the charge g of the ion has
been reduced to g’ so it moves in a lower potential ener-
gy. Approximating the initial kinetic energy of the new
ion as the original kinetic energy, then the sum of the
new kinetic and potential energies must be less than the
radial well depth for continued stable confinement. This
condition can be written
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Py/2+PyIn(r/b)<q’'eVy ,

and, using the definitions of P, and P, the equation
reduces to

q/q' <2In(a/r)

in terms of the initial charge state ¢ and final charge state
q'. This results in a limitation on the radius for which
the new ion might remain stable: » <ae ~'9/24), Johnson
[24] has expressed this condition in a different way, tak-
ing into account the angle 6 defined above:

Eyin; <PgIn(r/a)/[(r/a)*sin’6—1],
which reduces to

r <ae—(q/2q')[1—(r/a)2sin29] )

From either analysis, only fast ions that change charge at
a relatively small radius in the trap (which depends on
the initial and final charge states) will remain confined.

These conditions for stability limit, but do not forbid,
the storage of product ions following electron transfer to
highly charged ions. Based on a straightforward analysis
of our observations, in which ions remaining in the trap
at the end of the storage cycle were detected regardless of
their charge-to-mass ratio, few, if any, product ions were
confined. The observed ion number vs storage time de-
creased as the storage time was lengthened [2,21]. At
higher residual gas pressures, the rate of decrease of ion
number was faster. If all product ions were confined, one
would expect the detected ion number to increase with
storage time. If only the fast products remained confined
the observed ion number should be constant. Clearly,
most product ions were not confined.

The ions in these measurements were detected by let-
ting the wire potential rise adiabatically toward the
cylinder potential. The angular momentum of the ions
L =r(mP;y)"? is an adiabatic invariant under these con-
ditions. Consequently, the mean radius of the ion orbits
increases as (V,—V,,)”1/2. The observed ion peaks plot-
ted vs release time showed no structure. As V,(t) ap-
proaches ¥, modeling shows that a weak saddle poten-
tial forms about the trap midplane near » =0.7 cm, due
to the higher potential V_> ¥, of the end caps. Howev-
er, the adiabatic expansion of the charge cloud should
permit all charges to escape radially. The observed sam-
ple of ions from the trap midplane is expected to be
representative of the whole stored sample. Within the
available signal-to-noise radios, the ion number signals vs
storage time were fitted to a single exponential plus con-
stant background. The time constant for the exponential
loss varied inversely with target gas pressure. These ob-
servations imply essentially no product ion storage. A
background of ions is observed with the particle detector
during the storage time before the trap is dumped [21].
This background decreases with time, but is not fitted
well by a single exponential, as might be expected for ions
formed at different times, rather than at a single time
such as an ion injection. This background signal is
thought to be due to unstable fast product ions formed by
electron transfer, escaping the trap.
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FIG. 1. (a) Plot of the reciprocals of measured metastable de-
cay times of the Ar’* 3p*!S, level vs argon gas pressure. The
slope of the plot is the quenching rate coefficient k. The mean
ion energy was 524 eV. (b) A similar plot at a mean ion energy
of 374 eV.

In the earlier Kingdon trap, electron-transfer measure-
ments of Prior, Marrus, and Vane [22], the ions were
detected using charge-to-mass selection provided by a
quadrupole mass analyzer. Stored product ions accumu-
lating in any charge state would have caused a departure
from a single-exponential ion loss rate, which was not ob-
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FIG. 2. Plot of the reciprocals of measured metastable decay
times of the Ar’* 3p32P;,, level vs argon gas pressure. The
slope of the plot is the quenching rate coefficient &, .
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TABLE I. Measured reaction rates for quenching k,, and derived cross sections o, for argon ions

in metastable levels colliding with Ar.

