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Photoionixation cross section of the 4p Sd[7/2] J=4 state
and radiative lifetimes of three states of Kr I
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Three states in Kr I were studied in a pure Kr discharge at pressures ~ 15 mTorr. Two-photon excita-
tion from the metastable 4p 'Ss [3/2] J = 2 state produced the 4p 'Sd [7/2] J =4 state whose photoioniza-
tion cross section and lifetime were measured. The photoionization cross section at A, =1064 nm is 32+5
Mb, and the radiative lifetime is 142+12 ns. One-photon excitation produced the 4p Sp [5/2] J =2 and
J=3 states of Kr I, whose radiative lifetimes were measured. In contrast to previous lifetime measure-
ments of these two Sp states, this work used both state-specific excitation and low pressures. The pres-
sures were low enough that collisional transfer between these two states was negligible. In a very clean
8-mm-diam cell, the 5p [5/2] J =3 lifetime increased with Kr pressure. This increase is attributed to ra-
diation trapping on the 5s [3/2] J=2 to 5p [5/2] J =3 transition. This radiation trapping by the meta-
stable first excited state of Kr I was observed in a pure Kr discharge at pressures below 4 mTorr.

PACS number(s): 32.70.Fw, 32.80.Fb

I. INTRODUCTION

Photoionization cross sections and radiative lifetimes
of an excited state depend on the strength of the coupling
of this state by photons to other states, either continuum
or bound. The strengths of these couplings are of interest
as fundamental parameters in atomic physics and because
of important applications in astrophysics, laser physics,
and laser-based elemental and isotopic analyses. Photo-
ionization and its inverse process, radiative ion-electron
recombination, can be dominant processes in outer space
where collisions are rare. In multiatmosphere excimer-
laser plasmas, the high concentrations of lasing photons
can make photoionization the dominant loss mechanism
for important precursors to the lasing species. Thus pho-
toionization can limit the energy-extraction efficiency in
these lasers. In laser-based atomic-detection techniques,
such as resonance-ionization spectroscopy (RIS), photo-
ionization cross sections and lifetimes of excited states
must be known to predict the potential sensitivity and
selectivity of a particular scheme. RIS is being used for
an increasing range of applications [1] including spectros-
copy, single-atom detection, elemental analysis, ultrasens-
itive isotopic analysis, plasma diagnostics in semiconduc-
tor processing, and fundamental physics experiments.

A proposed approach for ultrasensitive isotopic
analysis of Kr [2] uses RIS of the metastable 5s [3/2]J 2
state. This approaches uses continuous-wave single-
frequency lasers for two-color two-photon excitation to
the Sd [7/2]4 state via the 5p [5/2]3 state followed by
photoionization at 1064 nm (see Fig. 1). This path is pre-
dicted to be very efficient and provide high isotopic selec-
tivity. If this approach or another [3—6] can provide the
required sensitivity and selectivity, several applications
using the rare radioactive isotopes 'Kr and Kr will be-
come possible. There are several dating applications for
s'Kr in climatology and hydrology [7,8]. With its

2.1 X 10 -yr half-life, 'Kr could be used to date events on
the time scale of 10 —10 years. A solar-neutrino experi-
ment that requires ultrasensitive detection of 'Kr has
also been proposed [9]. Applications for Kr detection
[7,8] include dating ground water less than 30 years old,
atmospheric transport, and contamination of old air or
water samples with modern air. The actual efficiency and
selectivity of this RIS scheme depends on the photoion-
ization cross section and radiative lifetime of 5d [7/2]~
state and the radiative lifetime of the 5p [5/2]3 state.

The first measurements of the photoionization cross
sections of excited states of Kr [10] looked at the role of
autoionization and determined an upper limit for the
threshold photoionization cross section of the Ss metasta-
ble states. Later work on excited-state photoionization of
Kr, both experimental [11] and theoretical [12—14], was
largely prompted by the importance of these processes in
excimer lasers The cross sections of the Ss[3/2]2 state at
A, =248 nm [11] and the 6p[3/2]2 state at A, =193 nm
[15,16] have been measured. The measurements of both
these states used the coincidence between the ArF laser
wavelength and the two-photon transition from the
ground state to the 6p [3/2]2 state of Kr. This limited set
of experimental data does not test many of the predic-
tions of the calculations, for example, the prediction that
threshold cross sections for p and d states are comparable
and nearly two orders of magnitude larger than for the s
states.

