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Double-resonance spectroscopy is used to study transitions between autoionizing levels of atomic
oxygen. The first laser is used to produce oxygen atoms in the 1s22522p* ' D, level by photodissocia-
tion of N,O and to excite two-photon transitions from the 'D, level to the long-lived (2D°)3p !F; au-
toionizing level. The second laser is used to probe transitions from the !'F; level to higher-energy
autoionizing levels as well as to the O 2D° direct-ionization continuum. The transitions are detect-
ed by using a magnetic bottle electron spectrometer to monitor photoelectrons selectively with the
kinetic energy specific to the process of interest. New transitions to the (D5, 3,,)ns’ and nd’
Rydberg-series members with n =16-31 are observed. The intensity dependence of these results
has also been studied, and the implications of this relatively low-power measurement for above-

threshold ionization are discussed.

I. INTRODUCTION

Although optical transitions between autoionizing lev-
els of atoms are important for the detailed understanding
of diverse phenomena such as electron-ion recombination
and above-threshold ionization (ATI),! ™3 explicit experi-
mental evidence for these transitions is quite scarce.®™®
To observe transitions between autoionizing levels, the
photoabsorption rate must be high enough to compete
with the autoionization rate of the lower level of the tran-
sition. Unfortunately, autoionization is usually quite rap-
id, requiring high laser intensities that tend to saturate
and broaden any resonant structure arising from transi-
tions between autoionizing levels. Thus, while the obser-
vation of ATI (that is, the absorption of more photons
than are energetically necessary to ionize an atom with
the additional energy deposited into the kinetic energy of
the ejected electron) is clear evidence for transitions
within the ionization continuum, there is little evidence
for a wavelength dependence of the ATI signal that
would reflect the resonant structure of transitions be-
tween autoionizing levels.

Rather than increase the photoabsorption rate to com-
pete with the autoionization rate, one approach to the
study of transitions between autoionizing levels is to
choose a system in which the autoionization rate of the
lower level of the transition is small. Transitions from
metastable states in the ionization continuum have been
observed in several earlier experiments.®’ For example,
Spong et al.® have used laser-depletion spectroscopy to
study transitions from a metastable, doubly excited level
of rubidium to higher-energy autoionizing levels and to
determine the lifetimes of these levels. Although the
metastable level is energetically above the Rb™ 25,
ground state, autoionization is strongly spin forbidden.
Thus fluorescence is the dominant decay path for the
metastable level, and transitions to higher-energy levels
were detected by the depletion of this fluorescence. Van
Woerkum, Story, and Cooke’ have observed a transition
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from a metastable autoionizing level of Ba to a higher-
energy, short-lived autoionizing level by using a retarding
field to selectively detect the fast photoelectrons pro-
duced by autoionization of the upper level and to
discriminate against the slow photoelectrons produced by
autoionization of the metastable level. This signal was
monitored as the time delay between the laser pulse po-
pulating the metastable level and the laser pulse driving
the probe transition was varied to determine the lifetime
(190 nsec) of the metastable level. Finally, in a related
study, Gallagher et al.® have demonstrated two-photon
excitation of an autoionizating level of Ba by tuning the
first laser to a minimum in the one-photon ionization
cross section that was very near a maximum in the cross
section, and by tuning the second laser to the energy of
the transition from the minimum to a higher-energy au-
toionizing level. In this way the two-photon amplitude
was large due to the nearly resonant one-photon transi-
tion, but ionization by the first laser alone was negligible
due to the small cross section.

We have recently studied the photoionization dynam-
ics of the (*D°)3p 'P, and 'F; autoionizing levels of
atomic oxygen.® A schematic diagram of the relevant en-
ergy levels is shown in Fig. 1.17!2 Atomic oxygen was
produced in the 1s22522p* D, level by photodissociation
of a suitable precursor!® and excited to the (2D°)3p 'P,
and !F; levels by two-photon absorption. Although these
levels lie above the O %S, ionization threshold, they
are forbidden to autoionize within the approximations of
LS coupling and can only decay by spin-orbit or spin-spin
interactions. Although the lifetimes of these levels
(~3%x10" " and ~6X 10710 sec for 'P, and 'F;, respec-
tively)*1? are significantly shorter than those of the meta-
stable levels discussed above, they are long enough to per-
mit competitive photoionization from the !'P, and !F,
levels into the 2D° continuum at relatively low laser in-
tensities, thus providing a convenient system in which to
study phenomena such as transitions between autoioniz-
ing levels and above-threshold ionization. Indeed, by us-
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FIG. 1. Schematic energy-level diagram of the atomic oxygen
levels of interest.

ing photoelectron spectroscopy we have demonstrated’
that at low laser intensities (~3X10° W/cm?) photoion-
ization from the 'F; level into the 2D° continuum com-
petes effectively with autoionization.

In this paper we present the results of new double-
resonance studies of transitions between autoionizing lev-
els of atomic oxygen. As in our earlier study,’ the
!F,level is populated by two-photon excitation from the
'D, level, but now a second tunable laser is used to probe
transitions from the !F; level to higher-lying autoionizing
levels as well as to the 2D° ionization continuum. The ad-
dition of the second laser does not produce a significant
increase in the O™ ion signal because the !F; level also
produces O* ions directly by autoionization. For this
reason, we have used electron spectrometry to monitor
the photoelectrons produced with the kinetic energy
specific to the two-color process of interest. This allows
the direct observation of transitions between autoionizing
levels and of the wavelength dependence of the above-
threshold ionization signal. In addition, we have ob-
served new transitions from the 'F; level to the
(*D3 s2.32)ns’ and nd’ Rydberg series with principal
quantum numbers in n=16-34. To our knowledge, the
only previous double-resonance study of atomic oxygen
was performed by Kroll et al.'* and focused on transi-
tions within the triplet manifold well below the *S5 , ion-
ization threshold.

