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Multicharged neon recoil ions at electronvolt energies are produced inside a Penning
ion trap by fast, stripped-heavy-ion impact on neon atoms. The stored recoil ions
capture electrons in collisions with the parent neon gas. The measured storage times
are used with mean energy determinations and neon gas densities to determine charge-
transfer rate coefficients. A significant dependence on ion charge (3-q-6) is observed.

PACS numbers: 34.70.+ e, 82.30.Fi

Low-energy multicharged ions can be produced
with useful cross sections in a wide range of
charge states by impact of fast, stripped heavy
ions with target atoms. " Such recoil ions, ex-
tracted in a beam from the collision region, have
been used to study charge transfer to multicharged
ions at kiloelectronvolt energies. ' Large-angle
scattering —sometimes arising from orbiting~t
low collision energies, as well as low-energy
ion-beam focusing problems, leads to considera-
tion of an ion-confinement measurement tech-
nique for extension of such measurements to still
lower energies. Toward this goal, as well as to
implement potentially interesting precision. spec-
troscopic investigations on low-energy multi-
charged ions, we have initiated the study of re-
coil ions confined at electronvolt energies in. a
Penning ion trap. En the Penning configuration,
ions are confined radially by a uniform axial mag-
netic field B, and axially by a dc quadrupole po-
tential. ' We chose this confinement alternative
for the following reasons: (1) Since the recoil of
the low-energy ions is essentially perpendicular
to the fast stripped-ion beam, there is a high
probability of radial confinement by the magnetic
field for a heavy-ion beam directed along B.
(2) The harmonic motion of the confined ions,
with frequencies dependent on the charge-to-
mass ratio q/ypg, a,llows the detection of specific
ion charge states and selective removal of un-
wanted ions e.g. , those that could feed lower
charge states by cascade charge exchange~y
application of resonance excitation at the appro-
priate cyclotron frequency. (3) The stable con-
finement of ions at velocities down to zero per-
mits the investigation of very-low-energy colli-

sions; it may be feasible to cool the stored ions
by coupling to external circuits. (4) The relative-
ly long confinement times can be used to advan-
tage in the study of metastable levels, which
may change charge with appreciably different
rates than do ground-state ions. (5) The small
confinement volume is well suited to spectros-
copy experiments.

Although charge-transfer studies on two and
three times ionized atoms, produced by electron
impact ionization, had been performed in a Pen-
ning trap, ' at the time this research was initiated
the feasibility of higher-charged recoil ion con-
finement was still in question. Since that time,
recoil ions up to ten times ionized have been con-
fined and studied in a Kingdon trap, in which they
orbit a central wire in a logarithmic dc poten-
tial. ' Our complementary method, which differs
in significant respects, provides a first check on
these highly interesting pioneering measurements.

Rate coefficients for charge transfer are useful
at low energies since these collisions may sig-
nificantly alter the ionization equilibrium of as-
trophysical' and laboratory' plasmas. The study
of Ne"-Ne charge transfer is of interest because
of the variety of collision processes that may oc-
cur. Collisions of inert gas atoms with doubly
charged ions have been extensively investigated
by flow-drift tube methods, yielding charge trans-
fer rate coefficients k which vary over 5 orders
of magnitude, depending on the ion state (ground
or metastable) and the species of collidant neu-
tral. " Transfer ionization and double charge
transfer may dominate over single charge trans-
fer in certain cases. The extension of low-ener-
gy measurements to higher charge states, possi-
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ble with UHV technique, potentially permits a
study of the q dependence of such collisions.
Practically, studies of collisions of interest in
plasmas (e.g. , Ne" with He) require knowledge
of the rate coefficients of the ions with the parent
gas.

Neon recoil ions were generated by collisions
with a 1.4-MeV/u Cl ion beam, foil stripped to
a mean charge state near 10e. The 03k Ridge
National I aboratory's model EN tandem acceler-
ator produces this beam at relatively high inten-
sity ( ~ 100 nA through the ion trap), focused to
a 2-mm spot, decisive for the use of a relatively
small (~ 2-cm-diam) trap electrode structure.
This beam is ideal for the production of Ne" ion
numbers suitable for charge transfer studies hav-
ing q ~ 6, although higher confined charge states
were found (see Fig. 1) and could easily be en-
hanced by using more highly charged heavy-ion
beams.

