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The natural radiative lifetimes of the ns?np* (*So) metastable states of Ar**, Kr**, and Xe?t
with n = 3, 4, or 5, respectively, have been measured using an ion-trapping technique. In addition,
we have measured the natural radiative lifetimes of the 4s°4p® (*P;;;) metastable state of Kt
and also of the 5s25p® (*P,;; and 2P;;;) metastable states of Xe®t. The decay rate of each state
was determined by counting for equal time intervals the uv photons emitted as the metastable ion
population decayed to a lower level of the ground-state configuration. A population of ions was
produced inside a cylindrical electrostatic ion trap by electron bombardment of the appropriate
parent gas maintained at pressures ranging from 4 to 80 x 107® Torr. The trap consisted of a
5.0-cm-diam, 7.5-cm-long cylinder with end caps plus a concentric 0.003-cm-diam central cylinder
maintained at a negative potential of 150 V. Following electron impact of the parent gas, some of the
photons emitted by the decaying metastable ion population were focused onto a narrow-bandwidth
interference filter. Photons transmitted by the filter were detected by a photomultiplier tube as a
function of time and generated a decay curve. As dictated by the composition of the photon decay
curve, the pressure-dependent decay rate of each metastable state was obtained from a least-squares
fit of either a single- or double-component exponential decay to the natural logarithm of its decay
curve. The mean decay rate was extrapolated to zero pressure of the parent gas using a straight-line
least-squares fit, and the inverse of the zero-pressure intercept yields the natural radiative lifetime
of the relevant metastable state. Our measurements for the 'S, metastable states of Ar’t, Kr?t,
and Xe?t yield 133 + 24, 14.8 £ 0.8, and 4.6 & 0.3 msec for the natural radiative lifetime of the
respective metastable state. Our result for the lifetime of the 2P1/2 metastable state of Kr®?t is
47 + 5 msec, while the lifetimes of the 2P, /2 and 2P3/2 metastable states of Xe®*t are 15.6 + 0.9 and
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5.3 + 0.5 msec, respectively.
PACS number(s): 32.70.Fw

I. INTRODUCTION

Within an atomic electron configuration, the combined
spin-orbit and electron-electron interactions produce a
manifold of energy levels all with the same parity. Thus,
excited levels of a ground-state configuration are rigor-
ously forbidden by the parity selection rule to undergo
spontaneous decay by an electric dipole (E£1) transition.
Such excited states, known as metastable states, give
rise to weak spectral lines as they decay via magnetic
dipole (M1) and electric quadrupole (E2) transitions.
Metastable states of low-charge-state atomic ions have
radiative transition probabilities typically four to eight
orders of magnitude less than allowed FE1 transitions.
We have used an ion-trapping technique [1, 2] to mea-
sure the natural radiative lifetimes of the ns?np* (15,)
metastable states of Ar?t, Kr?t, and Xe?* with n = 3, 4,
or 5, respectively. In addition, we have measured the ra-
diative lifetimes of the 4s24p® (2P, ;) metastable state of
Kr3* and also of the 5525p3 (*P,» and 2P3/2) metastable
states of Xe3*. Unfortunately, we were unable to mea-
sure the lifetime of the 4s?4p® (P;/,) metastable state
of Kr3t since the appropriate transition for monitoring
the decay of this state is not sufficiently isolated from a
forbidden transition in Kr2+.

The energy levels [3] of the 4s24p* ground-state con-
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figuration of Kr?t are shown in Fig. 1. Except for an
inversion of the 3P, and 3P, levels in Xe?t, the en-
ergy levels [3, 4] of the ground-state configurations of
Ar?t and Xe?t are similar to those of Kr?t. Theoret-
ical values [4-8] of the transition probabilities for the
1S; metastable state give natural radiative lifetimes of
about 150, 17, and 5 msec for Ar?t, Kr?t and Xe?t
respectively. For all three ions, the (1S, — 3P;) M1
transition, indicated by the solid line in Fig. 1, is the
dominant decay branch of the 1.S; metastable state and
represents 60% of the total transition probability [5-7] in
Ar?* and greater than 90% in both [8] Kr?* and Xe?*.
Photons emitted during the (}Sy — 3P;) transition have
wavelengths of approximately 311, 350, and 380 nm for
Ar?t| Kr?t and Xe?* respectively. One previous mea-
surement of the natural radiative lifetime exists for the
1Sy metastable state of each ion. Prior [9] determined
a lifetime of 109 + 27 msec for the 1Sy state of Ar?t.
Later, Walch and Knight [10] measured the lifetime of
this state for both Kr?* and Xe?*, obtaining values of
13.1 £ 0.6 and 4.5 £ 0.3 msec respectively.

