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Hyperfine-structure intervals and isotope shifts in the 2p33s 5S2\2p33p 5PJ8 transitions
of atomic oxygen

R. M. Jennerich* and D. A. Tate†

Department of Physics and Astronomy, Colby College, Waterville, Maine 04901
~Received 24 January 2000; revised manuscript received 2 June 2000; published 13 September 2000!

We have measured hyperfine-structure splittings and isotope shifts in the 2p33s 5S2→2p33p 5P1,2,3 tran-
sitions of atomic oxygen using Doppler-free saturated absorption spectroscopy near 778 nm. Values for the
hyperfine-structure coupling constants of the5S2 and 5P1,2,3 states in17O and the18O217O and 18O216O
isotope shifts of the 2p33s 5S2→2p33p 5P1,2,3 transitions were found. The set of values for hyperfine-
structure coupling constants and isotope shifts is more complete and generally more precise than previously
reported results.

PACS number~s!: 32.10.Fn, 32.30.Jc
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High-resolution spectroscopic measurements on at
with few electrons are important since experimental data
obtained that can be directly compared with theoretical c
culations. Atomic oxygen is the lightest atom with thr
stable isotopes, and its spectrum has been studied e
sively. Of these isotopes, two (16O and 18O! have nuclear
spin I 50. However,17O hasI 55/2, and therefore exhibits
hyperfine structure~HFS!. In particular, the 2p33s 5S2
→2p33p 5PJ8 (778 nm) and 2p33s 3S1→2p33p 3PJ8
(845 nm) multiplets of oxygen have been the subject o
number of recent experiments that used Doppler-free s
troscopic techniques@1–4#. Two studies of the 3s 5S2
→3p 5PJ8 transitions, Marinet al. ~1992! @3# and Marin
et al. ~1993! @4#, have reported values for magnetic dipo
~A! and electric quadrupole (B) HF coupling constants fo
the 5S2 and 5P1 states and the isotope shifts~IS! of the
5S2→5P1 transition at a vacuum wavelength of 777.753 n
These results have stimulated the interest of theorists. S
cifically, the magnetic dipole hyperfine-structure constant
the 5S2 state was calculated using the multiconfigurati
Hartree-Fock~MCHF! method@5#. This theoretical analysis
included over 71 000 configuration state functions, a
yielded a result ofA(5S2)5296.70 MHz, against an exper
mental result of298.5960.43 MHz @4#. A major difficulty
for these calculations was the fact that core polarization
to the 2p electrons is a significant effect. The electrons in t
closed 1s and 2s subshells are spin polarized by the e
change interaction with the partially filled 2p shell, causing
the 2p wave function to be nonzero near the nucleus. W
this effect not present, i.e., if the three 2p electrons are
purelyLS-coupled in4S, and not mixed with other subshell
the 2p33s 3S and 2p33s 5SHFS A constants are expecte
to be equal in magnitude, but of opposite sign. A compari
of the experimental value for the magnetic dipole HF co
pling constant of the 3s 5S2 state in17O with the measured
value of A for the 2p33s 3S1 state@4# shows that this pre-
diction is incorrect, and points to a significant contact term
A(5S2) that is due to the 2p electrons.

*Present address: Department of Physics, University of Michig
Ann Arbor, MI 48109-1120.
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The resolution of the previous studies of the5S2→5PJ8
multiplet was limited by the observed full width at hal
maximum~FWHM! linewidths of approximately 60 MHz in
the published spectra, and this precluded measurement o
5P2 and 5P3 HFS intervals from the 5S2→5P2
(777.630 nm) and5S2→5P3 (777.408 nm) transitions, an
the transition IS. In contrast, the natural width of these tr
sitions, predicted from the measured lifetimes of the5S2 and
5PJ8 states, is approximately 4 MHz@6,7#. Motivated by the
potential for improved resolution in these transitions, w
have made a new investigation of the5S2→5PJ8 multiplet,
and have obtained spectra with significantly narrower lin
widths than those of Refs.@3# and@4#. From our spectra, we
obtained values for the hyperfine-structure coupling c
stants of the5S2 and 5P1,2,3 states in17O and the18O217O
and 18O216O IS of the 2p33s 5S2→2p33p 5P1,2,3 transi-
tions. Our results are in good general agreement with
previous data, but generally more precise and extensive

The experimental apparatus used in this paper is es
tially the same as that used in previous studies of ato
fluorine and chlorine@8,9#. A homemade external-cavity di
ode laser produced a few milliwatts of light at 778 nm@10#.
The laser had a spectral linewidth of order 1 MHz, and w
tunable over a range of;3 GHz. The Doppler-free absorp
tion signal due to the oxygen atoms was observed using s
dard saturated absorption techniques. The frequency sca
the laser scan was calibrated using a temperature stabi
150.12760.022 MHz free spectral range confocal etalo
Oxygen atoms were generated in the 3s 5S2 state from mo-
lecular oxygen in a low pressure~less than 0.4 Torr! micro-
wave discharge@11#. The pump and probe-laser beam
passed longitudinally through the 6-in.-long discharge
gion, crossing near the center. The discharge was susta
in a gas mix of at least 80% oxygen, the rest being heliu
To obtain spectra of all three stable oxygen isotopes, an
topically enhanced sample of gas was used~approximately
50% 16O, 40% 17O, and 10%18O!. The spectra were ac
quired using a digitizing oscilloscope and transferred to
computer. For each of the three members of this multip
between 44 and 62 spectra were obtained. The raw data
then analyzed using a commercial software package.

