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Measured lifetimes of selected metastable levels of Ar?* ions (¢ =2, 3, 9, and 10)
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Metastable multiply charged argon ions produced in, and extracted from, an electron cyclotron reso-
nance ion source were captured from the beam into an electrostatic (Kingdon) ion trap by rapidly puls-
ing the potential of the central wire relative to the cylinder. The ions were selected on a charge-to-mass
ratio basis before capture. Photons emitted in magnetic-dipole and electric-quadrupole transitions from
levels with lifetimes exceeding 5 ms were selected by wavelength and recorded vs ion storage time in the
trap. Also, ions were counted after ejection following a preselected storage time in the trap, using a mi-
crochannel plate detector. These signals were studied as a function of the pressure of typical residual
gases. Extrapolation to zero pressure enabled the extraction of the lifetimes 7 of metastable levels from
four different configurations of the type nsnp* with n =2 or 3 and k =3, 4, or 5. Our experimental
results are TAr’?t, 3s23p*!5,)=159.71£9.7—38.4 ms, wAr’", 3s23p32P,,,)=243+73—79 ms,
HAr®*, 25s?2p32P, ;,)=8.53+0.24—0.17 ms, and 7(Ar'®", 25s22p*3P,)=14.8+1.1—0.48 ms. Both sta-
tistical errors and a possible error associated with a systematic correction are given for each measure-
ment. These results are compared with the predictions of theoretical calculations, many previously un-
tested. The basis of the measurement technique is discussed in some detail. The technique is expected to
be applicable to ions in a large range of charge states from a variety of low-energy ion sources, and to
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levels with transitions from the near-infrared to the deep-ultraviolet or soft-x-ray range.

PACS number(s): 32.70.Fw, 32.30.Jc, 95.30.Dr, 52.70.Kz

I. INTRODUCTION

Over the last two decades, there has been a small but
continued effort to experimentally determine the lifetimes
of long-lived metastable levels of ions using the ion
confinement technique [1]. The electrostatic (Kingdon)
ion trap [1-3] has been used for a significant fraction of
these measurements [4-7]. The motivation for this
research is the common observation of “forbidden” mag-
netic dipole (M1), electric quadrupole (E2), and inter-
combination electric-dipole transitions from metastable
levels in the tenuous plasmas of astrophysical and labora-
tory sources, such as the solar corona, gaseous nebulae,
and tokamaks [8]. These transitions are prominent,
despite their low transition rates, because collision rates
are low, and “‘coronal equilibrium” often prevails [9]. It
has been known for many years [10,11] that under such
conditions the relative intensities of certain different for-
bidden, or of allowed and forbidden, transitions can pro-
vide important diagnostics of electron density and tem-
perature in the plasmas, provided that the relevant transi-
tion probabilities are known. Since experimental infor-
mation has been sparse and for charge states higher than
2 essentially nonexistent for levels with millisecond life-
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times, numerous theoretical calculations of transition
rates of forbidden transitions of increasing sophistication
are being carried out. These ab initio calculations typi-
cally involve the use of approximations and the selection
of the configurations to include in the calculation. The
accuracy of many of these calculations is difficult to as-
sess and evaluations are usually performed by compar-
ison with other theoretical results, with the implicit as-
sumption that more elaborate efforts are the best. How-
ever, recourse to experiment is preferable, and in certain
cases for ions with low charge states, factor of 2
differences between experiment and theory, with implica-
tions for astrophysical models, have been discovered
[12,13]. Semiempirical calculations also require data as
input, and even the ab initio calculations rely on experi-
mental wavelength determinations.

Several of the metastable lifetime measurements re-
ported here have not previously been reported for ions in
high-charge states in any type of ion trap. Ion storage is
required since most transitions with lifetimes of mi-
croseconds or longer cannot be addressed using ion-beam
techniques, due to the spatial extent of the decay length
for fast-moving ions. On the other hand, high charge
states have not been studied since electron-impact ioniza-
tion was typically used to produce the metastable ions in-
side the trap, although recently some success has been
achieved in confining charge states to 6+ using colliding
plasmas [14]. In the present work, highly charged ions in
a beam from a low-energy multicharged ion source were
captured into the ion trap. The increasing availability of
such ion sources, including the electron cyclotron reso-
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nance ion source (ECRIS) [15], the electron-beam ion
source (EBIS) [16], and the electron-beam ion trap [17,18]
when used as a source [19], can be expected to extend this
technique to many other charge states and elements. It
should be noted that variants of the injection technique
can be applied to other types of ion trap and may be su-
perior for certain ions with low charge as well. Once
sufficient selected-charge-state current is available,
charge-exchange cells or other means can be used to
enhance the metastable fraction, although in the mea-
surements reported here, sufficient metastable ions were
produced in the ion source.