The energy levels [3,11] of the 5525p> ground-state con-
figuration of Xe3* are shown in Fig. 2. The more recent
analysis [11] of the Xe3* spectrum showed that the en-
ergy of the 5s?5p% (2 P3),) level was about 0.77 eV higher
than the earlier tabulated value [3]; our results support
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FIG. 1. Kr?* energy-level diagram showing the five en-
ergy levels of the 4s%4p* ground-state configuration. The
solid line indicates the forbidden transition monitored for
the measurement of the natural radiative lifetimes of the *So
metastable state of Ar*t, Kr?t, and Xe?*.
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FIG. 2. Xe®* energy-level diagram showing the five en-

ergy levels of the 5s25p® ground-state configuration. The solid
lines indicate the forbidden transitions monitored for the mea-
surement of the natural radiative lifetimes of the metastable
states.
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this reassignment of the Xe3+ (2P, /2) level. The energy
levels [3, 12] of the 4s24p® ground-state configuration of
Kr3* are similar to those of Xe3t. The calculated tran-
sition probabilities [13, 14] for the energy levels of the
4524p° configuration of Kr3t predict natural radiative
lifetimes of approximately 55 and 23 msec, respectively,
for the 4524p® (2Py/, and 2 P3/;) metastable states, while
those [14] for the energy levels of the 5s25p® configura-
tion of Xe3* predict natural radiative lifetimes of approx-
imately 16 and 7 msec, respectively, for the 5525p3 (2 Py,
and 2P3/,) metastable states. For both Kr3* and Xe?*,
the (2P1/2 — 453/2) and (2P3/2 — 2D3/2) Ml, E?2 tran-
sitions, indicated by the solid lines in Fig. 2, are expected
to be the dominant decay branches [13,14] of the 2P,
and 2P3/2 metastable states. In Xe3*, for example, the
(2Py3 — *S3/2) transition at 357 nm represents 83% of
the 2Py, state’s total transition probability, while the
(P32 — 2Dj35) transition at 447 nm is responsible for
53% of the total transition probability for the 2P /2 state.

II. EXPERIMENTAL METHOD

Since our experimental apparatus has been discussed
previously [2], only a brief review of the ion trap and
our experimental method is given. An ion population,
produced by electron impact of the appropriate parent
atom gas, was confined to a volume of approximately
25 cm® by the electric fields of a cylindrical electrostatic
ion trap [1,15,16]. The electrostatic ion trap and a 0.5-in-
diam tungsten dispenser cathode were located in a vac-
uum chamber where the residual background pressure,
as measured by an uncalibrated Baynard-Alpert ioniza-
tion gauge, was approximately 10~° Torr. Parent atoms
were admitted to the vacuum chamber through an ad-
justable leak valve and set to pressures that ranged from
4 to 80 x 1078 Torr. Two circular ports, located on
the 5-cm-diam outer electrode of the trap, were covered
with tungsten wire cloth to allow the photons emitted
by the decaying metastable ions to be observed. The
trap’s end caps were also constructed using tungsten wire
cloth so that electrons from the hot cathode could pass
through the trap. These electrons, accelerated to about
200 eV just before entering the trap, traveled parallel to
the trap’s axis and produced various ionization states of
the parent atoms inside the trap by electron impact. As-
suming an estimated photon counting efficiency of 0.1%,
the observed signals indicate that for each fill pulse ap-
proximately 10* Ar?*, Kr?+, or Xe?t ions were created
in the Sy metastable state and that about 103 ions of the
desired metastable state of Kr3t or Xe3t were created.