II. EXPERIMENT

The experiments were performed by using two
Nd:YAG pumped dye lasers (where YAG is yttrium
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aluminum garnet) and a magnetic bottle electron spec-
trometer that has been described previously.!'>!® In our
earlier study of atomic oxygen,® the pump laser light at
203.8 nm was generated by frequency tripling the output
of a dye laser operating at 611.4 nm. In the present
study, 203.8-nm light was generated by mixing the
354.7-nm third-harmonic light from the Nd:YAG laser
with the 479.1-nm fundamental light from the dye laser
in a B-barium borate crystal. Owing to the large
linewidth of the 354.7-nm beam, the linewidth of the light
generated by mixing (~1 cm ') is considerably larger
than that generated by frequency tripling (~0.2 cm™!);
however, this has no impact on the results of the present
experiments. In addition, the mixing technique is simpler
than the tripling scheme and requires considerably less
equipment. The second Nd:YAG pumped dye laser was
used to generate probe light between 455 and 435 nm.
The counterpropagating pump and probe laser beams
were focused into the ionization region of the magnetic
bottle electron spectrometer by using 200- and 250-mm
focal length lenses, respectively. The pump laser pulse
energies were typically 10-30 uJ, and the probe laser
pulse energies were varied from 50 to 100 uJ. The two
lasers were synchronized by a series of digital delay gen-
erators so that the pulses were temporally overlapped in
the ionization region of the electron spectrometer.

The details of the magnetic bottle spectrometer and the
conversion of the time-of-flight spectra into energy spec-
tra have been discussed previously.!>!® In the present
experiments, the electron spectrometer was used in two
different modes. In the first mode, the wavelengths of the
lasers were tuned to the features of interest and then held
constant as the photoelectron spectrum was recorded by
using a transient digitizer to capture the complete time-
of-flight spectrum on each laser shot. Spectra were then
averaged over 5000-10 000 laser shots to achieve a good
signal-to-noise ratio. In the second (or constant ionic
state) mode, the gate of a charge-sensitive analog-to-
digitial converter was set to accept only those photoelec-
trons with the kinetic energy corresponding to the excita-
tion process of interest, and the probe laser was then
scanned to map out the wavelength dependence of this
process. The wavelength of the probe laser was calibrat-
ed by using a commercial Fizeau wavementer, which was
in turn calibrated by using the optogalvanic effect in neon
and uranium.!” The calibration of the probe laser wave-
length is good to +0.3 cm ™ 1.

As discussed previously,’ photodissociation of N,O at
203.8 nm may produce O'D, atoms with a significant
amount of translational energy. This energy would pro-
duce a Doppler broadening of the observed 'F 3<—~1D2
two-photon transition and obscure its natural linewidth.
In our earlier study with a narrow-band source of 203.8-
nm light, the measured linewidth was ~0.8 cm ™!, corre-
sponding to a “lifetime” of 4.3 X 107 !! sec. This is much
shorter than the ~6X 10710 sec lifetime that we have es-
timated from the photoelectron spectrum,’ and indicates
that the transition is significantly Doppler broadened. In
the double resonance spectra discussed below, the probe
laser must pump the atoms from the !F; level in competi-
tion with the natural decay of the level by autoionization



4704

and fluorescence. As the probe transition rate is in-
creased to the point where it effectively competes with
the natural decay of the !F; level, the lifetime is de-
creased, and the linewidth of the pump transition will in-
crease. However, with the present resolution and
Doppler broadening, no increase in the linewidth of the
'F,«!D, transition has been observed.

III. GENERAL BACKGROUND

In this section we review the characteristics of the
(2D°)3p 'P, and 'F; levels and discuss the transitions ex-
pected from the !F; level to higher-lying excited states.
The singlet levels of atomic oxygen in the energy region
between the O" *S3 , ground state and the *D° excited
state are forbidden to autoionize within the approxima-
tions of LS coupling because coupling the O" 4S§/2 ionic
state with an electron can produce only triplet and quin-
tet continua. For the same reason, direct two-photon
(and single-photon) ionization from the 'D, level is also
forbidden in this energy region. In fact, the first
identification of the !P, and !F; levels came from the
emission studies of Edlén'! and Eriksson and Isberg,12
who observed transitions from both the 'P, and 'F; lev-
els to lower energy levels and from higher energy levels to
the 'P, and 'F, levels. Transitions involving the P, lev-
el were significantly broadened and weaker than expect-
ed,'? indicating that autoionization was strongly compet-
ing with fluorescence in this case. Although no broaden-
ing of the 'F; level was observed in the emission studies,
we have recently shown that both the (2D°)3p 'P| and
lF3 levels have significant branching ratios for autoioni-
zation.® From a measurement of the linewidth of the P,
transitions, Eriksson and Isberg12 determined the lifetime
of the !P, level to be 3X 10~ ! sec. Although they gave
no value for the 1F3 lifetime, by using the results from
our photoelectron study we have estimated this lifetime
to be ~6X1071° sec.” The shorter lifetime of the 'P,
level is consistent with the selection rules for autoioniza-
tion, which show that the 'P, level can autoionize by
spin-orbit or spin-spin interactions, while the 'F; level
can only autoionize by spin-spin interactions. !81°

The allowed transitions from the (2D°)np 'F; level are
now discussed. The O™ *S%,, and D5/2 3, levels shown
in Fig. 1 and the O™ 2P° levels (%P3, at 150303.6 and
2P, at 150305.1 cm ™ !) are all based on the 1s%2s22p?
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configuration, and electric dipole transitions between
them are forbidden.?® In addition, the first electronically
excited configuration of O corresponds to 1s%2s2p* and
produces three levels about 120000 cm ™! above the %S5,
ground state.!© Thus, in the wavelength region of the
present study, core-switching transitions from the
(°D°)3p 'F; level are either symmetry forbidden or ener-
getically forbidden, and therefore the only expected tran-
sitions involve excitation of the 3p Rydberg electron. In
what follows, quantum numbers for the 1D2 initial state
will be labeled with double primes (i.e., J''=2), quantum
numbers for the !'F; level will be labeled with single
primes (J'=3), and quantum numbers for the upper level
of the probe transition will have no primes (J=2, 3, or 4).

