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Measurement of select transition strengths and autoionizing lifetimes in atomic oxygen

A. V. Smith, T. D. Raymond, and M. E. Riley
Sandia National Laboratories, Albuquerque, New Mexico 87185

(Received 22 August 1991)

We have located the ( D')4p' F and ( D')3p' 'P autoionizing states of atomic oxygen and measured
the autoionization-dominated lifetimes for the ('D')3p' "P, and ('D')3p' 'D, 'F states. In addition, we

have measured transition strengths for the ( S')3p 'P to ( D')3s' 'D' and ( D')3s' 'D' to
( D')3p' ' P, D, F transitions, and characterized the 2p 'P to ( S')3p 'P two-photon resonance for sa-

turating light intensities. In making these original measurements, we use a variety of multiphoton-
ionization methods, including Rabi-oscillation and damped-Rabi-oscillation methods.

PACS number(s): 32.70.Cs, 32.80.Dz, 32.80.Rm

I. INTRODUCTION
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The ground-state electronic configuration of atomic ox-
ygen is 1s 2s 2p . If one of the 2p electrons is excited,
the remaining electrons can combine to form one of the
three relatively low-energy core states, S', D', or P'.
As Fig. 1 shows, each of these cores states can combine
with the excited electron to form a series of states whose
energies converge to the associated S', D', or P ion
energy. The S core forms a series of triplet and quintet
states, while the D' and P' cores form singlet and triplet
states. By convention, states with the D' core are desig-
nated with a prime and those with a P' core are desig-
nated with a double prime. Those states lying above the
lowest-energy ionization limit, that is, states with D' and
P' cores, can autoionize due to interactions between the

excited electron and the core. In this process the core re-
laxes to a lower-energy state and the excess energy is im-

parted to the ejected electron.
The present state of knowledge of oxygen spectroscopy

is that the energy levels of the bound states [l] and the
odd-parity autoionizing states [2] associated with the D'
and P' cores are extensively cataloged. In addition, the
lifetimes and branching ratios for many of these odd-
parity autoionizing states have been measured [3]. In
contrast, only a few of the even-parity autoionizing levels
have been located [4,5] and only one lifetime has been re-
ported [5]. We have located the even-parity autoionizing
states 4p' F and 3p' P and measured autoionization
rates for the 3p' ' P and 3p' D, F even-parity states. In
addition, we have measured transition strengths for the
electric-dipole-allowed transitions 3p P to 3s' D' and
3s' D' to 3p' ' P, D, F. The former is a "core-
changing" transition so this measurement along with the
autoionization lifetimes might serve as benchmarks for
calculations of the core-electron configurations and their
interactions with the excited electron. We also character-
ized the 2p P to 3p P two-photon resonance for high-
intensity light. This will find application in calibrating
two-photon resonant-fluorescence and resonant-
ionization measurements in oxygen.
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II. APPARATUS
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FIG. 1. Partial energy-level diagram for atomic oxygen.
Solid lines represent triplet levels and dashed lines represent
singlet levels.

We use a variety of measurement techniques, all based
on multiphoton ionization of atomic oxygen. In this sec-
tion we describe the apparatus common to all the mea-
surements, and in subsequent sections we will discuss the
various measurement methods in detail. We usually use
three tunable lasers to sequentially excite 0 atoms to an
autoionizing level, detecting the 0 ions in a time-of-
flight mass spectrometer. An atomic-oxygen beam is de-
rived from a microwave-driven discharge in a mixture of
02 and He and the laser beams intersect it at 90, so the
transitions are nearly Doppler free.

Figure 2 is a block diagram of our equipment. One of
the lasers provides 226-nm light to pump the
2p P —3p P two-photon transition. A single-mode cw
dye laser pumped by an Ar+ laser generates 573-nm light
that is pulse amplified in a series of dye cells pumped by
the second-harmonic light from an injection-seeded,
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FIG. 2. Schematic diagram of the experimental apparatus

(SLM means single longitudinal mode).

single-longitudinal-mode, Q-switched Nd: YAG laser
(where YAG denotes yttruim aluminum garnet). The
amplified light is frequency doubled and summed with
the 1.06-pm Nd:YAG fundamental in two potassium
dihydrogen phosphate (KDP) crystals to generate a few
millijoules of 226-nm light. Because this light has good
pulse-to-pulse stability in frequency, pulse energy, and
spatial and temporal profile, it produces an excited-state
oxygen 3p P population that varies little from pulse to
pulse.