After the trap was filled, some of the photons emit-
ted by the decaying metastable ion population passed
through a port in the outer cylindrical electrode and
were focused onto a narrow-bandwidth interference fil-
ter positioned in front of a photomultiplier tube. The
interference filter preferentially selected photons emit-
ted by the state of interest and also rejected unwanted
background radiation emitted by the hot dispenser cath-
ode. Characteristics of the interference filters used in
these metastable lifetime measurements are shown, along
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TABLEI. Wavelengths of the transitions monitored, and also characteristics of the interference
filters used, for the metastable-state lifetime measurements. Transition wavelengths, positions of
maximum filter transmittance (peak A), and full width at half maximum (FWHM) values of the
filters are given in nanometers. The Peak %T column lists the percent transmittance of each filter

at its peak M.

Ion Transition Wavelength Peak A FWHM Peak %T
Ar’t 1850 — 3P, 311 312+ 1 10+1 27 + 2
Kr2t 1S — 3P, 350 350 + 1 10+1 52 4+ 2
Xe?t 1Sy — 3P, 380 380 + 1 8§+1 20 + 2
Kr®t 2Pij2 — *Sap 322 323 + 1 11+1 33 + 2
Xet 2Py — *Ssp 357 360 £ 1 10 +1 27+ 2
Xe3t 2P3j2 = *Dyypp 447 449 + 1 10 +1 22 £ 2

with the transitions monitored, in Table I. The trans-
mittance curve of each filter was quite steep near the
peak transmittance wavelength, and the transmittance
was less than ~0.25%, 12 nm to either side of the peak
wavelength.

Counts associated with the decay of a particular
metastable state were collected through a cycle consist-
ing of five events: a fill pulse, two photon counting pe-
riods, and two trap dumps. The trap was emptied, or
dumped, of ions by applying a positive voltage pulse for
1 msec to the central electrode of the trap. The pho-
ton counting periods consisted of either 50 or optionally
100 channels of equal temporal width. Thus each pho-
ton counting period defined a scan whose time duration
equaled the product of channel width and the number
of channels. Table IT summarizes the timing parameters
that were used.

At the beginning of each channel, an on-line computer
zeroed and gated on a 32-bit counter to register the num-
ber of photons detected as the metastable ion population
inside the trap radiatively decayed. Counts accumulated
during a channel’s dwell time were read by the computer
and stored in a separate memory location for each chan-
nel. Signal averaging with background subtraction was
accomplished by using two photon counting periods per
cycle and repeating the cycle many times. The first pho-
ton counting period, which was preceded by a fill pulse,
contained a record of both signal and background counts,
while the second photon counting period, which was pre-
ceded by a trap dump, corresponded to only background
counts. The counts collected in the second counting pe-

TABLE II. Timing parameters (in milliseconds) used for
the natural radiative lifetime measurements. The quotient
(scan duration/channel width) gives the number of channels
per scan for each measurement.

Ion State  Fill period Channel width Scan duration
Ar??t 1S 100.0 6.0 300.0
Kr2* 1S, 40.0 1.0 50.0
Xe?t 15, 20.0 0.4 20.0
Ke*t 2Py, 30.0 0.6 60.0
Xe*t ?p, 20.0 0.7 35.0
Xe*t Py, 20.0 0.5 50.0

riod were subtracted from the number detected during
the first period on a channel-by-channel basis and the
result was added to that of previous cycles. Therefore,
the signal level of each channel was accumulated and the
background was minimized. At the conclusion of a data
collection run, the signal emitted by the trapped ions had
been recorded versus time and predominantly consisted
of counts arising from the stored metastable ion popula-
tion. For these measurements, integration times for each
data run ranged from a low of ~ 6 h for the Xe?* (15p)
metastable state to a high of ~ 21 h for the Kr3+ (2P1/2)
metastable state.