The (*D°)3p configuration is a very good approxima-
tion to the 'F; level, and the nearest (2D°)nf level is at al-
most 16000 cm ™! higher in energy.'® Thus the expected
transitions from the !F; level are to (?D°)ns’ and nd’
Rydberg series with J=2, 3, and 4. Some of the (?D°)ns’
and nd’ states with J=1, 2, and 3 have been observed
previously by Huffman, Larrabee, and Tanaka?' in
single-photon absorption studies from the 1s22s*2p*!D,
and 1S0 levels. However, those studies were limited to
(*D°)ns’ and nd’ Rydberg series with principal quantum
numbers n = 14. In the present experiment it is possible
to extend these series to much higher principal quantum
numbers.

The O1 2D° level is split into two spin-orbit com-
ponents with the D%, level 19.79 cm ™! lower in energy
than the 2D3 , level. !° Although Huffman, Larrabee, and
Tanaka?"?? labeled their observed Rydberg series by us-
ing LS coupling, for medium to high principal quantum
numbers, where the series clearly converge to a particular
fine-structure level of the 2D° state, J_K (or jl) coupling is
most appropriate.?* In this coupling scheme, the spin
and orbital angular momentum of the ion core are cou-
pled to give the total angular momentum of the ion core,
J.. The orbital angular momentum of the Rydberg elec-
tron, I, is then coupled to J, to give the resultant K. The
spin of the Rydberg electron, s, is next coupled to K to
give J, and the resulting states are labeled, for example,
(ZD‘}C )nl[K];. The coupling of s to K results in pairs of
levels, and the splitting between them is generally quite
small. Table I gives the (?D°)ns’ and nd’ Rydberg series
in J, K coupling that are allowed in single-photon transi-
tions from the 'F; level. The relative intensities of these
series are discussed in more detail in Sec. V.

TABLE I. Rydberg states in J_K coupling allowed in single-photon transitions from the 'F; level.

(2D3,,)ns'[K], (*D5 ,)ns'[K],

(zDg/z)"S'[%]z
(ZD‘g/z)ns’[%h

(2D§/2)ns’[%]2

(ZD;/Z)nd,[K]J (*D3;)nd'[K],

( Do/z)”d'[ l2 ( Dg/z)nd'[%]z

( D5/2 )nd’ [ I ( D§/2)nd'[%]2

( D5/2) [ Is ( Dg/z)nd'[%]z

D5 ,)y)nd [ s (2D§/2)nd'[%]3

2D§/2)” '[ la (2D§/Z)nd’[%]4
Ind'[

(D 520 '%]
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IV. RESULTS AND DISCUSSION

A. Feasibility of double-resonance studies

The collection efficiency of the magnetic bottle electron
spectrometer is ~50%, that is, ~ 1000 times higher than
that of conventional electron spectrometers,'® and it is
this improvement in collection efficiency that allows us to
record the wavelength dependence of the photoelectron
spectra in the present study. However, while our earlier
photoelectron spectra of atomic oxygen were recorded
with a field-free ionization region, the magnetic bottle
spectrometer requires a 1-T magnetic field.'® Because the
'F5 level is coupled to the *S3,, continuum by the spin-
spin interaction, it is possible that the external field could
substantially decrease the lifetime of the 'F; level and
make double-resonance studies via the 'F; level extreme-
ly difficult. Although the laser linewidth and Doppler
broadening in the present experiments make it impossible
to determine the lifetime of the !F; level by a measure-
ment of the linewidth of the 'F;<-'D, two-photon transi-
tion, the lower frame of Fig. 2 shows the one-color photo-
electron spectrum obtained with the magnetic bottle
spectrometer with the laser tuned to the 'F;«!'D, transi-
tion and with a pulse energy of ~20 uJ. The relative in-
tensities of the *S3%,, photoelectron peak (corresponding
to autoionization) and of the 2D° photoelectron peak (cor-
responding to photoionization from the 'F; level into the
2D° continuum) are comparable to those observed in the
field-free photoelectron spectrum recorded previously.®

(2+0) 4sg 0 (2+1") 2p°

PHOTOELECTRON INTENSITY

I 1 l 1 ||
0.0 2.0 4.0
ENERGY (eV)

FIG. 2. The lower frame shows the one-color photoelectron
spectrum of atomic oxygen with the laser tuned to the two-
photon (*D°)3p 'F3«'D, transition. The upper frame shows
the same spectrum when the 354.7-nm beam from the Nd:YAG
laser is introduced simultaneously with the pump beam.
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This indicates that the 'F; lifetime is not significantly de-
creased by the 1-T field of the magnetic bottle spectrome-
ter. Because the magnetic bottle spectrometer is essen-
tially a modified time-of-flight spectrometer, !° the energy
resolution degrades with increasing electron kinetic ener-
gy, as is clearly visible in the lower frame of Fig. 2.