Collision Energy (keV) Rate (cm®s™!) Cross section (cm?)
A2t (18,)+Ar 0.37 3.74+0.2X107° 8.610.5X 1071
0.52 4.2+1.1Xx107° 8.3+2.1X 1076
ArT(2P,,,)+Ar 0.79 1.66+£0.25X 1078 2.710.4X10°%
APt (?P, ,,)+Ar 1.7 8.310.35X 1073 9.1+0.4X 107 1°
2.4 8.5+0.5X 1078 7.940.5X 1071
Ar'®t(3P)+Ar 2.6 10.1+0.6 X 1078 8.8+0.5X 107"

served. All of these observations indicate that the forma-
tion of significant numbers of stored metastable or
ground level ions during the observation period is unlike-
ly.

The rate coefficients for metastable level quenching
were obtained directly from linear fits to the data in the
Stern-Volmer plots of the measured reciprocal metastable
decay time constants vs target atom pressure [23]. Exam-
ples of such plots for Ar** and Ar’** appear in Figs. 1
and 2. Similar plots for Ar** in N,, Ar’* in N,, and
Ar'®" in Ar appear in Refs. [23,25,2], respectively.
Effective mean cross sections for quenching in Ar were
computed from the rate coefficients using the relation
0 o =kg, /(%)% The measured rates and cross sections
are summarized in Table 1.

IV. DISCUSSION

Electron transfer from Ar to Ar? " has been measured
at several energies, most of which lie above the energy
range of collisions studied here. At the lower energies,
Biedermann et al. [18] measured cross sections for cap-
ture in collisions of Ar** with Ar at energies between 100
and 800 eV, obtaining

0 =64(20)x10716 cm? |

where the maximum variation in this energy range is stat-
ed (rather than the overall measurement uncertainty,
which was 30%). For Ar®" + Ar collisions, the total cap-
ture cross section was 54(13)X107!¢ cm? between 300
and 800 eV, where again the maximum variation is given.
Although these two cross sections do not apply directly
to the ions studied in our work, the results indicate that
for similar charge states and energies, the cross section
varies little with energy. Barany et al. [4] present
electron-capture cross-section data at 1.8¢ keV for Ar**
to Ar*t in collision with Ar; for the cases of Ar*t and
Ar®™, the cross sections at these higher energies differ lit-
tle from the low-energy results.

Total cross sections for transfer of up to three electrons
were obtained by Vancura et al. [7] at 2.3q keV for ¢ =9
and 10 (as well as higher charge states). Their results are

09=10.6+1.1X10" 1% cm?
and
010=9.9i1.0><10_15 sz .

The single-electron transfer cross sections

045=9.1£0.9X 10" '* cm?
and
010,0=8.1£0.8 X107 '* cm?

are about 20% smaller. Aubert et al. [9] studied single
capture from Ar to Ar?" vs energy, for ¢ =2 and 3. At
1.2 keV,

0,1=2.6X 1071¢ cm?
and at 4.5 keV,
03,=2.2X 1075 cm? .

The Ar?* cross section increased slowly to three times
this quoted value near 6 keV, while the Ar’* cross sec-
tion remained essentially constant up to 42 keV. They
also measured

09,8=6X 10“15 sz
and
010,9=3.5X 1071 cm?

at 30 keV. Measurements by Klinger, Miiller, and
Salzborn [8] are at still higher energies. The energy-gain
measurements [15] indicate that below 1 keV, the
different metastable levels of, e.g., Ar’" and Ar** change
charge with neutral targets at somewhat different rates,
resulting in energy gains with different event totals. Nev-
ertheless, the total cross section is relatively independent
of energy over a considerable range, as discussed above.
It is instructive to compare the quenching cross sections
from Table I with the electron-transfer cross sections,
even though the energies are somewhat different, due to
the relatively small (=~50%) variations of electron-
transfer cross section with projectile energy in this range.