The fundamental parameters necessary for the
determination of a charge-transfer rate coeffi-
cient 0 are the target density ~ and the time con-
stant 7 for charge changing to occur; they are
related by k = (nv) '. The neon target gas (natu-
ral isotope abundance) was leaked into the colli-
sion chamber Bt a constant rate through a piezo-
electrieally controlled valve from a baked UHV

gas-handling system. Residual gas analyzer
(RGA) readings showed negligible entry by other
gases. The collision chamber was evacuated by
a nominal 1000-1/sec cryopump Press. ures

0
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FIG. 1. Analog Ne+~ ion signals vs dc potential,
calibrated in mass-to-charge ratio. Structure due to
2~Ne can be observed on low charge peaks. The m/q
=4 peak consists of both Ne+5 and He+ ions, due to
trace helium in the residual gas during these measure-
ments.

were measured with a capacitance-manometer-
calibrated nude ion gauge (NIG). The RGA meas-
ured relative gas concentrations. Experimental
considerations dictated that the neon gas be in-
troduced near the ion trap; this resulted in a sig-
nificant pressure gradient through the vacuum
system which was calibrated by controlling the
flow rate at constant pressure, and also by pres-
sure comparisons between a NIG placed Bt the
trap site and a NIG at the pump orifice, under
constant flow conditions. Differences in these
calibrations admit a systematic pressure error
as high as 30%.

The heavy-ion beam was pulsed by voltages ap-
plied to eleetrostatie deflection plates, and
stripped by 20-pg/cm' foils. Following termina-
tion of the beam pulse, the recoil ions were
stored for times ranging from 40 to 1500 msec.
Cyclotron excitation was applied during the entire
measurement cycle. Following the storage inter-
val, the relative ion number was measured by an
analog resonance method as in previous Penning-
trap measurements. ' Results are shown in Fig.
1. The Ne" signal corresponds to =65 ions, on
the basis of the cross sections measured by
Cocke, illustrating the sensitivity of the detec-
tion method. The trap quadrupole polarity was
temporarily reversed to dump any residual ions,
and the cycle was repeated until an adequate sig-
nal-to-noise ratio was obtained for the delay
curve of ion number versus storage time. No evi-
dence for loss of ions to causes other than charge
transfer was found. The time constant 7 is ob-
tained when data is least-squares fitted by an ex-
ponential decay.

All of the Ne" ions with 3- q ~ 6 have metasta-
ble excited states: These states have various
mean lives, ranging from = 10 msec to hundreds
of seconds. The presence of long-lived levels
can be detected if they change charge at a rate
significantly different from the ground-state rate.
The least-squares fits of the data by

N(t) =N, exp(- t/7, ) +N, exp(- t/~, )

indicate that ion loss for each charge state is
best characterized by a single exponential. Ei-
ther the metastable states are not highly populat-
ed in the collision that creates the ions, or the
states change charge with the same rate coeffi-
cient as the ground state. Since the latter possi-
bility is strongly species dependent, measure-
ments with other target gases may resolve this
question.

Comparison of ion storage measurements on
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the parent ions using no cyclotron excitation, to
others in which the next higher charge state was
removed, showed no significant differences in
the ion-number decrease with time, i.e. , N(t)
=N(0) exp(-t/~). Fits of the data by

N(t) =A, exp(-t/v) -A, exp(-t/r, ),

where A, and A, are products of ion numbers and
time-constant expressions, had higher X' values
than fits by single exponentials, and converged to
nonphysical values of the parameters. Thus
"feeding" from charge-changing collisions of high-
er charge states was not significant. Of course,
there were relatively fewer ions with higher
charge, but the product ions may also receive
sufficient recoil energy to leave the trap in the
dissociation of the transient molecular-ion state.
This result is observed in other Penning-trap
measurements'; its complete explanation is still
open. Following these observations, subsequent
measurements were made with all charge states) 3 present. An exception to single-exponential
decay occurred during a measurement sequence
with residual helium present in the vacuum sys-
tem. He' as well as Ne" ions contributed to the
m/q =4 peak (see Fig. 1), leading to decay curves
which were not useful sources of data. Helium
was excluded from the vacuum in other measure-
ments.