The upper frame of Fig. 2 shows the photoelectron
spectrum obtained by tuning the pump laser to the
'F;<-!'D, two-photon transition and introducing the
354.7-nm third harmonic from the Nd:YAG laser as the
probe beam. The new photoelectron peak at 0.686 eV
corresponds to photoionization from the !F, level into
the 2D° continuum by the 354.7-nm beam. This clearly
demonstrates that double-resonance experiments via the
'F, level are feasible. When the probe beam is present,
not only does the new photoelectron peak appear, but the
intensities of the two pump-only peaks (particularly the
4S5, peak) also decrease. Depending on the alignment
and intensity of the probe laser beam, the pump-only
4S3,, peak was observed to decrease in intensity by as
much as 80%.

B. D3, and D3, ionization thresholds

Figure 3 shows the two-color photoionization spec-
trum of atomic oxygen that was obtained by pumping the
two-photon 1F3<~1D2 transition and scanning the probe
laser across the 2D°+e ~«!F, photoionization threshold.
The spectrum was obtained by setting the gate of the
analog-to-digital converter to accept only those photo-
electrons with near-zero kinetic energy (0-20 meV), as
these will be produced just above the 2D° threshold.
With the laser wavelengths and intensities used, no other

0*2p%4 e" =—— (2p%)3p 1F,4

PHOTOELECTRON INTENSITY
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FIG. 3. Two-color spectrum of atomic oxygen obtained by
monitoring the low-energy (0.00-0.02 eV) photoelectron signal.
The pump laser was tuned to the (2D°)3p 'Fy;<'D, transition,
and the probe laser was scanned through the O" 2D°+e " !F;
ionization threshold.
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photoionization process in atomic oxygen will produce
photoelectrons within this range of kinetic energies.
However, to obtain a reasonable collection efficiency of
the slow electrons it was necessary to apply a small dc
electric field (10 V/cm) across the ionization region of the
electron spectrometer.

The photoionization spectrum in Fig. 3 displays a
sharp onset that rises above the background level at
136617 cm™! total energy and reaches at plateau at
~136628 cm ™~ !. This onset is somewhat below the ener-
getic threshold for the O 2D5 , ionic state (136 647.67
cm™1). 102122 This shift is due primarily to electric field
ionization of high Rydberg states converging to the 2D )
threshold. Field ionization of Rydberg states with princi-
pal quantum number n by the external dc electric field is
important for field strengths F=5.142X10°/(16n*),
with Fin V/cm.?* For 10 V/cm, this will produce a shift
in the ionization threshold of ~19 cm™!, in fair agree-
ment with the observed shift.

Although a magnetic field cannot produce ionization in
a stationary atom, an atom moving in a magnetic field
does experience an equivalent electric field of magnitude
Fy=10% B, where v, is the velocity perpendicular to the
magnetic field in cm/sec, B is the magnetic field strength
in G, and Fy is in V/cm. 25 Unfortunately, it is not possi-
ble to make a good estimate of the average velocity v,
without a knowledge of the N,O photofragmentation dy-
namics and, in particular, of the translational energy of
the O 'D, photofragment.'3 A large distribution of frag-
ment translational energies could be responsible for the
-width of the step at threshold (which is considerably
larger than the resolution width) because oxygen atoms of
different velocities will produce difference effective elec-
tric fields. Collisional ionization will also shift the ob-
served ionization threshold from the true energetic
threshold.?®~ 28 Unfortunately, the collisional ionization
rate is also difficult to estimate without a knowledge of
the average velocities of the oxygen atoms. However, the
relatively low pressure in the ionization region of the
electron spectrometer makes it likely that electric field
ionization is more important than collisional ionization in
explaining the shift of the 2D? , threshold.

The energetic threshold for the O 2Dj ,, ionization
continuum is 136 667.46 cm~!,1° and the observed onset
for ionization into this continuum is expected to be shift-
ed to lower energy for the same reasons that the D%,
onset is shifted. However, Fig. 3 shows that above the
2D‘§ ,» threshold, the ionization signal reaches a plateau,
and that no second step occurs at the D3, threshold.
This is readily understood in terms of the continuity of
oscillator strength and the finite bandwidth of the probe
laser. The continuity of oscillator strength of a Rydberg
series through the ionization threshold is well known.?
Above the 2D%,, threshold, autoionization of the
(®D5 ,)ns’ and nd’ series excited from the 'F, level into
the D%, continuum is allowed and expected to be fast.
In addition, because the 2D%,, threshold is only 19.79
cm ™! below the 2D%, threshold, the density of Rydberg
states is extremely high, and individual series members
cannot be resolved with the existing laser bandwidth.
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Therefore the excitation and subsequent autoionization of
the series converging to the 2D3,, threshold cannot be
distinguished from the 2D3 , direct ionization continuum
or from direct ionization above the 2D35,, threshold.
Thus no step is observed at the D3 /, threshold. The best
measure of the relative oscillator strengths of the *D3 ),
and 2Dj,, continuum therefore comes from the relative
intensities of the Rydberg series converging to the two
limits. A second approach is to use a zero-electron-
kinetic-energy photoelectron spectrometer®® with resolu-
tion much higher than the 21.0-cm ™! 2D ,-2D5 , split-
ting. This approach would provide a direct measurement
of the relative strengths of the two continua at threshold.