The basis of the experimental technique is discussed in
Sec. II, and the details of individual measurements are
featured in Sec. III. An important consideration in the
measurements of long lifetimes, particularly for high
charge states, is collisional quenching. Although data
from the collision measurements are used in the final
determination of the experimental lifetimes, the collision
measurements and results are of sufficient importance to
be discussed in a separate publication [20]. The lifetime
measurements are discussed in relation to theoretical cal-
culations in Sec. IV. Several of these measurements have
been briefly reported in earlier publications [21,22].

II. EXPERIMENTAL TECHNIQUE

The Kingdon electrostatic ion trap [1-3] conventional-
ly consists of two concentric cylinders terminated axially
by two flat plates. When confining positive ions with
charge ge and mass m, the central cylinder (usually a
wire) is held at a negative potential with respect to the
outer cylinder and the terminating caps. Ions with
sufficiently low energy but high angular momentum will
have stable orbits.

Our Kingdon trap was made from an aluminum
cylinder with inner diameter 2a=10 cm and a concentric
tungsten wire with diameter 26=0.0125 cm, resulting in
a ratio a/b=2800. The caps were separated by 2c=15
cm. When a potential V;=3.5 kV was applied to the
outer cylinder, and the wire held at V,,=0 V, the impor-
tant parameter geV,/In(a /b)=P,=523.6q ¢V, and the
potential energy of a charge ge at radius r near the mid-
plane of the trap was P(r)=P,In(r/b)=523.6q In(r /b)
eV. In order to confine the ions more closely to the mid-
plane of the trap, the caps were placed at a potential
V.=3.9 kV, exceeding V,. Consequently, the ions were
bound by equipotentials of a general cylindrical potential
V(r,z), as discussed by Lewis [2]. To the extent that
V(r,z) is approximated by a purely radial potential, the
virial theorem gives a mean-squared velocity
52=ge(Vy—V,)/m In(a/b)=P,/m, but more generally
v2=(ge/m) [r-VV(r,z)]. Johnson [3] shows how the
potential V' (r,z) can be expanded as an infinite sum of
modified Bessel functions of zero order, with coefficients
determined by the boundary conditions. He notes that,
near the trap midplane, orbits are little changed from
those of a pure logarithmic potential.

The outer cylinder of the trap was perforated at the
midplane by four equally spaced and equally sized aper-
tures about 1.9 cm in diameter. The multicharged ion

beam passed into the trap through one aperture, and a
significant fraction exited through the opposite aperture
to a Faraday cup, when the central wire was held at a po-
tential near that of the cylinder. Just in front of the en-
trance aperture, a cylinder at zero potential with axis
along the ion beam limited the deceleration of the ions
upon passing through the cylinder to a small spatial in-
terval near the aperture. This resulted in strong over-
focusing, which aided ion capture by providing initial an-
gular momentum relative to the central wire. Capture
was also aided by the decreased ion kinetic energy and in-
creased beam density inside the trap as a result of ion re-
tardation [23].

Ions within the trap structure were captured by sud-
denly reducing the central wire potential ¥V, to zero in a
time ¢, =300 ns, short compared to the transit time of
ions through the trap [24]. The ion beam was then im-
mediately deflected upbeam by applying a potential
difference across parallel plates. The ions were held in
the trap for a chosen storage interval, up to hundreds of
milliseconds, before the wire potential was allowed slowly
(about 10 ms) to rise to its original value. During this
adiabatic decrease in the confining potential, the mean to-
tal ion energy E=[ge(V,—V,)/In(a/b)][L+In(r/b)]
decreased in a way that kept the angular momentum
L =r(mP,)""? constant, so the orbit radius increased as
V,—V, was reduced. Some ions which reach the wall of
the cylinder pass through the midplane apertures.
Behind one aperture a microchannel plate detector was
placed. Voltage was applied to this detector after the ion
beam was deflected. The emerging ions were accelerated
toward the detector by the difference between the exter-
nal cylinder potential and the detector potential. During
the adiabatic increase of the wire potential, pulses were
detected over the whole 10-ms interval, short compared
to the ion storage time. The total number of pulses
detected during this interval provided a measure of the
number of ions stored in the trap at the time storage was
terminated [23,24].

When short storage times were used, the ion signal was
representative of the injected ion number. It was ob-
served that the magnitude of the signal was a strong func-
tion of the difference between the incident energy of the
beam ions E; =geV,,, (where V,,, was the extraction po-
tential of the ECRIS) and the repulsive potential energy
of the trap cylinder Ej,=geV,. The difference
ge|E;—E,| was approximately the kinetic energy of the
ions as they moved inside the Kingdon trap before the
central wire potential was decreased. The relation is ap-
proximate, because there was some variation of the po-
tentials due to field penetration through the aperture of
the cylinder.