The lifetimes of the Sp levels in Kr have been measured
many times [17—19]. An extensive compilation of life-
time measurements for the Sp levels in Kr can be found in
[17]. These levels play important roles in energy transfer
and production of the metastable Ss[3/2]z state. The
Sp [5/2] / =2 and J = 3 state lifetimes have been difficult
to measure accurately. The cross sections for collisional
equilibration between these two states separated by 13
cm ' is very large (=10 ' cm ) [17]. Only at pressures
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II. EXPERIMENT

Time-resolved laser-induced fluorescence with
wavelength-resolved detection was used in this work.
Figure 1 shows a partial energy-level diagram of Kr, the
excitation wavelengths in vacuum [20,21], and the photo-
ionization process studied in this work. The photoioniza-
tion cross section was determined from the depletion of
the Sd [7/2]4 state fiuorescence by the 1064-nm pho-
toionizing laser beam. Resonant detection of the fluores-
cence was used for the two 5p states because nonresonant
emission is not allowed for the Sp [5/2]3 state and the
nonresonant emission wavelengths from the Sp [5/2]2
state are too long to be detected with our system. Both
steps in the radiative cascade from the 5d [7/2]4 state to
the Ss[3/2]2 via the 5p [5/2]3 state were detected be-
cause these two wavelengths were not resolved by the
monochromator.

A pulsed dye laser (Lambda Physik Model FL 2002)
pumped by the 532-nm output of a neodymium-doped yt-
trium aluminum garnet (Nd: YAG) laser (Molectron mod-
el MY 32) excited Kr in the Ss [3/2]2 state in a pure Kr
discharge. Typical dye-laser pulse energies were 30 pJ.

Sd [7/2]4

1064 nm

2 811.1 nm

Ss[3/2],

Sp[5/2]&

5p[5/2],
0.7 nm

811.5 nm

FIG. 1. Partial energy-level diagram of Kr showing the states
and vacuum wavelengths of the three transitions used for excita-
tion. The states are labeled using Racah notation, which is of
the form nl [k]J where n and / are the outer electron's principal
and orbital-angular-momentum quantum numbers, k is the
angular-momentum quantum number of the ion core coupled
with l, and I is the total electronic angular-momentum quantum
number. The photoionization of the Sd [7/2]4 state at 1064 nm
is also shown.

well below 100 mTorr can the radiative decay rates be
cleanly separated from this collisional process. Previous
measurements for these two states have suffered from ei-
ther high pressures [17] or radiative cascades produced
by nonselective excitation [18,19]. We report lifetimes
measured using selective excitation at pressures below 15
m Torr, which are free from these problems. At 15
mTorr, the collisional transfer rates are less than 1% of
the radiative rates.

For the two-photon excitation, the dye-laser beam was
focused with a 200-mm-focal-length lens. For one-
photon transitions, there was more signal without this
lens; however, focusing the dye laser had no observed
effect on the lifetimes. A collection lens imaged the
fluorescence onto the entrance slit of a 0.1-m-focal-length
monochromator (Oriel Model 7240, bandpass typically 1

nm). The light exiting the monochromator was detected
with a photomultiplier (Hamamatsu Model R928). The
signals were recorded and averaged in a digital oscillo-
scope (Tektronix Model 2440) with a 400-MHz band-
width and 500-MHz sampling rate. From the oscillo-
scope, data were transferred to a computer for scattered-
light subtraction and nonlinear least-squares fitting of a
single exponential decay to the data.