Each radiative lifetime measurement commenced with
a few preliminary runs for diagnostic purposes where pa-
rameters affecting signal quality were varied. Results of
the diagnostic runs were analyzed in order to determine
an approximate value for the lifetime to be measured, as-
certain whether or not more than one decay component
existed in the decay curve, and also to choose run param-
eters that would simultaneously maximize signal quality
while minimizing total run time. After the diagnostic
runs were analyzed, integration times, channel widths,
and the number of channels were chosen so that the to-
tal photon counting interval spanned approximately four
mean lifetimes or until the signal level in the last few
channels was about the same size as the background
noise. In a series of separate experiments, the total ion
storage time was determined at each pressure of each
parent gas used in the lifetime measurements and was
found, at a minimum, to be at least twice the measured
radiative lifetime of the revelant metastable state.

III. DATA ANALYSIS

For a metastable-state population decaying according
to the exponential Noe~7!, the natural logarithm of the
decay counts versus time is a straight line whose slope
is the decay rate 5. Neglecting the first few channels
of the decay where the ion cloud stabilizes and allowed
cascades occur, Fig. 3 shows the expected straight-line
behavior for the logarithmic plot of decay counts associ-
ated with the decay of stored Xe2+ (15;) ions. However,
as shown in Fig. 4, the logarithm of the decay counts col-
lected for the Kr3* (? Py /,) lifetime measurement deviates
significantly from a single-component exponential decay.
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FIG. 3. 50-channel decay curve showing the natural loga-
rithm of signal counts S minus background B vs time as the
55%5p* (1.So) metastable-state population of Xe®* decays. An
interference filter centered at 380 nm was used to monitor
the 380-nm photons emitted as a result of the (S, — *P;)
M1, E2 transition. The slope of a straight-line (solid line)
least-squares fit to the data gives the decay rate of the
Xe?*(1Sy) metastable state.
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FIG. 4. 100-channel decay curve showing the natural log-
arithm of signal counts S minus background B vs time as the
4s%4p°® (QPI/Q) metastable-state population of Kr®t decays.
An interference filter centered at 323 nm was used to monitor
the 322-nm photons emitted as a result of the (2P1/2 — ‘Pglg)
M1, E2 transition. The solid line results from a nonlinear
least-squares fit of In(S — B) to two exponentially-decaying
populations. The slower decaying component corresponds to
the decay of the Kr®*(? Py j2) metastable state while the faster
decaying component reflects both cascades from higher levels
and ion cloud stablization after the end of the electron bom-
bardment of the neutral Kr parent gas.

When the decay curve contains only a single component,
the decay rate v is obtained from the slope of a straight-
line fit to the appropriate region of the natural logarithm
of the decay counts using a weighted least-squares-fitting
procedure [17]. But, when the decay curve consists of two
components, a weighted four-parameter least-squares fit
to the logarithm of two exponentially decaying popula-
tions is used instead. Then the decay counts versus time
are modeled by

N(t) = Nle""“t + Nge—‘ht, (1)

where N;, N, are the two initial populations and v,
v2 the two decay rates. Initially, all decay curves were
fit with both the single- and double-component decay
models. However, we found that only the decay curves
for the Kr3* (2Py/,) and Xe*t (*P3/2) metastable states
required fitting to the double-component model. In all
cases, the first few channels of each decay curve were
excluded from the least-squares-fitting procedure in or-
der to minimize the effects of ion cloud stablization and
cascades from higher levels, while the last few channels
were used to determine the small residual background
that was not removed by the real-time background sub-
traction technique discussed in Sec. II.

The total decay rate v consists of two parts: the radia-
tive decay rate v, plus a pressure-dependent decay rate
¥p that represents all losses of the metastable ions as a
consequence of collisions with the neutral parent atoms
present in the trapping volume. To first order in parent
atom pressure P, the decay rate is

Y=Y +% =7 +kn,, (2)

where & is the collision rate coefficient and n, is the num-
ber density of the appropriate parent atoms per unit vol-
ume at a particular pressure P. For each metastable state
whose lifetime was being measured, we accumulated nu-
merous decay curves at various parent pressures. Then
the zero-pressure intercept of a straight line least-squares
fit to a plot of the decay rate versus pressure is the ra-
diative decay rate vy, and the natural radiative lifetime
7o of the metastable state producing the decay curve is
7o = 1/79. Moreover, the slope of the straight line gives
the collision rate coefficient k.