Before pulsing the central wire potential, the sum of
the ion kinetic and potential energies inside the trap can
then be written

Ei:qe[V0+(Vext_V0)] . (1

After V,, is pulsed to zero, the corresponding sum of the
energies of the captured ions is

E;=ge(Ve,— Vo) +[geVy/In(a/b)]in(r/b) , (2)



50 MEASURED LIFETIMES OF SELECTED METASTABLE LEVELS... 179

where E<geV, for stable ion confinement. It is as-
sumed that the potential change is sudden, and that little
momentum has been transferred to the ions as a conse-
quence of the rapid potential change. From the relations
(1) and ), (Ve—Vo)<Voll—In(r/b)/In(a/b)] for
bound ions, independent of the charge state g. Experi-
mentally, it was found that the potential differences
|V — Vol <100 V optimized the stored ion signal. This
implies that under optimum conditions, ions occupied the
trap out to a radius r,, $0.8a. When the ion kinetic en-
ergy was increased, the ions could be captured only at
smaller values of r, reducing the overlap of the ion beam
with the volume of stable capture into the trap. For
lower than optimum kinetic energies, the increased de-
focusing of the ion beam by the entrance aperture may
have resulted in ion loss at the trap electrodes, depleting
the ion number available for confinement. The optimum
difference in potentials |V, —V,| was determined by
small variations in ¥V, before lifetime measurements com-
menced.

An upper limit on the number of ions captured was set
by the maximum number within the capture volume
when the wire potential was reduced. The number of
beam ions in this volume is N =IAt/qe =(I/qe)2r,, /v,
where I is the ion-beam current and the speed of ions in-
side the trap

v=(2ge|V ,—Vol/m)"?=2.2¢"?X10* m/s

for argon ions in these measurements. The result is
N pax <2.3¢ 732X 108 stored ions per pA of beam current
in a single capture. This result ranges between 8X10°
and 7X 10* ions per uA, for 2<g <10. Currents between
1 and 3 A were used in all measurements.

The initial distribution of metastable ions within the
ground term can be estimated from statistical weights, as-
suming that all lifetimes are much longer than the beam
transport time from the ECRIS to the ion trap ¢, =50 us.
Table I shows these estimates for the ion charge states
studied, based on the details of their ground term level
structures. It can be seen that for purposes of estimation,
a metastable population of 10% is reasonable, corre-
sponding to between 8 X 10* and 7X 10? excited ions per
pA of beam current, for charge states g between 2 and 10.

During ion detection, ions emerged through an aper-
ture with diameter D=1.9 cm. The relative “detection
area” was then Ad/A =nD?/8maL,~9X 1073, where
the effective axial length for trapping, L,, was estimated
to be 10 cm. Assuming that all ions along a radius could
possibly be detected during the adiabatic increase in po-
tential, the maximum number of detected ions per cycle

TABLE 1. Statistical populations of particular levels of
ground terms of multiply charged ions.

Configuration Statistical population (%)
Ar?t 3s23ptls, 6.7
Ar’t 3s23p3?p, , 20
Ar9+ 2s22p52P1/2 33
Ar'o* 2522543p, 20

is N, SN, AA/A~2.1¢ 32X 10* The ion exit times
were spread out over about 10 ms, reducing but not elim-
inating the possible problem of detector dead time in the
ion storage measurements. However, far fewer ions were
observed in the measurements, perhaps because fewer
ions successfully exited the aperture than estimated, due
to details associated with individual ion trajectories, and
the finite thickness of the aperture wall.

Photons from the metastable ion decays were collected
using quartz optics, and detected with cooled photomulti-
plier tubes preselected for a low dark rate. For the Ar**,
Ar’t, and Ar’t measurements, an EMI 9789QB tube
was employed, while a red-sensitive EMI 9862QA tube
was used for the Ar'®" measurement. Interference filters
with a 10-nm bandwidth and 10-20 % peak transmission
T selected the decay transitions for study. A high-
transmission stainless-steel mesh biased about 500 V
higher than the trap cylinder voltage was mounted before
the first lens to inhibit impingement of fast ions on the
surface of the optic.

The fractional solid angle for light collection  was no
larger than 9X 107>, Using a 20% filter transmission T
and an assumed 4% quantum efficiency 7 for the pho-
tomultiplier, along with the mean metastable populations
estimated earlier, the number of photons collected during
the initial decay time constant N =N, QnTe ~! ranged
from approximately 2/cycle to 1/cycle per uA of beam
current. The dark rate was small and the background
negligible in these measurements, and the data were typi-
cally accumulated in 10* measurement cycles or less, indi-
cating that the estimated photon count rate is in reason-
able accord with that actually observed. This leads to the
expectation that the estimated ion signal provides a
closer approximation to the actual number of ions stored
than does the observed ion signal.