A radio frequency (rf) discharge produced Kr Ss [3/2]z
metastable states in a 20-cm-long quartz or Pyrex cell
with windows sealed on with a glass frit (Vitta Corp. ).
These cells were made from 12-mm-o. d. tubing and
sealed with all metal valves (Nupro SS-4H) connected to
the cell using glass-to-metal seals. The best indication of
a clean cell and high Kr purity was the ability to sustain
a pure Kr discharge at less than 1 mTorr with rf powers
of less than 1 W. The best cleaning procedure for the cell
found in this work consisted of first baking the cell over-
night at 250'C followed by baking an additional 2 h at
360 C while being pumped by a vacuum system with a
base pressure of 2X 10 Torr. Following the baking, the
cell was filled with 1 Torr Kr, an rf discharge was started,
and the cell was then pumped out until the discharge was
extinguished. This cycle of filling, discharging, and
pumping was repeated at least four times. Following this
preparation, a faint discharge could be seen in the cell
even when the ion gauge on the vacuum system was regis-
tering in the region of 10 Torr. The Kr used to fill the
cells came from a reservoir immersed in liquid nitrogen.
The Kr in this reservoir was originally from a lecture bot-
tle (Matheson 99.95%%uo Kr) and had been further purified
by several freeze-pump-thaw cycles using liquid nitrogen.
An rf discharge pumps Kr [22,23] at pressures of 60
m Torr and below with moderate speed by implanting Kr
ions into the cell walls. Stable Kr pressures were ob-
tained in sealed cells only by first running the rf discharge
with the cell connected to the vacuum line. A few hours
were required for the cell pressure to stabilize. Presum-
ably a steady state was approached between the discharge
implanting and releasing Kr from the cell walls.

Figure 2 shows a typical pair of fluorescence decays
used for the photoionization cross-section measurements.
The background from scattered dye-laser light has been
subtracted from each trace. The fluorescence comes from
both the 5d[7/2]4 state and the 5p[5/2]3 state that is
produced by radiative decay of the 5d [7/2]4 state. The
emissions from these two states are only partially
resolved by the monochromator. Thus the time depen-
dence of the fluorescence changes with the lifetimes of
both states. After both excitation and photoionization,
there are "fast" transients in the fluorescence with the
5p [5/2]3-state lifetime.

Pairs of fluorescence decays were recorded, with and
without the 1064-nm beam going through the cell. The
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FIG. 2. Fluorescence decays from the 5d[7/2]4 state with
(upper curve) and without (lower curve) photoionization by a
1064-nm pulse from a YAG laser with a fluence of 7X10'
photons/cm . Also shown are the timings of the YAG pulse
and where the fit begins for measuring amplitudes lifetimes.
The noise before the beginning of the fluorescence is from elec-
trical noise created by the firing of the Q switch. The Kr pres-
sure was 1 mTorr.

1064-nm beam was delayed with an optical delay line to
arrive in the cell 50 ns after the dye-laser pulse. After the
20 m of travel from the Nd:YAG laser to the cell, the
1064-nm beam was over 2 cm in diameter. Near the cell
a 4.5-mm-diam aperture selected the portion of the 1064-
nm beam that entered the cell. The 1064-nm power
entering the cell was measured with a volume absorbing
calorimeter (Scientech 360001). To minimize problems
caused by scattered dye-laser light and "fast" transients
with the lifetime of the Sp [5/2]3 state, both decays in the
pair were fit for times longer than 140 ns after the start of
the fluorescence. After the "fast" transients, the fluores-
cence is well fit by a single exponential decay. From a
plot of the ratio of the amplitudes from the fit versus the
fluence in the 1064-nm beam, the photoionization cross
section was determined. The fluorescence decays without
the 1064-nm beam present were used in determining the
lifetime of the Sd [7/2]4 state.