IV. RESULTS

A. 'S, metastable state of Ar?t, Kr?t, and Xe2?t

Except for the first few milliseconds of the decay where
the ion cloud stablizes and allowed cascades occur, de-
cay curves taken for the lifetime measurements of the
1Sy metastable states of Ar?t, Kr2t, and Xe2+ exhib-
ited only a single exponentially-decaying component. As
an example, Fig. 3 shows a logarithmic plot of a decay
curve accumulated for the Xe?+ (15)) metastable state.
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Our result for the lifetime of this state is based on 38
decay curves that were collected at Xe parent pressures
ranging from 10 to 50 x 108 Torr. The integration time
for each Xe?* decay curve was approximately 6 h. As
shown by the solid line in Fig. 3, the decay rate was ob-
tained from a least-squares fit to the time interval from
4 to 18 msec after the end of the electron-bombardment
period. After extrapolation of the decay rates to zero
Xe pressure as shown in Fig. 5, we find that the natural
radiative lifetime of the 5525p* (1Sp) metastable state of
Xe?+ is 4.6 + 0.3 msec.

Our final measured value for the lifetime of the
4s%4p* (1S,) metastable state of Kr?* is based on a total
of 119, 9-h runs taken at the same Kr parent pressures
as those used for the Xe?* (15;) lifetime measurement.
As a check for possible systematic effects associated with
ion cloud stabilizaton, half of the decay curves were col-
lected with a 50-G magnetic field applied coaxially with
the ion trap. However, using the time interval from 5 to
35 msec after the end of the fill pulse as the least-squares-
fit region, there was no significant difference in the decay
rates with or without the magnetic field. Therefore, all
the decay rates were combined and then extrapolated
to zero Kr pressure, as shown in Fig. 6. The resulting
value for the natural radiative lifetime of the Kr2+ (1Sp)
metastable state is 14.8 3 0.8 msec.

A total of 73, 9-h decay curves for the 3s523p*(1S)
metastable state of Ar?2t were accumulated at Ar pres-
sures ranging from 6 to 16 x 1078 Torr. A single-
component exponential was least-squares fit to each de-
cay curve for the time interval from 30 to 210 msec, with
the last few channels once again being used to determine
the residual background counts. Although we have not
included a plot of the decay rates versus pressure, ex-
trapolation of the mean decay rates to zero Ar pressure
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FIG. 5. Decay rates vs parent Xe pressure for both the

53%5p* (1So) metastable state of Xe** and the 5s%5p® (2 P3/2)
metastable state of Xe3t; o, 1Sp state; A, 2P3/2 state. The
natural radiative lifetimes are obtained from the zero-pressure
intercepts of the relevant straight-line fit, whereas collision
rate coefficients are deduced from the slopes.
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FIG. 6. Decay rates vs parent Kr pressure for both the

45%4p* (1 So) metastable state of Kr** and the 4s°4p® (*Py )
metastable state of Krt; e, 1Sy state; A, 2P1/-2 state. The
natural radiative lifetimes are obtained from the zero-pressure
intercepts of the relevant straight-line fit, whereas collision
rate coefficients are deduced from the slopes.

gives our result of 133 324 msec for the natural radiative
lifetime of the Ar?* (1S;) metastable state.

Our results for the radiative lifetimes of the 1S
metastable state of Ar?t, Kr?2*, and Xe?t are compared
in Table III with previous experimental and theoretical
values. The agreement is quite satisfactory in the case of
Ar?* and Xe?*+; however, for Kr?* there is a mild dis-
crepancy between both experimental values and also the
theoretical values, although the errors of the theoretical
calculations are unknown.