A second single-mode cw dye laser is usually used to
produce light resonant with the transition under study.
It operates near 800 nm and is pumped by a Kr+ laser.
Its light is also pulse amplified in dye cells (Exciton dye
LDS821) pumped by a second injection-seeded, single-
longitudinal-mode Nd: YAG laser. We looked for chirps
or frequency shifts of this amplified light relative to the
cw light, and compared the bandwidth of the amplified
light with the Fourier transform of its pulse shape, by
passing it through a high-finesse confocal etalon and in-
dependently monitoring the transmission of the cw and
amplified light while scanning the cw dye-laser frequency
through the etalon's transmission maximum. We find
that the pulsed light is shifted by less than 5 MHz from
the cw light both at the center of the gain profile of the
dye (800 nm) and at the blue end of the gain profile (788
nm). The measured bandwidth is consistently 10—15
MHz greater than the transform-limited width. This ex-
cess width is probably an artifact due to fluctuations in
the cw-light frequency. In any case, we take account of
this excess width in analyzing our measurements. The
second Nd: YAG laser also pumps the third tunable dye
laser, a grating-tuned laser that can be operated on a sin-
gle 1ongitudinal mode with the insertion of an intracavity
etalon.

The pulse duration of each of the three lasers is nomi-
nally 4.5 ns full width at half maximum (FWHM) with a
Gaussian time profile. In practice we find some variation
in pulse shape and duration depending on the alignment
and intensity of the 532-nrn pump light at the dye
amplifier chains. Consequently, to ensure the best accu-

FIG. 3. Diagram of the atomic-beam and mass-spectrometer

apparatus.

racy in our measurements, we measure the actual tem-

poral profile for each data set and use that in our
analysis.

The light beams are always linearly polarized with
their electric field parallel to the static electric field of the
mass spectrometer. Choosing the quantization axis along
the fields ensures that all optical transitions satisfy
Lm J =0 and the static field does not mix the mz levels.

The oxygen beam is produced in the two-chamber vac-
uum system diagramed in Fig. 3. In the higher-pressure
chamber, a mixture of equal parts of Oz and He flows

through a microwave discharge, where the 02 is dissoci-
ated. The discharge is contained by a quartz flow tube
coated with boric acid to minimize oxygen recombination
on the walls. A small orifice in the flow tube acts in con-
junction with the skimmer separating the two vacuum
chambers to collimate the 0 beam to an angle of approxi-
mately 25 mrad in the second chamber, where it passes
through the sample region of the time-of-flight mass spec-
trometer. The mass spectrometer serves primarily to
separate the 0+ ions from other ions produced by the
high-intensity, 226-nm light. The accelerating electric
field in its sampled region is typically 50—250 V/cm, and
the 80-cm flight tube is maintained at —1 kV. The ion
signal is amplified in a Johnston particle multiplier. We
estimate that the atomic-oxygen density in the sampled
region is 10 cm, while the ambient pressure in the
second chamber is approximately 3X10 Torr ( —10'
cm ).

III. T%0-PHOTON RESONANT,
THREE-PHOTON IONIZATION LINE SHAPES

The intent of this measurement is to compare actual
two-photon resonant, three-photon ionization line shapes
for the 2p P (ground state) to 3p P transition, with
those calculated from theoretic values for the two-
photon-absorption cross section, the upper-level photo-
ionization cross section, and the light-induced ac Stark
shifts of the two levels. The line shape depends also on
the temporal and spatial profiles of the light pulse and
these are considered in the comparison.
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Dixit, Levin, and McKoy [6] have calculated the two-
photon absorption cross section, photoionization cross
section, and ac Stark shift using quantum-defect
methods. Others [7) have also calculated the two-photon
absorption cross sections. These calculations are con-
sistent, spanning a range of only 20%. They also agree
well with the value measured by Bamford et al. [8].
Similarly, Dixit, Levin, and McKoy s [6] calculated cross
section of 4.15X10 ' cm for photoionization of the
3p P state by 226-nm light agrees with the measured
value of Bamford et al. of 5.3+2.0X10 ' cm . Thus, of
the three values that contribute to the line shapes, only
the ac Stark shifts have not been measured. Since our
line-shape measurement is quite sensitive to that shift, it
may be considered a test of the ac Stark coefficient calcu-
lated by Dixit, Levin, and McKoy [6].