III. RESULTS AND DISCUSSION

A. Photoionization

Figure 3 shows one set of photoionization data for the
5d [7/2]4 state, i.e., a plot of the amplitude ratios R from
12 pairs of decays similar to those in Fig. 2 versus the
1064-nm fluence F. The solid line is the result of a least-
squares fit to these data of the function

R =(1 B)exp( —aF)+B—,

where o. is the photoionization cross section and B is the
base line. This base line results from the Sp[5/2]3-state
population produced by the main radiative decay channel
of the Sd[7/2]4 state. This state is not photoionized at
1064 nm and its emission is detected along with the main
Sd[7/2]4 emission. The lifetime of the Sp [5/2]3 state

FICx. 3. Depletion of 5d [7/2]~-state Iluorescence by photo-
ionization at 1064 nm. Each point is the ratio of the amplitudes
at the beginning of the fit of a pair of fluorescence decays like
those in Fig. 2. The nonzero base line results from the Sp [5/2]&
population as discussed in the text.

and the ratio of the monochromator transmissions for the
two wavelengths both affect the size of this base line.
Thus B is affected by small changes in the tuning of the
monochromator or changes in the Kr pressure. The
pumping of Kr by the discharge can substantially change
the Sp[5/2]3 lifetime because of radiation trapping as
discussed below. Data sets used to determine the photo-
ionization cross section were taken with the Kr pressure
stabilized at 1 mTorr by running the discharge in the cell
for several hours while it was on the vacuum line. The
low Kr pressure minimized radiation trapping and the
stable Kr pressure reduced changes in the radiation trap-
ping during a set of measurements. Our measured photo-
ionization cross section is 32+5 Mb. The main uncer-
tainties in the cross section are due to uncertainties in the
beam profile and in the power measurement.

There are no published calculations nor measurements
of photoionization cross sections of the Kr 5d levels for
direct comparison. Calculations for the 4d levels of Kr
and Sd levels of Xe [14] give photoionization cross sec-
tions of 20 and 30 Mbarn, respectively, at the same pho-
toelectron energy as in this work, 0.2 eV. These calcula-
tions [12,14] use a single-particle central-field approxima-
tion. They only consider the electron configuration and
average over the fine-structure states, which have
different total angular momenta and energies. Only the
outer electron's principal quantum number and orbital
angular momentum are included in this treatment. The
two-fine-structure states of the Kr and Xe ion cores are
also neglected. Thus this treatment neglects autoioniza-
tion, which in the rare gases is built upon the P, &2 fine-
structure component of the ion core.

Autoionizing resonances are not important for the
photoionization cross section of the Sd[7/2]4 state at
A, =1064 nm. The nearest known Kr autoionizing reso-
nance that is allowed by angular-momentum selection
rules from the Sd[7/2]4 state is the 5f '[5/2]3 state [10].
This autoionizing resonance has a linewidth of less than
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B. Radiative lifetimes

The radiative lifetimes of the 5d[7/2]4 state and the
two 5p states measured in this work are shown in Table I
with other results in the literature. The error estimates

TABLE I. Radiative lifetimes (ns) of the three states of Kr
studies in this work. The numbers in parentheses are the error
estimates of the last digits shown. For this work the error esti-
mates are one standard deviation of the measurements. Results
of others for these lifetimes, both experimental and theoretical,
are also given. An extensive compilation of results for the Sp
states is given in [17].

State
This
work

Refs.
Ref. [17] [18] and [19] Ref. [28]

18 cm ' and is 160 cm ' off resonance at 1064 nm. This
f autoionization series is well ftt by a simple extrapola-
tion of the f' Rydberg series with small quantum defects
(-10 ) [10]. The other autoionizing states accessible
from the 5d[7/2]4 state have J=3, 4, or 5 and I &2.
These states should all have small quantum defects [24]
and thus be close to the Sf' J =3 series. The linewidths
of these high-J and -l autoionizing states also should be
narrow because the outer electron is weakly coupled to
the ion core [10,26]. Thus neglect of autoionizing reso-
nances should be a good approximation in calculations of
the cross section of the Sd [7/2]4 state at A, = 1064 nm.