B. Metastable states of Kr®t and Xe3t

A total of 45 decay curves for the 4s%4p3(*Py;)
metastable state of Kr3* were accumulated at Kr parent
pressures ranging from 5 to 35 x 10~8 Torr. As shown in
Fig. 4 where the natural logarithm of the decay counts
is plotted versus time, at least two decay rates are as-
sociated with the decay curve; the solid curve shown
in Fig. 4 represents a nonlinear, two-component, least-
squares fit to the natural logarithm of the decay counts
for the time interval from 2 to 54 msec after the end of the
fill pulse. However, in contrast to the other metastable
states of interest as well as to earlier measurements [2, 18]
of metastable state lifetimes, the pressure dependence of
the faster component’s decay rate is not characteristic of
a radiative decay process since the decay time, as deter-
mined by the two-component fit, increases with Kr parent
pressure. But, as shown in Fig. 6, a plot of the slower
component’s decay rates versus Kr parent pressure yields
the expected straight-line behavior and as discussed later,
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TABLE III. Comparison of the values for the natural radiative lifetimes (in milliseconds) of the
15, metastable state of Ar?t, Kr?*, and Xe?*.
Authors Ar*t Kr?* Xe?t
Garstang® 17.2 4.4 theory
Mendoza and Zeippen® 153 theory
Czyzak and Krueger® 140 theory
Hansen and Persson? 4.9 theory
Biémont and Hansen® 149 17.3 theory
Prior! 109 + 27 experiment
Walch and Knight® 13.1 £ 0.6 4.5 + 0.3 experiment
This work 133 + 24 14.8 £ 0.8 4.6 + 0.3 experiment

*Reference [8].
PReference [5].
“Reference [6].
dReference [4].

a collision rate coefficient significantly larger than for the
Kr?* (1S5) metastable state. This larger collision rate
coefficient indicates that the slower component is a ra-
diative process originating from a population of Kr ions
in an ionization state greater than Kr2t. Therefore, we
consider the slower component to represent the decay of
the Kr3* (2P;/,) metastable state; we suspect that the
faster component arises from collisions and/or cascades
involving parent Kr atoms and the stored ions (Kr!'t,
Kr?t) Kr3t, and perhaps Kr*t). The longest measured
decay time of the faster component was less than 3 msec,
and a single-component fit (straight line) to the natural
logarithm of the decay counts for the time interval from
15 to 54 msec gives, to within the statistical error of each
theoretical fit, a decay rate consistent with the slower
component of the double-component fit. Extrapolating
the decay rates versus Kr pressure shown in Fig. 6 to zero
parent pressure, we obtain 47 £ 5 msec for the natural
radiative lifetime of the 4s24p® (Py;,) metastable state
of Kr3+.

In order to determine the natural lifetime of the
5s25p° (2Py2) metastable state of Xe®*, 60 decay curves,
each requiring ~ 8 h, were collected at Xe pressures rang-
ing from 4 to 50 x 10~8 Torr. As listed in Table I, the
357-nm radiation emitted by the decaying Xe3* (2Py;,)
metastable ion population was monitored using an inter-
ference filter centered at 360 nm. Although the transmit-
tance of this filter was quite small beyond 375 nm, the
possibility of 380-nm photons, emitted by the Xe?* (1S,)
metastable ion population, leaking through the 360-nm
interference filter was of specific concern. As a test of this
possibility, several additional decay curves were taken
with all experimental parameters identical, except that
the 350-nm interference filter described in Table I was
used instead of the 360-nm filter. At a particular Xe
pressure, the measured decay rates for decay curves col-
lected with the 350-nm filter were the same, to within the
statistical errors of the theoretical fits, as those collected
with the 360-nm filter. The data clearly showed that only
a single component was present in the decay, as confirmed
by fitting the decay curves using both single- and double-
component decay models. Correspondingly, decay rates
were obtained from a straight-line least-squares fit to the

*Reference [7].
fReference [9].
8Reference [10].

natural logarithm of the decay counts for the time inter-
val from 7 to 32 msec after the end of the fill pulse. The
decay rates at each Xe pressure were averaged, and the
mean decay rates were extrapolated to zero Xe pressure,
yielding 15.6 & 0.9 msec as the value for the lifetime of
the Xe?* (2Py/,) metastable state.