The measurement cycle is diagramed in Fig. 1. The de-
cay photon counts were accumulated in a multichannel
scalar (MCS) as a function of ion storage time. The ions
were then dumped, and the cycle was repeated until the
desired signal-to-noise ratio was obtained. The resulting
photon decay signals were least-squares fitted to a sum of
two exponentials plus a constant background. An initial
rapid decrease in intensity was observed for all data, fol-
lowed by a slower decrease in intensity, which was inter-
preted as the desired metastable decay. The short-time
constant of the initial decrease was associated with stabi-
lization of ions in the trap and the finite time required to
deflect the ion beam. Removal of the initial data points
enabled a fit to a single exponential plus background,
which reproduced the longer time constant of the double
exponential fit. An example of this effect appears in Fig.
2, which shows a fitted plot of the logarithm of the data
counts vs channel number (time) for Ar’t, without the
initial points removed.

The base pressure of the vacuum system during mea-
surements was typically near 3X 10™° Torr. It was limit-
ed in part by the argon atom flux associated with neutral-
ization of the incident ion beam, and by effusion of gas
from the ECRIS beam line, which was operated in the
low 1077 Torr range. An analysis with a residual gas
analyzer indicated that Ar and N, (mass 28 was unlikely
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FIG. 1. Measurement cycle used in measurements of life-
times of metastable levels of ions stored in a Kingdon trap. The
ions were captured by rapidly pulsing the potential of the cen-
tral wire of the trap to zero and were released when the poten-
tial rose back to the original value. The ion beam was deflected
after the ions were captured and voltage was then applied to the
microchannel plate detector. Photons were detected continu-
ously during the ion storage interval. The cycle was repeated
many times for signal averaging purposes.

to be CO under our measurement conditions) were major
constituents, so the metastable lifetimes and ion storage
times were studied vs the pressure of these gases, as mea-
sured with a nude ion gauge. The gases were separately
introduced through a leak valve from an external bake-
able gas-handling system. Figure 3 show an example of a
plot of reciprocals of measured photon decay time con-
stants vs target gas density. The slope of the graph is a
measure of the quenching rate of the metastable level.
The rates were extrapolated to zero total pressure to pro-
vide an intercept which excluded the effects of residual
gas collisions on the metastable lifetime.

When ions change charge in ion-atom collisions at low
energies, the initial state of the ion can have a significant
effect on the cross section, since little kinetic energy is
available to distribute to the products from different ini-
tial states. An example is Ar?" in the 352 3p*!S,, 'D,,
and 3P0,1,2 levels of the ground term. At thermal ener-
gies, the electron capture rate is very low and differs for
each state [25]. At eV energies, the capture cross section
is increasing rapidly with energy, but level-dependent
differences still occur [26]. At the mean ion kinetic ener-
gies employed in these lifetime studies, about 500 eV or
more, level-dependent differences in electron transfer
rates will be smaller; the cross sections are quite large,
and depend primarily on the charge state. Nevertheless,
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channels (0.2ms/ch)

FIG. 2. A plot of the logarithm of the collected photon
counts vs channel number (time) for Ar’™, fitted to a sum of two
exponentials. A more rapid transient decay during the first few
channels can be seen.

a dependence of storage time on metastability cannot be
totally disregarded.

The storage time constants of the ions in the trap were
measured similarly, in this case by varying the trap
“dump” times relative to the time of ion injection. In a
collision such as Ar’" (fast)+Ar (slow)—Ar®*
(fast)+Ar* (slow), if both product ions of the collision
were stored in the trap, then the number of observed ions
would increase with time, since our detection method
provided no charge separation. If only the fast product
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FIG. 3. Reciprocals of the measured photon decay time con-
stants plotted vs density of N, target gas for the Ar** 3p3?P; ,
decay. The slope of the plot yields the quenching rate of the
metastable level and the intercept provides a measure of the un-
quenched level lifetime. The lifetime was subsequently correct-
ed for finite time ion storage at zero pressure.
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ions were stored, then the ion number would remain con-
stant. We observed a decrease in ion number fitted well
by a single. exponential plus background, indicating that
few if any product ions were stored. This is discussed in
more detail in Ref. [20]. The signal-to-noise ratio of the
stored-ion data was insufficient to provide improved fits
to more complex functional forms. When the reciprocal
storage lifetimes from the fits were also plotted vs Ar and
N, pressure, the reaction rates were similar. The extra-
polation to zero total pressure provided a finite intercept,
which indicated that the storage time of the ions was lim-
ited even in the absence of ion-atom collisions. Results
for the limiting storage time for each gas were equal
within the error bars. Possibilities include ion-ion col-
lisions or ion loss at the electrodes produced by perturba-
tions of the confining potential. As a test of ion-ion col-
lision effects, measurements were made with similar num-
bers of Ar** and Ar’" ions. The collision rates with neu-
tral atoms scaled approximately as the charge, but the in-
tercepts gave comparable limiting storage times. Data
with the lowest error limits were obtained using N, target
gas: 7,,=427162 ms for Ar’* and 7,,=505+39 ms for
Artt. Consequently, the source of the ion storage limita-
tion in the zero-pressure limit has not been identified as
yet.