We measure the line shape by frequency scanning the
226-nm light through the ground-state (2p P) J=2 to
3p P J=1 transition while collecting 0+ ions. To pro-
duce a light beam with a well-characterized spatial
profile, we filter it by first focusing it through a 300-pm-
diam pinhole, then expanding it over a 4-m path, and
finally aperturing the resulting Airy pattern at its first
null. This light is then focused into the oxygen beam. A
small fraction of the beam is picked off by a beam splitter
after the focusing lens but before the vacuum chamber,
and a glass microscope cover slip that fluoresces in the
visible is placed at the focus. The fluorescent spot is im-

aged on the focal plane of a video camera using a
microscopic-objective lens. From the video image we
measure the intensity distribution at the focus for indivi-
dual laser pulses. We find that the distribution is nearly
Gaussian in transverse profile with a diameter of 22+2
pm (FWHM), in agreement with the profile calculated
from the observed Airy pattern and strength of the focus-
ing lens. In order to minimize the effect of varying focal-
spot size along the direction of propagation of the light
beam, we collect ions only over a 2 mm length along the
focus by placing an aperture in the ion-collection optics
of the time-of-flight spectrometer. The focal point of the
light is carefully centered axially to +1.5 mm within the
2-mm aperture. Because the light is linearly polarized,
only the mJ =+1 magnetic sublevels of 3p P are popu-
lated for this particular two-photon transition [6]. The
time profile of the light pulse is nearly Gaussian with a
duration of approximately 4.5 ns (FWHM). We monitor
the energy of each light pulse using a pyroelectric detec-
tor calibrated to +5%. To minimize the effects of fluc-
tuations in energy of the light pulses, we accept data only
when the pulse energy falls within a window of 10% on
either side of a nominal energy.

Figure 4 shows measured line shapes for two pulse en-

ergies, along with modeled line shapes. The ion signal is
increasing near the right-hand edge of the scans due to
the nearby J=2 to J=2,0 transitions which are not in-
cluded in the model. In modeling the line shapes, we use
Dixit, Levin, and McKoy's [6] values for the two-photon
cross section and photoionization cross section but vary
the ac-Stark-shift coefficient to obtain the best fit to the
data. We integrate over the spatial and temporal profiles
of the focal spot. That is, we numerically time integrate
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FIG. 4. Measured and calculated line shapes for two-photon
resonant, three-photon ionization via the 2p P2~3p 'P, reso-
nance of atomic oxygen.

IV. MEASUREMENT OF THE 3p P TO 3s' D
"CORE CHANGING" TRANSITION STRENGTH

When two quantum levels are coupled by resonant
light, their population oscillates between them at the

the optical Bloch equations over the actual temporal
profile using two-photon effective coupling terms as de-
scribed by Dixit, Levin, and McKoy [6] to prepare a data
base covering a range of tunings and pulse Quences. This
data base is used to perform the spatial integration for
each laser tuning and pulse energy. We assume that the
spatial intensity profile for the focal spot is Gaussian with
the same peak intensity as the measured intensity profile.
The true profile is the two-dimensional Fourier transform
of the central Airy peak and thus has slightly more of its
total energy in the center and less in the wings than a
Gaussian spot, but we ignore this difference because the
error introduced is 10% or less. Our best fit to the data
indicates that the ac-Stark-shift coefficient is 5.1+1.3
s '/Wcm or slightly less then the 6.7 s '/Wcm
computed by Dixit, Levin, and McKoy [6]. Contribu-
tions to the experimental error from uncertainty in the
focal diameter (20%), the pulse energy (5%), and the ap-
proxirnation to the time and spatial profile (10%), com-
bine to produce the 25% uncertainty in the measured
Stark coefficient.
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Rabi frequency [9]. In the absence of damping, if only
the lower level is initially populated, the population of
the upper level (P„„)after the passage of a pulse of res-
onant light will be

P„„=—(1—cos8),E

where

8= I e(t)dt

and the driving electric field is defined by

E & (ee icut+&ee+icot)
2
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The angle 0 is the precession, or Rabi, angle and N is the
number of atoms. The quantity p is the strength of the
transition, which in our case is the electric dipole transi-
tion moment. Thus if the time profile of the driving light
pulse is well defined, we can calculate the Rabi angle as a
function of pulse fluence assuming p is known, or alterna-
tively, LM can be derived from the observed dependence of
the Rabi angle on pulse fluence as demonstrated by Hay-
nam et al. [10]. This is the technique we use to measure
the core-changing transition's strength. The appeal of
this method is that only the easily measured temporal
profile and fluence of the light pulse need to be calibrated
to derive an absolute oscillator strength.