C. Rydberg series converging to the 2D% /, and 2D ,, limits

On the basis of the continuity of oscillator strength
through an ionization threshold,?® the large step at the
D% ,, ionization threshold implies that high Rydberg
states converging to the 2D% /, and 2Dj$ /, thresholds must
also be populated with good probability. If these Ryd-
berg states decay by autoionization into the *S3 ,, contin-
uum, they will produce fast photoelectrons with ~3.3 eV
of kinetic energy. Thus, by scanning the probe laser in
the region below the 2D3,, ionization threshold and by
monitoring the fast photoelectrons produced by autoioni-
zation, it should be possible to record the spectrum from
the !F; level to the Rydberg series converging to the
D%, and D3, ionization limits. It should also be possi-
ble to record this spectrum by monitoring the decrease in
the pump-only photoelectron peak at 0.516 eV as the
probe laser is scanned; this technique would have the ad-
vantage of being independent of the decay pathway of the
upper levels of the transitions. Although both techniques
work, the former technique was used to record all of the
spectra discussed below. It should be noted that the fast
photoelectrons resulting from the two-color process ap-
pear at nearly the same electron kinetic energy as those
from the one-color, three-photon process that produces
O7'2D°. Thus this one-color process produces a small
constant background signal in the two-color spectrum.
In the discussion that follows, the spectroscopic results
and analysis will be presented first, followed by a discus-
sion of the autoionization mechanism.

Figure 4 shows a portion of the double-resonance spec-
trum obtained by pumping the two-photon 'F 3<~1D2
transition and probing in the region of total energy be-
tween 136200 and 136640 cm™!. The portion of the
spectrum in Fig. 4 displays a number of sharp transitions,
and the structure throughout the region from 136200 to
136640 cm ! is similar and quite regular. The energy
levels, assignments, effective principal quantum numbers,
and quantum defects for the upper levels of these transi-
tions are given in Tables II-V. The sloped background
level in Fig. 4 is due to a slow decrease in the pump laser
power (and thus in the three-photon, pump-only photo-
electron signal discussed above) as the probe laser was
scanned from high to low energy.
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FIG. 4. Two-color spectrum of atomic oxygen obtained by
monitoring the fast (3.3 eV) photoelectron signal. The pump
laser was tuned to the two-photon (*D°)3p 'F;«!D, transition,
and the probe laser was scanned through the region of interest.

The assignment of the observed transitions was made
on the basis of quantum defects and on the earlier photo-
absorption work of Huffman, Larrabee, and Tanaka.???
The effective principal quantum number for each level
was calculated with respect to both the 2D%, and

3, lonization limits by using the relation
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TABLE III. (D} /z)ns’[%]z Rydberg states excited from the
(2D°)3p 'F, level.

Designation Energy® n*® ue
(*D3,,)17s'[ 3], 136228.1 15.805 1.195
(*D3,,)18s'[3 ], 136278.9 16.805 1.195
(2D5,)19s'[3 ], 136321.4 17.807 1.193
(2D5,,)20s'[ 3 1, 136357.2 18.806 1.194
(D5 ,,)21s'[3 ], 136 387.6 19.80 1.20
(D3,)225'[3 1, 136413.9 20.80 1.20
(2D3,,)23s’ [;] 136437.1 21.83 1.17
(®D5 ,)24s'[ 2], 136 456.6¢ 22.81 1.19
(’D3,,)255'[3 1, 136473.8 23.80 1.20
(*D5,,)26s'[3 1, 136 489.3 24.82 1.18
(*D53,,)27s'[3 1, 136 502.9 25.82 1.18

D3,,)28s'[ 2], 136514.8 26.81 1.19
(*D5,,)29s'[3 1, 136 525.5¢ 27.80 1.20

2All energies are with respect to the O *P, ground state and are

calculated by using the 'F; term energy of 113996.239 cm™!

from Ref. 12.

°The n* values were calculated from the relation
*=[Ro/(Ep—E)]"? where Rg is the Rydberg constant for

atomic oxygen (109 733.55 cm ™! from Ref. 31), E}p is the 2D3,,

ionization threshold (136 667.46 cm™! from Ref. 10), and E is

the energy of the Rydberg level.

°The quantum defect u=n —n*.

9Blended with the (2D% ,)24d’ transition.

°Blended with the (2D ,)30d’ transition.

TABLE IV.
(2D°)3p 'F, level.

(3D%,,)nd’ Rydberg states excited from the

TABLE II. (°D5,,)ns'[ 3], Rydberg states excited from the
(2D°)3p 'F; level.

Designation Energy® n*® ue
(*D5,,)185'[3 ], 136259.4 16.811 1.189
(*D5,)19s'[3 ], 136 301.9 17.815 1.185
(2D%,,)20s'[ 3 1, 136337.5 18.809 1.191
(*D5,,)21s'[3 ], 136 368.1 19.81 1.19
(*D5,,)225'[ 31, 136394.3 20.81 1.19
(*D5,,)235'[3 1, 136 417.0¢ 21.81 1.19
(*D5,2)24s'(3 1, 136437.1 22.83 1.17
(*D5,,)255'[3 ], 136454.2 23.82 1.18
(’D5,,)26s'[ 3 ], 136 469.4 24.81 1.19
(’D5,,)27s'[3 ], 136483.1 25.82 1.18
(*D3,,)285'[3 1, 136 495.4 26.84 1.16
(*D5,,)29s'[3 1, 136 506.1 27.84 1.16
(2D3,2)30s'[ 3 ], 136515.8 28.85 1.15

2D35,0)31s'[3 ], 136 524.5 29.85 1.15

2All energies are with respect to the O *P, ground state are cal-
culated by using the 'F; term energy of 113996.239 cm ™! from
Ref. 12.

The n* values were calculated from the relation
n*=[Ro/(Ep—E)]"? where R, is the Rydberg constant for
atomic oxygen (109 733.55 cm ™! from Ref. 31), Ejp is the 2D3 ,
ionization threshold (136 647.67 cm ™! from Ref. 10), and E is
the energy of the Rydberg level.

°The quantum defect u=n —n *.

9Blended with the (2D3,,)21d’ transition.