To obtain the measured metastable level lifetime 7, the
time constant 7, obtained from the extrapolation of the
photon decay rate to zero pressure was corrected for the
finite storage time limitations 7, according to
1/r=1/7,—1/7,. The Ar** data for 7, were used in
the data analysis for Ar** and Ar’%, and the Ar’" data
for Ar°* and Ar!°t. The resulting values of  are tabu-
lated with the errors in 7, and 7, added in quadrature,
and with the value of 7— 7, listed as a possible systematic
error.

III. MEASUREMENTS

A, Ar?* 3523pt1s,

The lifetime of this level has been measured twice be-
fore in Kingdon traps, on ions produced inside the trap
by electron-impact ionization of argon gas. In these ear-
lier measurements [4,7], the *P,-1S, M1 branch of the de-
cay near 311 nm was studied, since the decay probability
in this branch is about 60%. Alternatively, the 'D,-'S,
branch near 519 nm can be studied, and in our measure-
ments it is this decay that was emphasized. However, we
repeated the earlier measurements and found agreement
with results at each wavelength. For example, in a par-
ticular comparison of sequential single measurements
near base pressure, we obtained an uncorrected lifetime
7,=122.8+9 ms from the 311-nm decay path, and
7, =130.7+14 ms from the 519-nm decay path, in excel-
lent agreement. Both transitions have been observed in
the spectra of gaseous nebulae. Level diagrams have been
published earlier [4,21].

Because of the relatively long 'S, lifetime, photons
were collected out to 400 ms. The beam current ranged

between 0.9 and 2.5 pA in individual measurements, and
no dependence of the lifetime results on beam current

was noted. A total of 30 measurements on the 519-nm
transition was carried out with the trap cylinder voltage
V,=3.5 kV, and another 37 measurements with ¥V,=2.5
kV, to evaluate the effects of trap potential on the data.
Both data sets agreed within the statistical uncertainties,
indicating that, e.g., possible second-order Stark mixing
was not important. The measured decay constants were
extrapolated to zero pressure using argon as a target gas.
Less extensive measurements using N, as a target gas had
larger uncertainties, but did not differ significantly from
the data taken using argon. The mean of all measure-
ments, when extrapolated to zero pressure, was
7,=121.3+3.4 ms. This result was then corrected for
the effect of finite ion storage time at zero pressure; a
correction which is quite small for short decay times, but
relatively large for this longer decay time. The final re-
sult is 7Ar*t, 3s23p*ls;)=159.749.7, —38.4 ms,
where the uncertainties of the separate photon and ion
decay times have been added in quadrature, and the shift
due to the finite storage time of the ions is listed as a po-
tential systematic error, pending a determination of the
origin of the storage time limitation at zero pressure.

Our results can be compared with the data from the
earlier Kingdon trap measurements. Prior’s [4] un-
corrected rate for the Ar’* decay near 311 nm, extrapo-
lated to zero pressure of argon, was 10.710.8 s~ ! corre-
sponding to 7, =93.5+7 ms. His zero-pressure ion loss
rate was 1.5+0.5 s}, so the corrected metastable lifetime
was 109738 ms. Calamai and Johnson [7] obtain a value
of 133124 ms in their extrapolation to zero argon pres-
sure. They noted that the ion storage time constant was
at least twice the time constant for metastable decay, but
did not correct their lifetime value for any pressure-
independent ion loss. One sees that the earlier measure-
ments are in excellent agreement with our uncorrected
measurement, and that the most precise of the two earlier
results, that of Calamai and Johnson, agrees adequately
with our corrected result as well. This agreement is
viewed as satisfactory evidence for the validity of the
separate techniques. It should be noted that certain life-
time measurements have been completed in both King-
don and Paul traps, with excellent agreement [1].

B. Al'3+ 3323p3 2P3/2

The 3p3?P,,, and 2P;,, levels of Ar’" decay to the
D3, 5, levels by M1 and E2 transitions, and also to the
4S,,, level. The predicted lifetime of the 2p; ,, level is
shorter by about a factor of 2. The *S;,-°P;,, and
4S, ,-2P, ,, transitions have not been observed heretofore,
but are calculated to be near 285.4 and 286.8 nm, respec-
tively. The 2D, ,,-*P;,, and %D ,,-*P; , transitions have
been observed [27] with wavelengths of 717.062(100) and
723.726(300) nm, respectively, in excellent agreement
with calculations. The transition rates for the 2D-?P
branches are lower than those of the ultraviolet *S-P
branches, however. There is additionally an M1 decay
between the 2P, , and ?P, , levels, 'but the decay rate is
calculated to be <107 % s~ !, A level diagram appears in
Fig. 4.