Within the approximation of neglecting the details of
the ion core, we also can compare our results to calcula-
tions on Rb. This is analogous to the comparisons made
in [14] between the calculated photoionization cross sec-
tions of Xe*(Sd) and Cs*(5d). The similarities in the
photoioization cross sections are reasonable because the
Sd electron is well outside the ion core and the ion cores
are similar in structure [14]. A threshold photoionization
cross section of 40 Mb was calculated [25] for the Sd lev-
els of Rb using the single-particle central-field approxi-
mation. These values are in good agreement with our re-
sult for the Sd [7/2]4 state of Kr given the differences be-
tween what was calculated and what we measured.

A calculation that treats individual total angular-
momentum states and autoionizing states could be done
using multichannel-quantum-defect theory as was done in
recent theoretical studies of multiphoton ionization of Kr
and Xe [26,27]. Unfortunately, this work did not include
states with J ~ 4, and excited-state photoionization cross
sections were not published.

for our lifetimes are one standard deviation of the mea-
surements. The 5d [7/2]4 lifetimes were determined from
decays with no 1064-nm laser beam present. The radia-
tive lifetime we report for this state is the average of 89
measurements. These 89 measurements include some
data from "early" experiments conducted before we
learned of the pumping of Kr by the discharge. The
pumping of Kr by the discharge means the real pressure
was much less than the initial pressure. This data from
our early work had the cell initially filled with less than
60 mTorr of Kr. "Later" data was taken at pressures of
15 mTorr or less but with the pressure stabilized by run-
ning the discharge with the cell attached to the vacuum
system. No pressure dependence is observed in these life-
times in this pressure range. Our result for this lifetime is
bracketed by the two values calculated in [28].

Figure 4 shows a plot of the lifetime of the Sp[5/2]3
state versus Kr pressure. The data plotted at 0 mTorr
represent five early measurements with initial fill pres-
sures ranging from less than 10 to 60 mTorr. These life-
times were independent of initial pressure to within the
experimental error. The fluorescence intensities in these
early measurements are consistent with a metastable
Ss [3/2]z state population more than an order of magni-
tude lower than in the data set represented by the 1-
mTorr point in Fig. 4. The points in Fig. 4 at pressures
above zero were taken with the pressure stabilized and
with improved cleaning and purification procedures. The
intercept of a least-squares line through the nonzero pres-
sure data agrees with the average of the "early" data.
The radiative lifetime we report for this state and the
solid line in Fig. 4 is from a linear least-squares fit to all
the data shown in Fig. 4. Our 5p [5/2]2 lifetime is the
average of six measurements corresponding to the data in
Fig. 4 plotted at 0 mTorr. No dependence on initial fill
pressure was observed in this data. This transition is less
prone to radiation trapping because of the smaller ab-
sorption cross section and because of the large (75%)
branching to the Ss[3/2], state [17].

Our results for the lifetimes of the Sp [5/2]3 and
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FICx. 4. Lifetimes of the Sp [5/2], state vs Kr pressure. The
points plotted at 0 mTorr were taken with concentrations of the
Ss [3/2]2 state at least an order of magnitude lower than the 1-
mTorr point as determined from the amplitudes of the Auores-
cence signals. See text for full explanation.
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Xexp[ o()NL exp( —co )]d—co,

(2)

where o.
p is the line-center Doppler-broadened absorption

cross section, N is the lower-state number density, and L
is the path length. This integral has been tabulated [31].
Using

2
CTp

=
avD

ln2
1/2

gz 1

8m g)
(3)

where AvD is the Doppler width, A, is the wavelength,
and gz /g, is the ratio of degeneracies, we calculate
o.p=2. 3X10 " cm for this transition. Using L =4 mm
(the inside radius of the cell) we calculate the fraction of
the total Kr in the Ss [3/2]z state as 5 X 10

This calculation is not a precise determination of the
fraction of metastables in the discharge. This approach
neglects several factors whose effects are small in this sit-
uation. The combination of the low average number of
absorptions and the small collection solid angle justify
neglecting the exact geometry. The predominance of