Figures 5 and 6 show how we first populate one of the
fine-structure components of the 3p P level using a pulse
of 226-nm light focused to a spot a few hundred microm-
eters in diameter in the interaction region of the time-of-
flight mass spectrometer. After a delay of about 50 ns to
allow the 0+ pulse to decay in the particle detector, the
second light pulse arrives and induces oscillation of the
population between the 3p P state and the 3s' D' state.
This pulse produces very little additional ionization. As
soon as this pulse is over, the third light pulse transfers
the 3s' D' population to the 3p' F state which autoion-
izes to furnish the observed ion signal.

The 800-nm light that induces the Rabi oscillation is
produced by amplifying the light from a single-mode cw

I,P,

5 nm

~2!3o]3s' 3I3o

t4S']3p»

2p4 3P
226 nm ~

Time

FIG. 5. Diagram of our method of measuring Rabi oscilla-
tion in oxygen.

Time-of-flight
mass spectrometer

FIG. 6. Diagram of experimental layout for Rabi-oscillation
measurements.

dye laser. It is spectrally and spatially filtered by passing
it through three Pellin-Broca prisms and focusing it
through a pinhole. This removes any amplified spontane-
ous emission originating in the dye amplifiers. After
passing through the pinhole, the beam expands over a
length of about 2 m so that at the interaction region it
forms an Airy pattern with a central bright spot several
mrn in diameter centered on the much smaller 226-nm fo-
cal spot. This produces a uniform 800-nm light fluence
for all the atoms that were prepared by the 226-nrn pulse.
The 800-nm fluence is varied by rotating a half-wave
plate in front of a linear polarizer. We are careful to
avoid clipping this beam on the edges of optical com-
ponents to avoid fine-scale spatial modulation of the light
in the interaction region.

The ionizing 795-nm light from the multirnode pulsed
dye laser crosses the first two lasers to efficiently ionize
any atoms left in the 3s' D' state by the 800-nm measure-
ment pulse. We typically collect between 10 and 1000
ions per pulse.

The fluence of the 800-nm-measurement pulse is mea-
sured using a photodiode located at a position optically
equivalent to the interaction region but in a weak beam
split off before the vacuum chamber. A 0.5-mm-diam
aperture in front of the photodiode passes only the center
portion of the Airy pattern. This photodiode is calibrat-
ed against a pyroelectric detector certified to 5% accura-
cy. The 800-nm beam is carefully centered on the 226-
nm focal spot by temporarily inserting a second beam
splitter in front of the vacuum chamber entrance window
to direct the two beams to a second pinhole and photo-
diode pair at a point equivalent to the interaction spot.
The 226-nm beam is centered on the pinhole and then the
800-nm beam position is adjusted to maximize its intensi-
ty on the pinhole. The linearly polarized 800-nm light
enters the vacuum chamber through a Brewster window.
Using this careful alignment procedure, the fluence at the
interaction region can be measured to within 5%.

Rabi oscillations are simplest to analyze in a system
where only one transition is being driven. In our case
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this means only one ~m.
~

is involved. Because we can
resolve the fine structure on each of the three steps, we
achieve this for several cases by making use of the selec-
tion rules governing electric dipole transitions. Thus it is
possible to measure individual fine-structure transition
strengths for comparison with the ratios predicted by LS
coupling and, if no significant deviation from LS coupling
is observed, to obtain a value for the multiplet oscillator
strength. We have measured Rabi oscillations for the fol-
lowing state sequences: (J=2~0~1~2,m J =0),
(J=2~1~1~2,m&=+1), (J=2~1—+2~3,mJ=
+1), and (J=1~1~1~1,mz= +1), where J refers to
the sequence of J levels in the excitation pathway
2p P ~3p P ~3s' D'~3p' F and m J indicates the
only magnetic sublevels (b,m&=0) that contribute to the
ion signal. Figure 7 shows a typical data set for the
J =1~1~1~1 case. Each data point represents the
average of a few laser pulses. The solid curve is generat-
ed by numerically integrating the optical Bloch equations
[11] including radiative decay of both the lower and
upper level. The temporal profile of the light pulse is ap-
proximated by a Gaussian with the lower 5% clipped to
account for the sharper turn on and turn off of the actual
pulse compared with a Gaussian-shaped pulse. The
height of the calculated curve is scaled to rnatch the data
and we vary the transition strength and detuning to find
the best rnatch.