Since the uv transitions had not previously been ob-
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FIG. 4. Level diagram for the decay of the Ar** 3523p32pP, ,
level.

served, the spectrum near the expected *S;,-1P; /2,172
transition wavelengths was examined with an 0.25-m
adjustable-resolution monochromator. Only low-
resolution measurements were feasible on these weak
lines, and structure in the peak was just visible at a reso-
lution which permitted about 350 counts at the peak in a
slow scan. This signal, together with fitted Voigt profiles,
appears in Fig. 5. The expected linewidth was 4 nm. The
fitted peak ratio of 2.0510.82 is near the expected value
of 2, despite the relatively large error estimate. The fitted
wavelengths were 287.8+0.8 and 285.41+0.4 nm. Their
separation of 2.41+1.2 nm is, within experimental uncer-
tainty, equal to the separation of the calculated wave-
lengths of the transition, 1.4 nm. The weighted mean of
the fitted wavelengths is 286.2 nm, while the mean of the
calculated wavelengths is 286.1 nm. It is highly likely
that these are the previously unobserved “S;,,-*P; 5,
transitions of Ar’*, although the observations do not
provide a useful check on the calculated wavelengths.

T

1000

800 +
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295 290 285 280 275
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FIG. 5. Observed transition intensity vs wavelength for the
3523p34S,,,~2P3,, 1, transitions of Ar’**. The data were fitted
to two Voigt profiles. Resolution was limited to accommodate
the low signal intensity of the metastable transitions.

The lifetime measurements were completed using a 10-
nm bandwidth interference filter with peak transmission
near 280.8 nm, which could not resolve the individual de-
cay components. However, using the calculated wave-
lengths, the transmission of the filter was twice as hi§h at
the wavelength of the transition originating from “P,,,
than that for the *P,,, transition. Following the filter,
the statistical weights then lead to an expected intensity
ratio of 4:1. A fit to a sum of two exponentials did not in-
dicate the presence of two long-lived decay components,
even when the usual rapid intensity decrease in the initial
few channels was removed. Consequently, the single slow
decay component was interpreted as the decay of the
2P, , level, with the much slower, weaker decay of the
p, ,2 level appearing as part of the background. Mea-
surements were carried out with ion-beam currents in the
1-3-uA range. Five thousand measurement sweeps per
data point were taken. The mean of the zero-pressure in-
tercepts of the Stern-Volmer plots for Ar and N, was
6.1+£0.86 s, leading to an uncorrected time constant
7, =164126 ms. This constant was corrected for the
effect of finite storage time at zero pressure, leading to the
final result Ar’*, 3s23p3?p,;,)=243173-79 ms.
Again, the correction is large, because the measured life-
time was long. No other measurements of this lifetime
exist.

C. Ar’t 2522p32p,

The predominantly M1 transition from the 2p°2P, ,, to
the 2p° 2P, ,, level occurs near 553 nm. A fit to a sum of
two exponentials plus background was again used to ac-
count for the rapid initial intensity decrease associated
with ion stabilization. A Stern-Volmer plot for argon
was constructed from three independent data sets of a to-
tal of 26 separate decay measurements collected with
V,=3.5 kV and beam currents ranging from 2.2 to 3 uA.
The result of the extrapolation was (7,) " !=118+3.4s™ ..
Similar measurements using argon gas and V,=2.5 kV
resulted in (7,) " !'=116.742.4 s~!. Lower precision data
were also accumulated with N, gas and with ¥;=2.5 and
3.5 kV. The weighted mean of all of the measurements
was 7, =8.3610.12 ms. The corrected final lifetime is 7
(Ar°* 2522p3%P, ,)=8.5310.24-0.17 ms, where the
correction is now quite small due to the large difference
between the metastable lifetime and the limitation on the
time of ion storage.

D. Ar'®* 2522p43p,

The level structure of the ground term of Ar'°" can be

found in Ref. [21]; it is similar to that of Ar?*, but only
the 3P,-3P, transition near 693 nm had a convenient
wavelength and decay rate for measurements. The calcu-
lated lifetime of the 3Pl level is near 15 ms, but the level
is fed by transitions from the higher-lying 'Sy, 'D,, and
3P, levels. The 'S, and 'D, decays have calculated life-
times near 0.35 and 3.5 ms, respectively, so these decays
will rapidly increase the initial population of 3P,, but will
not influence the subsequent decay. The weak 3P,-*P, in-
frared transition has an estimated lifetime =330 ms, too
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long to affect the measurement in any significant way.
This analysis can be quantified by a rate equation for the
populations N; (i=0, 1, and 2) of the *P,, 3P, and 'D,
levels:

dN,/dt =— A,N,(t)+ AgNo(0)e '
+ed,Ny(0)e “*', (3)
where 4; = A4,;(0)+no ;v includes the spontaneous transi-
tion rate A4,;(0) and the effects of collisional quenching
with cross section o;. The branching ratio of the 3P,-'D,
transition is €=0.15. The 'S, decay is disregarded be-

cause it is so fast compared to the other decays.