Designation Energy* n*® ue
(2D%,,)16d’ 136214.7 15.920 0.080
(2D ,,)17d’ 136 266.6 16.969 0.031
(?D%,,)18d’ 136 307.8 17.969 0.031
(D3 ,,)19d’ 136342.5 18.96 0.04
(2D%,,)20d’ 136372.3 19.96 0.04
(®D%,,)21d’ 136 398.0 20.96 0.04
(®D3,5)22d’ 136420.2 21.96 0.04
(2D3,,)23d’ 136439.7 22.97 0.03
(?D%,,)24d’ 136 456.6¢ 23.96 0.04
(®D% ,,)25d" 136471.4 24.95 0.05
(D% ,)26d’ 136484.9 25.96 0.04
(D% ,)27d’ 136 496.8 26.97 0.03
(’D%,)28d’ 136 507.6 27.99 0.01
(2D%,,)29d’ 136517.0 28.98 0.02
(2D%,,)30d’ 136 525.5¢ 29.97 0.03

2All energies are with respect to the O 3P, ground state and are

calculated by using the 'F, term energy of 113996.239 cm™!

from Ref. 12.

The n* values were calculated from the relation
=[Ro/(Ep —E)]'?, where Rq is the Rydberg constant for

atomic oxygen (109 733.55 cm ! from Ref. 31), E} is the 2D%,,

ionization threshold (136 647.67 cm ™! from Ref. 10), and E is

the energy of the Rydberg level.

°The quantum defect u=n —n*

dBlended with the (*D5,,)24s’ [ ]2 transition.

‘Blended with the (*D$,,)29s'[ 2 ], transition.
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TABLE V. (2D3,,)nd’ Rydberg states excited from the
(2D°)3p 'F; level.
Designation Energy® n*® ue
(2D§/2)16d' 136236.8 15.963 0.037
(2D§/2)17d’ 136286.1 16.963 0.037
(2D§/2)18d’ 136327.2 17.958 0.042
(D% ,)19d’ 136362.3 18.963 0.037
(D3, ,)20d’ 136391.9 19.96 0.04
(2D§/2)21d’ 136417.0¢ 20.93 0.07
(D3 ,)22d’ 136439.7 21.95 0.05
(2D§/2)23d' 136459.3 22.96 0.04
(*D3,)24d’ 136476.3 23.96 0.04
(2D§/2)25d' 136491.5 24.97 . 0.03
(2D5 ,)26d’ 136 504.7 25.97 0.03
(ZD‘;/Z )27d’ 136515.8 26.90 0.10

aAll energies are with respect to the O *P, ground state and are
calculated by using the 'F; term energy of 113996.239 cm™!
from Ref. 12.

The n* values were calculated from the relation
n*=[Ro/(Ep—E)]'? where R, is the Rydberg constant for
atomic oxygen (109 733.55 cm ™! from Ref. 31), Ejp is the 2D3,,
ionization threshold (136 667.46 cm ™! from Ref. 10), and E is
the energy of the Rydberg level.

°The quantum defect u=n —n*.

Blended with the (*D5,,)23s'[ £ ], transition.

n*=[Ro/Ep—E)]'/?, where Ry is the Rydberg con-
stant for atomic oxygen (109 733.55 cm™!),?! E, is the
’D3,, or 2D5,, ionization threshold (136647.67 and
136 667.46 cm™ !, respectively),'® and E is the energy of
the observed level. From the quantum defects
(u=n —n*) and the resulting Lu-Fano plot,*? it is clear
that the series do not interact very strongly. It is also
clear that two of the series converge to the D3, ioniza-
tion limit while the other two converge to the D3 , limit.
The appropriate values of n* and u are given in Tables
II-v.

None of the levels observed in the present experiment
has been observed previously. However, lower members
of some (2D3 s2,3,2)ns’ and nd’ series have been observed
previously in photoabsorption studies from the 3p, lD2,
and 'S, levels by Huffman, Larrabee, and Tanaka?!'??
and in photoionization studies from the *P levels by Deh-
mer et al.>*% The (2D§/2,3/2)ns’ series have quantum
defects of 1.1 to 1.2 (0.1-0.2 if the values are given mod
1), and the (*D3 ,2,3,2)nd’ series have quantum defects of
0.03 to —0.04. Thus the series in Tables II and III are
clearly ns’ series, and the series in Tables IV and V are
clearly nd’ series. We discuss the ns’ series first.

In LS coupling, the (2D°)ns’ configuration gives rise to
3D3 5.3 and 'Dj levels; because of the AJ =0, %1 selection
rule, the J=1 level cannot be observed in transitions
from the 'F 3 level. Huffman, Larrabee, and Tanaka ob-
served transitions to the n» =5-13 members of the 3D§’3
series from the 15%252p*3P ground state?? and transi-
tions to the 'D3 Rydberg series from the 1s%2s%2p*!D,
level.2! Within LS coupling, only transitions to higher-
energy singlet levels are expected from the !F, level.
Thus, while transitions to the (2D°)ns’ 'D$ levels are ex-
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pected, transitions to the (2D°)ns’ D5 and DS levels are
forbidden. However, at higher principal quantum num-
bers, the approximations of LS coupling are no longer
valid. Initially this breakdown is caused by the interac-
tion of levels with the same configuration and total angu-
lar momentum, i.e., by the interaction of the (?D°)ns’ 3D°2
and ' D} levels.