By monitoring the predominantly (2P3;; — 2Ds;,)
M1 transition at 447 nm, 58 decay curves, each requir-
ing about 18 h, were collected for the 5s25p3 (2P3/2)
metastable state of Xe3t at Xe pressures ranging from 20
to 80 x 10~8 Torr. Once again, at least two components
were present in the decay curve. Since at each Xe pres-
sure the extremely noisy slower component has about the
same decay time as the ion storage time, we conclude that
this component arises from photons generated as a con-
sequence of collisional excitation of the parent Xe atoms
by the stored ions, which are mostly ground-state Xet.
Thus the faster component corresponds to the decay of
the Xe3* (2P3;;) metastable state. The logarithmic de-
cay curves were fit by the two-component least-squares
procedure on an interval from 3 to 43 msec after the
end of the electron-bombardment period. The resulting
mean decay rates of the faster component are plotted
versus Xe pressure in Fig. 5; then the natural lifetime of
the metastable state was obtained from the intercept at
zero Xe pressure of a straight-line least-squares fit to the
decay rates versus pressure. Our result for the natural
radiative lifetime of the 55?5p (P5/,) metastable state
of Xe3t is 5.3 + 0.5 msec.

Our experimental values for the natural radiative life-
times of the 4s?4p3 (2P, /,) metastable state of Kr®*+ and
the 5s25p® (2P, and 2P3;;) metastable states of Xe3+
are compared in Table IV with the theoretical values. Al-
though the measured lifetimes for a couple of the states
are somewhat shorter than the predicted lifetimes, the
agreement for all the metastable states is satisfactory.

C. Errors

One of the major concerns when making a direct mea-
surement of the lifetime of a metastable state is that
in addition to the transition of interest another tran-
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TABLE IV. Comparison of the values for the natural radiative lifetimes (in milliseconds) of the
2P,/2 and 2P3/2 metastable states of Kr*® and Xet3.

Authors Ion 2p /2 2p, /2

Biémont and Hansen® Krt? 55.2 23.3 theory

Reader® Krt? 55.3 23.3 theory
Xet? 15.8 6.6

This work Krt3 47+ 5 experiment
Xet? 15.6 £ 0.9 5.3+05

*Reference [13].
" Reference [14].

sition also will have a wavelength within the bandpass
of the interference filter being used. In fact, this situ-
ation prevented the measurement of the lifetime of the
45%4p® (2P3/,) metastable state of Kr3*. However, for
the other metastable states of interest, a second com-
ponent having a small signal and/or similar decay rate
might not be noticed and consequently could result in
a substantial systematic error. A careful examination
of the available data for the energy levels did not re-
veal any other metastable states of Ar, Kr, or Xe ions
that might be produced in sufficient numbers so as to
result in a systematic error in our measured radiative
lifetimes. In order to check this conclusion experimen-
tally for each parent gas, a set of narrow-bandwidth in-
terference filters whose center wavelengths ranged from
200 to 450 nm was used to take a sequence of very long
integration time runs over this entire spectral region. Ex-
cept for spectral locations where known metastable tran-
sitions had some transmittance through the particular
filter being used, the resulting scans gave only a constant
flat background noise. As an additional check for unde-
sired decay radiation, the same 200-450 nm wavelength
range was investigated again, but without any parent gas
present in the vacuum chamber. No decay signals were
observed with any filter, just a flat background response.
Other experimental parameters—such as trapping poten-
tial, electron-bombardment energy, trap fill time, and
trap dump time—were varied also to explore for possible
systematic errors. The measured decay rates were always
the same to within the statistical errors of the theoretical
fits.

The major source of error for our experimental life-
time values is an uncertainty associated with knowledge
of the parent gas pressure and consequently the extrap-
olation of the measured decay rates to zero parent pres-
sure. There is also some uncertainty associated with the
particular choice of time interval for the theoretical fit
and of the small amount of residual background that is
subtracted. Combining these uncertainties, all consid-
erably larger than the statistical errors, our estimated
errors are presented in Tables III and IV along with the
measured lifetime values.