We find that, within our rneasurernent limits, LS
coupling is valid and the rnultiplet 3p P to 3s' D'
core-changing absorption oscillator strength is
2.4X 10 +10%. For comparison, there are two theoret-
ic values for this oscillator strength available from the
literature, 1.5X10 by Pradhan and Saraph [12] and
1 X 10 (velocity) to 2 X 10 (length) by Tayal and Hen-
ry [13]. Our experimental uncertainty is due to uncer-
tainty in the calibration of pulse fluence (5%), our ap-
proximation to the actual temporal pulse shape in in-
tegrating the Bloch equations (5%), scatter in the data
due to slight pulse-to-pulse variation in pulse shape (3%),
and uncertainty in the detuning of the light from exact
resonance (2%). Our reported value is also slightly sensi-
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tive to the value used for the radiative lifetimes of the
3p P and 3s' D' states. We have used lifetimes of 30 and
3.85 ns, respectively, based on reported measured [14]
values.

V. MEASUREMENT OF THE 3p' ' P, D
AND FAUTOIONIZING LIFETIMES

AND 3s' D TO 3p' ' P, D, AND
FTRANSITION STRENGTHS

If the lifetime of the autoionizing upper level of a reso-
nantly driven transition is comparable to the duration of
the light pulse, and if ions are collected during and after
the pulse, the Rabi oscillations will appear damped. That
is, the dips will not reach zero because some of the atoms
decay during the pulse and thus contribute to the signal
even for a 2' pulse. There will be residual modulation,
however, because not all the atoms autoionize during the
pulse and those that do not can be driven back to the
nonionizing lower level. In this case the upper-state au-
toionization lifetime as well as the transition strength can
be inferred from the shape of the curve of ion signal as a
function of pulse fluence.

If the autoionizing lifetime is much less than the pulse
duration, no atoms will be driven back to the lower level
and the modulation will disappear. The Rabi oscillation
will be replaced by a monotonic saturation curve. The
pulse fluence at the knee of this saturation curve can then
be used to find the absorption cross section of the transi-
tion. When the transition's linewidth is broader than the
laser s a scan of the line gives the lifetime which, when
combined with this cross section, yields the oscillator
strength.

The reduction of modulation depth for short autoioniz-
ing lifetimes is the basis for our measurements of lifetimes
and transition strengths involving the 3p' ' P, D, and F
levels. The technique and some results were presented in
an earlier Letter [11]. A complete summary of results is
given in Tables I and II. The oxygen atom is prepared in
the 3s' D' state using two lasers, and the third laser sub-

sequently drives the transition from this state to the au-
toionizing level of interest. The only substantial change
from the core-change measurement discussed in Sec. IV
is that here the grating-tuned dye laser is used as the
second laser and an amplified single-mode dye laser is
used to pump the final transition.

Figure 8 shows saturation curves for the 3s' D' to

So TABLE I. Autoionization rates for some even-parity levels of
atomic oxygen.
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FIG. 7. Rabi oscillations of the 3p Pl mJ=1~3s' D'1

mJ =1 transition. The crosses represent measurements and the
solid curve is a computed fit based on integrating optical Bloch
equations.

Level

3p D I

3p' 3D2

3p D3
3p'F,
3p F3
3p' F4
3p' P
3p''P

1.5 X
4.5 X
3.7 X
3.2 X
3.1 X
1.9X
1.5 X
7.2 X

10 +10%%uo

10 +10%
10 +10%%uo

10 +10%
10 +10%
10 +10%
10'4+5%
10' +10%

Autoionization rate (s ')
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3p
' D transitions. As before, each data point represents

the average of a few laser pulses, while the solid curve is a
fit to the data generated by numerically integrating the
optical Bloch equations [11],again assuming a truncated
Gaussian pulse shape. For the 3p

' D J= 1 and J=3 lev-
els [Figs. 8(a) and 8(b)], the dipole transitions strength,
lifetimes, and vertical scale are varied to fit the data. We
find a multiplet absorption oscillator strength of
0.26+ 10%. Since the 3p

' states radiatively decay
predominantly to 3s ' D ', this implies a radiative decay
rate of 2.6 X 10 s ' for the 3p