The principal quantum number at which LS coupling
breaks down can be estimated by comparing the
3D5-1D$ energy difference for a given value of n and from
the 2D% ,->D* ,, energy difference. The splitting between
the 3D5 and 'D; levels is caused by electron correlation
effects. At low n, this splitting is much larger than the
spin-orbit splitting between the O* 2Dt , and D3, lev-
els.>! This means that correlation effects must be con-
sidered first, with the spin-orbit interaction considered
subsequently as a perturbation, in what is essentially the
regime of LS coupling. Because electron correlation
effects, and thus the D3-!D3 splitting, are expected to
scale as 1/n*3 at very high n the 2D% ,-2Dj5 ,, splitting
will be much larger than the >D3-1D splitting. In this re-
gime, the spin-orbit splitting of the ion core must be con-
sidered first, with the effects of electron correlation con-
sidered as a perturbation. This corresponds to the regime
of jj or J.K coupling, in which the Rydberg electron is
coupled to a particular spin-orbit state of the 2D° ion
core. 23,3136

The intermediate regime in which the transition from
LS to J.K coupling takes place will occur when the
3D5-'D5 splitting is approximately equal to the D3 ,-
D3, splitting of 21.0 cm ™~ 1.3® The data of Huffman,
Larrabee, and Tanaka?"?? indicate that this occurs at ap-
proximately n=09; therefore one expects to see a break-
down in LS coupling at approximately this point in the
series. The range of n values probed in the double-
resonance experiments is much higher than this, and
therefore (2D°)ns’, J.K coupled states allowed in transi-
tions from the !F; level correspond to the (D% ,2ns'[3],,
(zDg/z)nsl[%]3, and (2 ;/Z)nsl[%]z.

Although the high Rydberg levels are best described in
J.K coupling, the oscillator strength to the (2D°)ns’, J.K
levels from the 'F; level still derives from the amount of
singlet character (in this case, of 'D$ character) in the
J.K levels. Thus, in the single-configuration approxima-
tion, the (2D3,,)ns’[3]; levels will have no oscillator
strength because they can contain no D} (that is, J=2)
character. This consideration implies that the series in
Tables II and III can be unambiguously assigned as the
(*D3,,)ns'[$], and (?D5),)ns’[2], series, respectively.
The transformation between LS and J.K coupling shows
that the (®D3,,)ns’'[$], levels have 60% 'D% character
and that the (°D$ ;)ns’[ 2], levels have 40% 'D$ charac-
ter.?> Thus the oscillator strengths of these two series
should be comparable, as is observed in our spectra. It is
also interesting to note that at lower energies Huffman,
Larrabee, and Tanaka?! have observed the nominally for-
bidden transitions from the 'D, level to the (2D°)ns’ 3D}
levels for principal quantum numbers # = 8, in very good
agreement with our prediction of the principal quantum
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number at which the LS coupling approximation breaks
down.

The assignment of the (2D3 s2,3,2)nd’ Rydberg series is
more ambiguous than that of the (2D} s2,3,2)ns’ series. As

in the case of the (2D°)ns’ levels, the (D°)nd’ levels are
well described by LS coupling at low principal quantum
number (~n <9). Huffman, Larrabee, and Tanaka have
observed the n=3-14 members of the (*D°)nd’ ’D‘;, 1D§,
and 'F3 Rydberg series in transitions from the 'D, level?!
and the n =3-16 members of the 3P5 and 3D§, 3 series in
transitions from the 3P ground state.?? In LS coupling,
the allowed transitions from the 'F; level are to the 'D,
1F3, and IGZ Rydberg series. However, for n =9 the
(2D°)nd levels are better described in J,K coupling. The
allowed series based on this configuration are given in
Table I. The transformation?® from J,K coupling to LS
coupling shows that all of the (*D°)nd’ J,K coupled
states in Table I contain at least some singlet character;
that is, the J=2 states all have some ID‘; character, the
J=3 states have some 'F 3 character, and the J=4 states
have some 1G4 character. Thus, without a more detailed
calculation of the transition probabilities it is not possible
to assign the K and J values of the (2D3 s2,3,2)nd’ Ryd-
berg series.

At the relatively high principal quantum numbers
studied in this work, the observed (2D3 ,2,3,2)nd’ Rydberg
series could actually be the result of the blending of two
or more series. For example, the data of Huffman, Larra-
bee, and Tanaka?! show that the (*D$,,)6d’ D3 and 'F3
levels are separated by only 4 cm ™!, Scaling this energy
difference by 1/n*3 gives a separation of only 0.2 cm ™! at
n=16, the lowest (?D°)nd’ level we have studied. This
splitting is much smaller than the 0.8-cm ™! linewidth of
the observed transition, indicating that blending of two
or more series is indeed possible. The absolute assign-
ment of the J and K values of the (®D3,, 3,,)nd’ series
will require the extension of the present results to lower
principal quantum numbers, where the splitting between
these levels will be observable.

D. Autoionization mechanism

Although it is clear from the spectrum shown in Fig. 4
that the (°D3, ;,,)ns’ and nd’ Rydberg series autoionize
into the “S%,, ionization continuum, the autoionization
mechanism has not yet been considered. Within LS cou-
pling the singlet (2D°)ns’ and nd’ Rydberg states are for-
bidden to autoionize and can only do so by spin-orbit and
spin-spin interactions.!®!® Because the autoionization
rates are also expected to scale as 1/n*3, the rates for the
high Rydberg states observed here should be very much
smaller than those observed at low principal quantum
numbers. However, the breakdown of LS coupling de-
scribed above in the discussion of intensities is also im-
portant for an understanding of the autoionization rates.
For example, at high n, the (®D3,)ns'[3], and
(3D3,)ns'[2], levels have only 60% and 40% singlet
character, respectively.?> This observation implies that
they also have 40% and 60% triplet character, respec-

tively. This large amount of triplet character, which is
not present in the Rydberg states at low n, can interact
with the allowed triplet ionization continua based on the
ot 4S°3/ state and therefore can lead to rapid autoioni-
zation. 12n the range of principal quantum numbers stud-
ied in this paper, all of the observed series have substan-
tial triplet character, and therefore autoionization into
the 4S°3/ continuum is allowed. Thus the breakdown of
LS coupfing can account for the “forbidden” autoioniza-
tion observed in our experiment. Furthermore, the mag-
netic field employed in the magnetic bottle electron spec-
trometer may also increase the autoionization rates of the
high Rydberg states through the linear Zeeman and di-
amagnetic interactions. 2*