5p [5/2]z states are in excellent agreement with those re-
ported in [18,19] that were measured at pressures be-
tween 1 and 50 m Torr using pulsed electron-beam excita-
tion. Radiative cascades into these levels seem to have
been adequately modeled with their multiexponential fits.
The results of [17] for these two states are a little lower
than our values, although only for the Sp[5/2]z state
does the difference exceed the combined error estimates.
The measurements in [17] used laser excitation of Kr
Ss[3/2]z in an Ar buffer gas between 1 and 10 Torr.
While the excitation in [17] was state selective, the high
Ar buffer gas pressures required use of a model for
analyzing their data that included collisional transfer be-
tween and radiative decay of both these states. The au-
thors in [17] say their Sp [5/2]z lifetime may be too low
because they could not work at lower Ar pressures. The
lifetimes calculated in [28] using the velocity formulation
of the dipole moment operator are in very good agree-
ment with experiment.

Figure 4 shows that the observed lifetimes of the
Sp [5/2]3 state in a well-cleaned cell increase with Kr
pressure between 0 and 15 mTorr. The rate of increase is
3.9+0. 1 ns/mTorr. There are three mechanisms by
which observed lifetimes can increase with pressure: (i)
diffusion or free flight out of the observation region, (ii)
diffusion to walls where deactivation occurs, and (iii) ra-
diation trapping. With thermal velocities, the average
distance traveled by a Kr atom in 100 ns is 30 pm, which
excludes the first two mechanisms. Assuming the lifetime
increase is caused by radiation trapping, we can estimate
the fraction of the Kr atoms that are in the metastable
state. The radiation trapped lifetime ~ can be expressed
[29] as ~/~„,d

= 1/(1 —x), where r„,d is the radiative life-
time and (1 —x) is given by [30]

1/2
1

(1—x)=
7T

three isotopes (82Kr, Kr, and Kr comprise 86% of
natural Kr) whose isotope shifts (=65 MHz) [32] are
much smaller than the Doppler width (500 MHz) justifies
using only a single Doppler-broadened line in this treat-
ment. This calculation does show that radiation trapping
is a likely explanation of the observed increase in lifetime
with pressure since the calculated metastable fraction is a
reasonable number.

IV. CONCLUSION

The measurement of the photoionization cross section
of a 5d state of Kr is in good agreement with the calcula-
tions on similar systems. With a photoelectron energy of
0.2 eV, we measured essentially the threshold cross sec-
tion for the Sd[7/2]4 state. It is interesting to compare
the cross section from this work with experimental re-
sults for the 5s states. At threshold, a value of + 0.49 Mb
has been reported [10] and at 0.9 eV above threshold the
cross section is 0.51+0.11 Mb [11]. These results sup-
port the trend predicted by the calculations of [14] that
threshold photoionization cross sections increase by two
orders of magnitude in going from s to d electrons. Cal-
culations on Rb [33] show that this is unlikely to be an
effect of the principal quantum number. This is in con-
trast to atomic hydrogen, where the threshold photoion-
ization cross sections are independent of I [33].

The agreement between our measured Sd [7/2]~ radia-
tive lifetime and that calculated in [28] supports the accu-
racy of these calculations for the 5d levels in Kr. This
agreement also supports the accuracy of these calcula-
tions for the 5d levels in Kr. This agreement also sup-
ports the accuracy of the calculated radiative rates from
the 5d [7/2]~ state. These calculated rates predict that in
the absence of collisions and photoionization, greater
than 90% of the atoms in the 5d [7/2]z state radiatively
cascade into the metastable 5s[3/2]z state. The low loss
rate, the narrow natural linewidth (1.1 MHz), the efficient
two-color two-photon excitation, and the large photoion-
ization cross section at A. =1064 nm make the Sd[7/2]~
state an attractive intermediate for RIS of Kr using
continuous-wave lasers.

The radiative lifetimes of the two Sp[5/2] states mea-
sured in this work are free from the uncertainties of col-
lisional transfer between these two levels and nonselective
excitation. The observed lengthening of the Sp [5/2]3
lifetime by radiation trapping may also provide an ex-
planation for the long lifetimes that have been reported
for this state that include values as high as 59 ns [34].
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