At any given neon gas pressure, reactions also
occur with residual gases such as H,O. Since
rate coefficients for Ne"-H, O charge transfer
may be an order of magnitude larger than the
Ne"-Ne rate coefficients, serious systematic
errors are possible. These can be quantified by
performing measurements with neon target-gas
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FlG. 2. Plots of reciprocal storage time constant
vs neon target gas density. Less than l%%u„' foreign

gas was present during the 3- q- 5 measurements.

densities ranging over a factor of 50. If we use
~ '=n„k„+5~,n, k;, where the subscript n refers
to neon and i to other gases, plots of ~ ' vs the
neon atom density yield a slope equal to the neon
charge-changing rate constant for that charge
state and an intercept characterizing the charge
changing with constant-pressure residual gases.
Examples are shown in Fig. 2, where it can be
seen that residual-gas effects are 1%%uo at the low-
est neon pressure.

To gain information about the ion energy distri-
bution and mean energy, we measured the num-
ber of ions stored in the trap versus the trapping
electrostatic potential V (or axial well depth D
=V/2). The ion number was independent of V un-
til D &4.5 V, below which the number stored de-
creased smoothly as D was dropped to 1 V. Be-
low 1 V no ions were detected. We repeated
these measurements with storage times from 20
to 170 msec. No evolution of the distribution was
observed, although charge transfer decreased
the absolute ion number. Since there is no rea-
son to assume equal axial and radial energies at
the time an ion is produced, this stationary dis-
tribution implies that equilibrium has been reached
during the = 1-sec ion creation pulse. This plau-
sibly occurs as a result of the combination of
elastic ion-ion and ion-atom collisions, and per-
haps of anharmonicities in the trap potential. It
is generally observed under equilibrium condi-
tions that ions stored in harmonic traps assume
a mean energy E = qD/10. This mean energy is
thought to result from rapid cooling of the charge
cloud by loss of a relatively few high-energy ions
from the axial well during the ion-production in-
terval. '

In the rate-constant measurements reported
here, no attempts were made to reach the lowest
ion energies, but rather to operate the trap in a
way to minimize ion loss from an (originally un-
known) recoil energy distribution. At a depth D
= 20 V, the mean ion energy = 2q eV applies to
the measured rate coefficients listed in Table I.

Our rate-coefficient data in Table I show a
large increase in k from q = 3 to 4, with slower
increases for higher q. These rate coefficients
apply to charge changing due to any collision
process. Statistical uncertainties ( 20/0 (highest
for the +5 and +6 charge states) arise from er-
rors in the determination of the storage time con-
stants, and from the pressure calibrations. As
discussed earlier, there is a possible systematic
error as large as 30/0 in the absolute pressure at
the ion trap. Rate coefficients in Table I derived
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Charge state Q (cm sec ') ' k (cm sec ')

Ne+3
Ne'4
Ne +5

Ne+6

5.1 x 1p-"
3.4x 1P ~

4.5x 10
5.7x 10

5.4x 10
2.5x10 '
3.2x10 '
6.2 x 10

TABLE I. Charge-changing rate coefficients for the
collisions Ne+ ~ + Ne —products.
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'This measurement.
"Kingdon-trap data, see Ref. 7.

from the newly published Kingdon-trap data' are
within the expected uncertainties and tend to con-
firm ion mean energy estimates in these dispa-
rate trap types.

The measurements reported here are an essen-
tial component of the study of collisions of Ne
ions with other targets, since both neon and the
target gas must be present in the ion trap. De-
terminations of rate coefficients as a function of
mean ion energy can be performed by varying the
axial well depth of the trap; the lower limit of
feasibility of this method awaits determination.
This demonstration of recoil ion storage in har-
monic traps may lead to important developments
in areas other than charge transfer.
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