For the lowest principal quantum numbers studied by
Huffman, Larrabee, and Tanaka?"?? (i.e., n =3-6), the
approximations of LS coupling are expected to be quite
good. Thus, for n =3-6, the singlet (2D°)ns’ and nd’
Rydberg states excited from the 'D, level should have
very small autoionization probabilities because autoioni-
zation of pure singlet states into the *S° 3, continuum is
forbidden. What is striking is that in the o} D, photoab-
sorption spectrum of Huffman, Larrabee, and Tanaka,?!
the singlet (2D°)ns’ and nd’ levels with n <6 or 7 are ac-
tually observed in emission rather than absorption. Al-
though the kinetics of the processes involved in the
discharge used to produce the O!D, atoms are quite
complicated, this observation can be explained if the
(*D3 s2,3s2)ns’ and nd’ Rydberg levels are also populated
in the discharge. If the autoionization lifetime of these
levels is long enough for emission to compete with au-
toionization and if the population in the Rydberg levels is
high enough, emission from these levels will be stronger
than absorption to these levels, and the spectrum will
display emission lines. Because of the breakdown of LS
coupling, however, for higher principal quantum num-
bers, the autoionization rate of the (D% s2,3,2)ns’ and nd’
Rydberg states increases relative to the emission rate.
This removal of population in the Rydberg levels by au-
toionization allows photoabsorption from the 'D, level to
these levels to dominate over emission from them. Thus
these levels will appear as absorption lines in the spec-
trum. In the intermediate regime, neither photoabsorp-
tion nor emission will dominate, and the observed transi-
tions will be weak. This expectation is consistent with
the observations of Huffman, Larrabee, and Tanaka.?!
Although a detailed understanding of the kinetics of the
discharge is necessary to predict the value of n at which
the transition from emission to absorption occurs, we
have seen here that LS coupling breaks down at approxi-
mately n=9. In fact, Huffman, Larrabee, and Tanaka?!
observe the transition from emission to absorption at ap-
proximately n=6 or 7, in good agreement with our esti-
mate.

E. Relation to high-intensity studies of ATI

The discussion of the double-resonance spectra in
terms of transitions between long-lived autoionizing lev-
els of atomic oxygen would have been exactly the same
for transitions between bound states. However, because
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both the lower and upper levels of the probe transitions
in the spectra summarized in Tables II-V are embedded
in the 4S° ) continuum, it is also possible to view the
spectra as the wavelength dependence of the ATI signal.
Mechanically, the escape of the electron is delayed in the
quasibound Rydberg state, which absorbs another photon
before it can decay. While transitions between autoioniz-
ing levels are certainly relevant to the discussion of ATI
and direct multiphoton processes leading to multiple ion-
ization, !> no detailed experimental studies of these tran-
sitions have been performed. Figure 4 clearly shows that
in certain instances transitions between autoionizing lev-
els can produce sharp resonances in the ATI signal.

We have also examined the effect of the probe laser in-
tensity on the spectrum of Fig. 4. An increase in the
probe laser intensity by a factor of 10 causes saturation of
the probe transition; that is, all of the resonance structure
disappears, and the ATI signal is large and constant as a
function of wavelength. This regime is likely to be appl-
icable in almost all previous studies of ATL 73 because
at the high laser intensities required for the observation
of nonresonant multiphoton ionization and ATI, single-
photon transitions between autoionizing levels will nearly
always be saturated. Thus only in more controlled exper-
iments will the resonant structure of transitions between
autoionizing states be revealed.

V. CONCLUSIONS

We have performed double-resonance studies of transi-
tions between long-lived autoionizing states of atomic ox-
ygen by pumping the two-photon (2D°)3p 'F;«'D, tran-
sition and probing transitions from the autoionizing
'F,level to higher-energy Rydberg levels. By using a
magnetic bottle electron spectrometer to detect the ion-
ization process of interest, we have observed for the first
time the (®D3%,,;,,)ns' and nd'<'F; transitions for
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n =16-30. These spectra provide new information on
the Rydberg series of atomic oxygen, especially with re-
gard to the breakdown of LS coupling at high principal
quantum numbers. We have also discussed the relation-
ship between the present results and high-intensity stud-
ies of ATI.

The present results indicate that studies of the (2D°)ns’
and nd’ series between n=35 and 9, that is, in the region
of the transition from LS coupling to J.K coupling,
should be most interesting. In this region, the redistribu-
tion of oscillator strength occurs from the pure singlet
states in LS coupling to the mixed-spin states in J_K cou-
pling, and, in addition, a dramatic change in the autoioni-
zation rates of the Rydberg states should occur. For this
range of n, the spectrum obtained by monitoring the
fast-photoelectron signal, which depends on the autoioni-
zation of the upper level, may show significant differences
from the spectrum obtained by monitoring the decrease
in the slow-electron signal, which requires only autoioni-
zation of the !F; level into the S°. _ continuum. These

. . . 3/ . . .
differences will provide much more Jetailed information
on the breakdown of LS coupling in this region. If the
upper level of the probe transition is very long lived, it
may also be possible to photoionize the level into the 2D°
continuum, thus producing a second ATI peak. Studies
of this region of the spectrum are currently being
planned.
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