Using the predicted value [27] of A4;(0) and an initial
statistical distribution among all of the ground-state lev-

els, the solution to Eq. (3) can be written as

A3ty

N{()=1.23N,(0)e “""+0.01¢ ~**'—0.195¢ @)

It is apparent that this equation quantitatively supports
the qualitative discussion presented earlier. Since 4, is
relatively large, this term rapidly decreases, while the
term with the low value 4, has a very small relative am-
plitude. If the first recorded channels of the measured
decay are disregarded, the longer time constant can be as-
sociated with the 3P, level decay.

In order to obtain sufficient Ar'®* beam current, O,
was mixed with argon in the ECRIS discharge chamber.
Since Ar'®* and O** have the same mass-to-charge ratio,
the current through the trap and the confined ion sample
contained an unknown fraction of O** ions. Fortunate-
ly, no interfering O*" metastable decays are known.
However, due to the mixed charge population, the limit-
ing storage time at zero pressure obtained for Ar’" was
used in the data analysis.

Twenty-four decay curves taken as a function of argon
pressure at ¥;=3.5 kV were extrapolated to zero, yield-
ing 7,=14.32+0.94 ms. The corrected lifetime is T
(Ar'%* 2522p43P,)=14.8+1.1-0.48 ms.

IV. DISCUSSION

The Ar?* 35s23p*!S, decay rate has been calculated
many times, using different theoretical approximations.

Disregarding the earliest calculations (see Ref. [28]), tran-
sition probabilities using radial wave functions obtained
by the self-consistent field Hartree-Fock method with ex-
change were obtained by Czyzak and Krueger [28]. Only
one configuration was used, but inclusion of exchange,
and the calculation of wave functions for each term, pro-
vided significant improvements over earlier work. Men-
doza and Zeippen [29] used configuration-interaction (CI)
optimized wave functions, semiempirical term energy
corrections, and relativistic corrections to the Hamiltoni-
an and to the M1 operator. Biémont and Hansen [30]
used the Hartree-Fock method, including relativistic
corrections to the wave functions, and computed energies
and spectra in intermediate coupling. Effects of
configurations containing 4f electrons were included.
The most recent calculations are by Saloman and Kim
[31], who used a multiconfiguration Dirac-Fock (MCDF)
technique, including perturbatively the Breit interaction
and the Lamb shift, and experimental and semiempirical
fits to energy levels. Results of all of these calculations
pertinent to our measurement appear in Table II. The
calculations by Mendoza and Zeippen differed from those
of Czyzak and Krueger primarily in the determination of
the !'D,-!S, E2 transition rate. Biémont and Hansen
agree very well with Mendoza and Zeippen, with the rela-
tive differences for the dominant rates less than about
5%. The Saloman and Kim calculations have a higher
M1 rate, and lower E2 rates, resulting in a slightly lower
lifetime. Our corrected measurement results favor the
calculations of Mendoza and Zeippen, Biémont and Han-
son, and Saloman and Kim.

The transition rates from levels of the 3s23p3
configuration of Ar’* have been calculated by several
methods. Both M1 and E2 rates are significant. Biémont
and Hansen [32] used Cowan’s atomic structure codes for
this calculation. Huang [33] used the MCDF code of
Desclaux, including all relativistic configurations that
correspond to the n=3 shell for odd-parity levels. The
Breit interaction and the self-energy and vacuum polar-
ization contributions to the Lamb shift were treated as
first-order perturbations. Mendoza and Zeippen [34]
note that the effects of configuration interaction were less
tractable for an open n=3 shell than for n=2. The first-
order spin-orbit interaction vanishes for np>, causing

TABLE II. Calculated magnetic dipole (M1) and electric quadrupole (E2) transition rates for the
decay of the 3s23p*'S, level of Ar**. Lifetimes determined from the calculated rates are compared
with experiment. Numbers in square brackets denote powers of 10.

Transition rates (s!)

Ar?* 3523p* transition CK [28] MZ [29] BH [30] SK [31]

3p,-15, M1

E2 4.25[—2] 4.17[—2] 3.493[—2] 3.018[—2]
3p,-18, Mi 4.02 3.91 3.972 4.166

E2
'D,-18, M1

E2 3.10 2.59 2.693 2.575
Net transition rates (s') 7.1625 6.5417 6.6999 6.7712
Lifetime 'S, (ms); expt. 159.7+9.7 139.6 152.9 149.3 147.7
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TABLE III. Calculated magnetic dipole (M1) and electric quadrupole (E2) transition rates for the
35%3p3 2P levels of Ar’* and lifetimes determined from the calculated rates. Numbers in square brack-

ets denote powers of 10.