' D states.
For the J=2 level [Fig. 8(c)], no modulation is evident

so we scan the laser across the line to determine the

upper-state lifetime which is then used in integrating the
optical Bloch equations. The lifetime is derived from the
observed linewidth after subtracting the 10 MHz contrib-
uted by laser-frequency fluctuation and then deconvolv-
ing the laser linewidth and the residual Doppler width of
30 MHz. We then subtract the lower-level linewidth of
4 1 MHz corresponding to a 3.85-ns lifetime. We also
iteratively correct for power broadening or saturation of
the transition by using the uncorrected linewidth to cal-
culate a transition strength and then use that to calculate
a corrected linewidth and a corrected transition strength.
This procedure converges in one iteration because satura-
tion broadening is kept under 20%. Radiative decay
(2.6X 10 s ') contributes only a fraction of a percent to
the total width. Once the linewidth is known, only the
dipole transition strength (and vertical scale) is varied
while fitting the data of Fig. 8(c).

We used the following sequence of levels in these mea-
surements of the 3p

' D states:

(J = l~l~ l~l, m~=+1),

(J =2—+1~2—+3,mj =+1),
(J =2—+1—+ 1~1,mj =+1),
(J =2~1~1—+2, mJ =+1),
(J =2~1~2—+l, mJ=+1),

(J =1—+2~3—+2, mJ=+1),
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FIG. 8. Points represent measurements of ion signal and the
solid curves are computed fits based on integrating optical
Bloch equations. The lifetimes shown are those for the solid
curves fitted to the data. The transitions are 3s ' 'D ~3p

' 'D (a)
J+ 1, mJ=+1 to J= 1, m&=+1, (b) J=2, mJ=+1 to J=3,
mJ=+1, and (c) J= 1, mJ=+1 to J=2, mj=+1.

We find no significant deviation from LS coupling in the
distribution of oscillator strength for this transition, and
an I-to-l multiplet absorption oscillator strength of
0.26+10% best fits our data. For comparison, Pradhan
and Saraph [12] compute a value of 0.31+25%. The life-
times for the three fine-structure levels are 5.6, 0.22, and
2.5 ns for 3p

' DJ= 1, 2, and 3, respectively. The experi-
mental uncertainties in these numbers are +( 10—15)% as
discussed in Sec. IV.

In contrast to the 3p
' D states, the 3p

' F J=2, 3, and
4 levels all have lifetimes short compared with the laser-
pulse duration so we see no modulation in the saturation
curves. As in the case of the 3p

'
Dz state above, we in-

dependently measure a linewidth and saturation curve to
obtain the lifetime and oscillator strength. Figure 9
shows typical data, in this instance for the 3s ' D 3' to
3p

' I;
3 transition. From the observed widths, we deduce

lifetimes of 0.31, 0.32, and 0.53 (+10%) ns for the J=2,
3, and 4 levels, respectively. The radiative contribution
to this width is negligible assuming a reasonable oscilla-
tor strength for 3p

' D ' to 3p
' F. In fact, the multiplet

absorption oscillator strength is found to be 0.48+ 20%%uo .
This is compared with values from previous work in
Table II. For the 3p

' F measurements, we used the tran-
sitions (J=2~2~3~4, mJ=0, +1,+2), (J = 1~2~3
-3,mJ=+1), and (J =2~1~1~2,mJ=+1). The
larger experimental uncertainty in oscillator strength
here is due chiefly to greater uncertainty in fitting an un-
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TABLE II. Multiplet absorption oscillator strengths of atomic oxygen.

Transition

3p P~3s' D'

3s' D ~3p' P

3s' D'&~3p' 'P&

3$' D'~ 3p' D

3s' D'~3p' F
'Pradhan and Saraph [12].
"Tayal and Henry [13].
'J to Joscillator strength.
d Jiirgens [21].

Measured
oscillator
strength

(This work)

2.4 X 10 +10%

0.35+25%

6.7X10 '+20%'
0.26+ 10%

0.48+20%

Measured
oscillator
strength

(Previous work)

0.36"

0.58

'Kelly [22].
'Wiese, Smith, and Glennon [23].
gHofsaess [24].

Theoretic
oscillator
strength

1.5x10 '
(1-2)x 10-"
0.26'
0.20g

0.31+25%'
0.33+10%
0.32~

0.5+25%'

N

C
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FIG. 9. (a) Saturation curve fit to data for the
3s' D'3~3p' F3 (mz+l~mJ=+1) transition. (b) Lorentzian
line-shape fit to measured line shape for the same transition.

modulated saturation curve compared with a modulated
one.