D. Collision rate coefficients

The collision rate coefficients of the six metastable
states of interest were determined from the slopes of the

straight-line least-squares fit to the decay rates versus
parent atom pressure; four examples are shown in Figs. 5
and 6. Actually, the pressure-dependent part v, of the
total decay rate v includes all pressure-dependent losses
of ions from the metastable state and has at least two
contributions. The first is the collisional quenching of the
metastable state; the second is the loss of the metastable-
state ion from the trap when a kinetic collision sufficiently
perturbs its trajectory about the cylindrical center elec-
trode of the trap. A separate measurement of the ion
storage time [1] for loss of ions from the trap indicates
that collisional quenching is the major contribution to
¥p. However, the ion storage time measurements are es-
sentially for ground-state Ar*, Krt, or Xet since they
are the dominant trapped ions. Nevertheless, the mea-
sured collision rate coefficients are listed in Table V and
do show the expected increase in size as the ionization
state of the parent atom increases.

Previous measurements [9, 10] of the collision rate co-
efficients for the 'Sy metastable state of these doubly
charged ions obtained values of 6 x 1071% c¢m3/sec for
Ar?*, 5% 1071% cm3/sec for Kr?+, and 3 x 1071% cm3 /sec
for Xe?*. Our collision rate coefficients are larger than
the previously determined values by a factor of 3 to 7.
However, the earlier values as well as ours were deduced
from pressure measurements obtained using uncalibrated
ionization gauges, and this may introduce a substantial
absolute error. Moreover, the velocity distributions of
the stored ions in the ion traps used in the previous mea-
surements may be different from that in our electrostatic

TABLE V. Measured collision rate coefficients k for the
metastable states investigated. The uncalibrated ionization
gauge used to measure the parent atom pressures may intro-
duce an uncertainty of a factor of 2 or more for the absolute
value of the rate coefficients, although the relative error is
estimated to be about 25%.

Ion Configuration State k (107° cm®/sec)

Ar?t 3s23p* 15 2.1

Kr2t 4524p* 1So 1.6

Xe?t 5825p* 1S 2.1

Kr3+ 4s%4p® 2Pi2 8.0

X63+ 5825])3 2P1/2 14.0
5s25p° 2Py/s 9.9
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trap. Given the uncertainties associated with the uncal-
ibrated ionization gauges and the differing ion velocity
distributions, our measured collision rates listed in Ta-
ble V are consistent with the previously reported values.

V. SUMMARY

A list of the experimental and theoretical values for the
natural radiative lifetimes of the ! S; metastable state of
Ar?t  Kr?*, and Xe?* is given in Table III. Qur exper-
imental results show fair agreement with all theoretical
estimates of the 1Sy lifetime. Experimentally, one life-
time measurement was reported previously for each of
the 1Sy metastable states. Comparison of our results for
the lifetimes with the previous measurements shows good
agreement for the 1S, states of Ar>* and Xe?*t, whereas
our lifetime value for the Kr?+ (15;) state is about 12%
longer than the earlier measurement.

Table IV summarizes the experimental and theoreti-
cal values for the natural radiative lifetimes of the 2P, /2
and %P3/, metastable states of the 4s?4p® and 5s%5p
ground-state configurations of Kr3* and Xe®*, respec-

7799

tively. However, because of poor spectral isolation, we
were unable to make an unambiguous measurement of the
radiative lifetime of the Kr3* (*P3;,) metastable state.
Theoretical values for the lifetimes of the 2Py ;, and 2 P3,
states of Kr3*t and Xe3* were obtained from a summa-
tion of the M1 and E2 spontaneous-emission probabili-
ties calculated by Biémont and Hansen [13] and also by
Reader [14]. Since the estimated uncertainty associated
with the calculated lifetimes is minimally about 10%, our
measured lifetimes are in good agreement with the theo-
retical values.

Finally, for the six metastable states that we observed,
Table V gives the collision rate coefficients that result
from our investigation of the pressure dependence of the
decay rates.
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