Transition rates (s~ ')

Ar** 3523p3 transition CK [28] BH [32] H [33] MZ [34]

i§322p, . Ml 0.972 0.954 1.043 0.862

E2 1.19[ — 4] 3.346[ — 4] 2.903[ —5] 1.84[ —5]
Dy 2Py ), M1 0.488 0.462 0.464 0.417

E2 0.190 0.193 0.208 0.185
Z1)5/2‘2})1/2 M1

E2 0.122 0.1223 0.1339 0.119
Lifetime (*P,,,) (ms) 564.3 5775 540.9 631.7
1S, ,2-2P;3 Ml 2.55 2.336 2.582 2.11

E2 1.56] —5] 9.363[ —5] 2.694[ —5] 1.09[ —6]
D, 2Py, Ml 0.814 0.7635 0.7469 0.693

E2 9.81[—2] 9.643[ —2] 0.1063 9.63[—2]
2Ds ,-2Py ), Ml 0.444 0.4188 0.4251 0.379

E2 0.226 0.2244 0.2449 0.219
Lifetime (?P;,,) (ms) 242 260.5 242.5 285.9

Expt. lifetime 243+73 ms

transition probabilities to be relatively small. The earlier
calculations by Czyzak and Krueger [28] are in rather
good agreement with the later calculations. From the
calculations tabulated in Table III, the predicted lifetimes
range from 541 to 632 ms for the 3P*?P, , level, and
from 242 to 286 ms for the 3P3?P, , level, in each case a
range of about 15%. The experimental value of 243 ms
supports the faster decay rates, but the large experimen-
tal uncertainty encompasses all of the calculations, so no
meaningful evaluation can be made.

Early calculations of the transition rates for the
A’ 2p320p32P, ,, and Ar'®* 2p*®P, levels were com-
pleted by Eidelsberg, Crifo-Magnant, and Zeippen [35].
Cheng, Kim, and Desclaux [36] used the Desclaux
MCDF code, including all leading relativistic effects and
intrashell correlations. Significant differences in E2 rates
with the calculations of Zeippen for other configurations
were noted, but the M1 rates agreed well. Kaufman and
Sugar [27] have tabulated rates for many elements and
charge states. Table IV shows that the calculated Ar’™*

TABLE IV. Calculated total or M1 and E2 transition rates for the 2s22p°> 2P, ,, level of Ar’" and the
2522p*3P, level of Ar'®* and lifetimes determined from the calculated rates. Numbers in square brack-

ets denote powers of 10.

Transition rates (s™')

Ar’* 2522p° transition E, C-MZ [35] C, KD [36] KS [28]
P,y ,,-2P, ) M1 1.044(2)
MI1+E2 1.05[2] 1.06[2]
E2 2.062[ —3]
Lifetime *P,,, (ms) 9.52 9.58 9.43
Expt. lifetime 8.531+0.24 ms
Arl(H- 2s22p4
3p,-3P, M1 6.556[1]
MI1+E2 67 66.3
E2 4.382[ —4)
Lifetime 3P, (ms) 14.92 15.25 15.1

Expt. lifetime 14.8+1.1 ms
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lifetimes are about 10% higher than the measured life-
time, but the Ar!* theoretical lifetimes agree well with
the measurement.

V. CONCLUSION

A method of injecting ions into a Kingdon trap has
been discussed, together with results of measurements of
metastable lifetimes of certain levels of Ar?*t, Ar’t,
Ar’t, and Ar'®*. The data for Ar’>* agree well with ear-
lier measurements completed using slightly different
methods, and all of the data are in adequate agreement
with contemporary theoretical calculations. The Ar®™"
measurement had a relatively low precision (about 25%)
but the other lifetime measurements had relative pre-
cisions ranging from 3% to 7.5% adequate to test the
theoretical calculations, although not sufficient to distin-
guish the best calculation. Several of these measurements
are in charge states ¢ > 2, which have not been feasible to
study by other methods. This technique opens metasta-
ble lifetime measurements to a broad range of charge
states, elements, and transitions. It is now potentially

feasible to measure lifetimes of all transitions of a
configuration by choosing elements and charge states
which have transitions with appropriate wavelengths and
lifetimes.
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FIG. 1. Measurement cycle used in measurements of life-
times of metastable levels of ions stored in a Kingdon trap. The
ions were captured by rapidly pulsing the potential of the cen-
tral wire of the trap to zero and were released when the poten-
tial rose back to the original value. The ion beam was deflected
after the ions were captured and voltage was then applied to the
microchannel plate detector. Photons were detected continu-
ously during the ion storage interval. The cycle was repeated
many times for signal averaging purposes.