We have located the 3p' P level and find that it is
much broader than the D or F levels. Because we cannot
scan the single-mode laser over the full width of this lev-

el, we use it to drive the core-changing transition and ad-
just its fluence to the first Rabi peak. The grating-tuned

laser, operating on several longitudinal modes, is used to
scan the autoionizing resonance. The pulse Quence of
this laser is held constant at 4 mJ/cm during the scan.
Using Exciton laser dyes LDS751 and LDS698, we tuned
over the range 670—760 nm which contains most of this
autoionizing resonance. We used two sequences of J lev-
els: (J =2~2 —+3~2,m&=0, +1,+2) and (J =2 —+0
~1~0,mJ=0). The fine structure is not resolved, but
only one J level of the upper state can contribute in each
case. We find the linewidth is the same for autoionizing
states with J=2 and 0, within our measurement limits.
We again used a saturation curve of ionization versus
pulse Auence at the center of the resonance to find the fol-
lowing peak absorption cross sections: 4.5 X 10 ' cm
for the J = 1~J=0 transition and 3.7 X 10 ' cm for
the J =3~J=2 transition. After correction for power
broadening, the width (FWHM) is 800+40 cm ' cen-
tered at 115 165+30 cm . This implies a multiplet ab-
sorption oscillator strength from 3s' D' of 0.35+25%
and an autoionization lifetime of 6.6 fs.

We also measured the width of the 3p' 'P& level and
the oscillator strength for the transition 3s' D', to
3p' 'Pj. Here the amplified cw light is used to pump the
autoionizing level and the grating-tuned laser populates
the 3s' D', level. Because we found it difficult to tune
the cw dye laser across the full width of this transition,
we measured saturation curves at several fixed frequen-
cies spaced evenly across the width. From the saturating
intensity at each frequency we obtain an absorption cross
section. The width of this autoionizing level is 0.38 0.05
cm ' (FWHM) and the J=I~J=1 absorption oscilla-
tor strength is 6.7 X 10 +20%. This width is nearly dou-
ble the value of "about 0.20 cm '" quoted by Eriksson
and Isberg [2].

In our analysis we have ignored direct photoionization
to the S' continuum from the 3s' D level because this
cross section is much smaller than that for the autoioniz-
ing states. The line shapes show no evidence of asym-
metry due to interference between these two pathways.

A sufficiently strong dc electric field in the ionization
region will mix the state under study with nearby states
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of opposite parity. In particular, the 3s" P' level is only
about 600 cm ' from the 3p' D level. This state au-
toionizes quite rapidly [3] so any electric-field-induced
admixture could shorten our measured lifetimes. This
sort of lifetime modification has been observed by Kel-
leher, Delpech, and Weiner [15]and Baier et al. [16]. To
determine whether this is important in our measure-
ments, we varied the dc electric field from 25 to 1000
V/cm and found no change in lifetime for the 3p' D&

state. Because there is no significant mixing in this case
at 1 kV/cm, it is unlikely that the electric field affects any
of the results reported here.

VII. DISCUSSION

It is interesting to consider the extreme variation of au-
toionizing lifetimes of the 3p' states which vary from
about 6 ns to 6 fs. In the absence of spin-orbit interaction
(pure LS coupling), the 3p' P state can autoionize to the
ep P contiuum state via Coulomb repulsion among the
electrons. This fulfills the selection rules associated with
this interaction [17],namely no change of parity, L, S, or
J. Consequently, it should autoionize rapidly, and its
6.6-fs lifetime is comparable to other short-lived autoion-
izing states [18]. The 3p' 3F states likewise can autoionize
to ef F continuum states via the Coulomb interaction.
In this case, however, the excited electron must switch
from the 3p' to a ef orbit in addition to the core-state

TABLE III. New energy levels of atomic oxygen

State

4p' F

4p F4
3p' P

Energy (cm ')