For Ar!%", the quenching cross section is 8.8 X101
cm? at 2.6 keV, compared to single-electron capture cross
sections of 8.1X 107! cm? at 23 keV and 5.5X 107 !° cm?
at 30 keV, and a total capture cross section of 9.9X 1071
cm? at 30 keV. For Ar’?, the effective quenching cross
section is 7.9X 107 !° cm? at 2.4 keV and 9.1X 10~ !5 cm?
at 1.7 keV, while the total-electron-capture cross section
is 10.6X 107" cm? at 20.7 keV and the single-electron
capture cross sections are 9.1X 107" cm? at 20.7 keV
and 6X 10715 cm? at 30 keV. For Ar’*, the quenching
cross section is 2.7 X 10715 cm? near 800 eV, compared to
the single-electron transfer cross section of 2.2X 1071
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cm? at 4.5 keV. The close agreements of these quenching
and electron-transfer cross sections, despite the energy
differences for three charge states plus the minimal mea-
sured variations of the cross sections with energy for mul-
ticharged ions in the energy range, e.g., Ar*t and Ar®*,
permit the conclusion that quenching of metastable levels
in these high charge state ions is dominated by electron-
transfer collisions which change the charge of the ions.
These findings are in accord with the data analysis of
Vancura et al. [7], who found good agreement of the
charge state dependence of their data with an absorbing
sphere model of Olson and Salop [26], and with the ob-
servations of the independence of capture cross sections
of the presence of core electrons [12]. In the classical
overbarrier model, the electrons are transferred at rela-
tively large distance into excited states of the ion, which
depend on the charge state but are not strongly depen-
dent on the core configuration.

The Ar**(!S,) results remain to be considered. The
quenching cross sections are 8.64X 1076 cm? at 375 eV
and 8.2X 107! cm? at 500 eV, considerably smaller than
the Ar’" cross sections. These are both significantly
higher than a measured single capture cross section of
2.6X 1076 cm? at 1.2 keV but a clear energy dependence
was observed for this collision [9]. At these lower ener-
gies, both the quenching and electron-transfer cross sec-
tions are likely to be energy and level dependent. The
level dependences of the Ar** charge-transfer collisions
at still lower energies have been studied [27]. Previously
measured Ar**(!S;) quenching rates of 5.5Xx1071°
cm®s!at 1.3 eV and 2.1X107° cm®s™! at 20.2 eV are
noted [28], which lead to a cross section near 1.5X 1071
cm?, about twice as high as our results near 400 eV.

Finally, we compare the total loss rates of ions from
the trap, as measured using the ion detector, with the
quenching rates. For Ar’" in Ar, the loss rate coefficient
was

6.914.7%x107 % ecm?s™ !,
and for Ar’" in Ar, the rate was
1.78+0.4X10 8 cm3s™! .

The large uncertainties reflect the large fluctuations in
the data points in this type of measurement. Comparing
these numbers with the rate data for quenching in Table
I, the Ar?" ion loss rate is similar to the quenching rate,
as might be expected if charge transfer were a major
source of ion loss, but for Ar’*, the quenching rate was
8.5X 1078 cm3s™!, exceeding by a factor of 4 the mea-
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sured ion loss rate from the trap. Since the quenching
rate has already been established as equal to the
electron-capture rate for Ar’", the measured loss rate
from this trap is low. The cause may be that some prod-
uct ions were being trapped in the Ar’* charge-transfer
collisions, distorting the measured loss rate. Further
work on this question is planned, since it may have impli-
cations for corrections to the measured metastable level
lifetime [23].

V. CONCLUSION

The quenching of metastable levels of multicharged
ions stored in a Kingdon ion trap at energies near 1 keV
has been studied. It is noted that total cross sections for
electron capture vary little as a function of energy for
Ar?t-Ar collisions near 1 keV. The metastable quench-
ing cross-section results reported here have been found to
be in good agreement with these independently measured
total cross sections for electron capture, for Ar’**, Ar’t,
and Ar!*. This indicates that quenching of metastable
levels in these high charge states is within measurement
uncertainties due to change of the ion charge state by
electron capture. Differences in measured quenching and
charge-transfer cross sections for Ar’* were observed.
These differences may be associated with energy and level
dependences of charge transfer in this collision, since
measurements close to the low energy of this collision
were not available. Quenching cross sections for
Ar**(15,) have been measured to be twice as large at still
lower energies, supporting this interpretation.
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