126009+2
126001+2
125 994+2
115 165+30

VI. LOCATIONOF4p' FSTATES

With both the 3p P and 3s' D' levels populated we
scanned the third laser over the range of 800—383 nm
searching for autoionizing levels. From the 3p P level
this would cover odd-parity states from the lowest-energy
( S'} ionization limit to 114730 cm '. We observe the
3s" P' level, the only odd-parity autoionizing level in
this range. From the 3s' D level, we would cover even-

parity states up to 126260 cm '. In addition to the
states discussed above, we have found only the 4p' F
manifold at 125 994, 126001, and 126009 cm ' for J=4,
3, and 2, respectively (see Table III). The scanned laser
in this case is a grating-tuned, pulsed dye laser with a
linewidth of approximately 1 cm '. We did not attempt
to scan these autoionizing resonances with higher resolu-
tion and cannot report line shapes. The wavelength of
the laser was determined by the angle of its grating, a
method that we find is accurate to approximately 2 cm
We base our assignment of these levels on selection rules
governing the strengths of the various lines of the multi-
plet. The 3p' 'F and 'D states and the 4p' D states were
not observable.

change from ( D'} to ( S'). Because of the small interac-
tion of an ef orbit with the core, this might be expected
to yield a much smaller autoionization rate. In fact, it is
smaller by about 4.5 orders of magnitude. However, the
fact that the J=4 level lifetime is longer than the J=2
and 3 level lifetimes indicates that the electron spin must
also play a role in the autoionization process. A spin-spin
interaction [19] can mix 3p' P and ep P levels into the
3p' F. The former would affect only the J=2 and the
latter only the J=2 and 3 states, whereas Coulomb mix-
ing would affect all the J states equally. Dehmer, Luken,
and Chupka [3] have shown that, for some of the odd-
parity autoionizing states of oxygen, spin interactions do
in fact produce lifetimes comparable to those we observe
for the 3p' D and F states.

In contrast to the 3p' Pand F states, the 3p' D states
cannot autoionize via Coulomb repulsion because there is
no odd-parity D state associated with the ( S'} core,
whereas this interaction must preserve [19] parity, L, S,
and J. Thus it must autoionize entirely through spin in-
teractions. There are at least seven possible states that
can mix with the D states, but we will not discuss them
all. However, for the J=2 state it appears that mixing
with 3p' P2 must be dominant based on the observation
that the J=2 state is both displaced to the red relative to
its expected position about midway between the J= 1 and
3 states, and broadened more than them. This would be
expected if a state somewhat higher in energy with a
short lifetime perturbed the J=2 state. Only the 3p' P2
state meets these criteria. Mixing with the 3p' P state
also affects the 3p' D J=1 state, but not the J=3 state
because the P level has J values of 0, 1, and 2. Since the
D3 state autoionizes, some other states must also be in-

volved.
In the LS-coupling approximation, the 3p' 'P, state is

also stable against autoionization because there is no
singlet continuum associated with the ( S') core. Al-
though LS coupling is a good approximation at this low
principal quantum number [20], the small amount of mix-

ing of the very rapidly ionizing 3p' P
&

state can produce
an appreciable rate for the 'P, state. From a triplet state
(3s' D'), the peakcross sections for excitation of the sing-
let and triplet P, levels should be nearly the same if this
explanation is correct since both the oscillator strength
(proportional to the product of the width and height of
the autoionizing resonance) and the width of the singlet
resonance are proportional to the square of the mixing
coefficient. In fact, the ratio of autoionizing rates is
4.8X10, while the ratio of J=1 to J=1 oscillator
strengths from 3s' D to 3p' 'P and P is 1.1X10 or
about twice the ratio of ionizing rates. The fact that the
transition to the 'P is about twice as strong as expected
from this argument might indicate that the 3s' D

&
state

has a singlet component comparable to the triplet com-
ponent of the 3p' 'P& state.

Finally, we note that we could not observe autoioniza-
tion of the 3p' 'D2 or 'F3 levels nor of the 4p' D mani-
fold when pumping from the 3s' D level. The fraction
of 3p' 'D atoms that autoionize is unknown and may be
small, accounting for our observation. However, the au-
toionization branching ratio for the 3p' 'F state is known
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to be appreciable [20] so our observation indicates that
the oscillator strength for the 3s' S' to 3p' 'F transition
must be very small. We could observe the 4p' D (and
3p" D) states by two-photon excitation from the 3p P
level when one laser was very nearly resonant with the
3p Pto 3s" P transition. This indicates that the 3s' D'
to 4p' P transition strength must be very small, con-

sistent with observations [4,5] of Iluorescence from the
4p' D to 3s" P transition, but not the 4p' D to 3s' D'
transition. From our observations, the different J levels
of 4p' D have quite different autoionizing rates similar to
those of 3p' D. For 4p' D, the J=1 state ionizes very
weakly, J=2 and 3 ionize more efficiently, with J=2
probably more efficient than J=3.
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