Analysis of the spectra was relatively straightforwar
The frequency scale of a spectrum was linearized using
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FIG. 1. Doppler-free spectra of the5S2

→5PJ8 multiplet in atomic oxygen:5S2→5P1 at
lvacuum5777.753 nm~a!; 5S2→5P2 at 777.630
nm ~b!; and 5S2→5P3 at 777.408 nm~c!. The
dots are the data, the line is the result of the
and residuals~data minus fit! shown above the
spectra. The vertical axis for the residuals has
same scale as that for the spectra. The individ
HF F→F8 components are identified by lette
according to the scheme shown in Fig. 2~a! for
5S2→5P1 , Fig. 2~b! for 5S2→5P2 , and Fig. 2~b!
for 5S2→5P3 . Any unidentified peaks, and al
the dips, are crossovers.
042506-2
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HYPERFINE-STRUCTURE INTERVALS AND ISOTOPE . . . PHYSICAL REVIEW A 62 042506
150.127 MHz etalon fringes, and the linearized spectr
was then smoothed to give one data point every 2 MHz. T
smoothed spectra were then fitted using initial estimates

FIG. 2. Diagrams of the HFS of the upper and lower levels
17O in the three fine-structure transitions shown in Fig. 1.~a! iden-
tifies the HF transitions in5S2→5P1 , ~b! identifies the HF transi-
tions in 5S2→5P2 , and ~c! identifies the HF transitions in5S2

→5P3 . Letters~a, b, c, etc.! represent theF values connected by a
particular HF component: for instance, in~a!, i represents theF
59/2→F857/2 component, which appears in the Doppler-fr
spectrum in Fig. 1~a! as the peak identified by the letteri. The
numbers in brackets on the individual transitions are their ca
lated relative intensities within the multiplet.
04250
e
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the HF coupling constants and isotope shifts. For the5S2

→5P1 transition, good values of the IS andA andB values
for the upper and lower states in17O were available from
Marin et al. ~1993! @4#. However, no previous work has re
ported values for theA andB constants of the5P2 and 5P3
states, or IS values for the5S2→5P2 and 5S2→5P3 transi-
tions. Instead, we identified theF→F8 components of the
5S2→5P2 and 5S2→5P3 transitions using the previous va
ues ofA(5S2) and the predicted relative intensities of the H
components. Initial values of the spectroscopic consta
were then found using the positions of some of the featu
in each spectrum. The spectra were fitted assuming tha
spectral features were Voigt profiles with different amp
tudes but identical Lorentzian widths in each isotope. T
Gaussian component of the line shape arises from the n
zero crossing angle of the pump and probe-laser beams,
the FWHM width of this component was fixed at 8 MHz, th
value obtained from the measured crossing angle and
fitted width of Doppler-limited spectra of the transition fo
16O. The Lorentzian widths of16O, 17O, and 18O compo-
nents were allowed to be different, though all the17O com-
ponents~real transitions and crossovers! had their widths
fixed to be equal. The positions of the16O and18O compo-
nents are each determined by just one parameter~since nei-
ther isotope exhibits HFS!. The positions of all the17O fea-
tures in the fit were determined only by the center of grav
of the multiplet, and the magnetic dipole and electric qua
rupole HF coupling parameters of the upper and lower sta
@9#. Most of the crossovers shared either an upper or a lo
state, but some were identified that shared no common s
which probably arise as a consequence of collisional pum
ing. The fits also included a background offset and slope,
some of the more prominent features were given sm
Gaussian pedestals in the fit. Inclusion of the pedest
whose centers were fixed to the centers of the narrow V
features, improved the chi-squared parameter for each fi
some 20%–30% from the fits that did not include the ped
tals, but had negligible effect on the fitted HFS constants
centers of gravity of the multiplets. These Gaussian pedes
are caused by velocity-changing collisions in the dischar
and their relatively narrow width~approximately 200–300
MHz FWHM, compared with the full Doppler FWHM of 2.5
GHz! is a consequence of incomplete thermalization of
sample of atoms by collisions. That is, oxygen atoms
dergo only a few collisions while they interact with the las
beam, and these collisions are ‘‘weak’’ in that the veloc
change of an oxygen atom is small compared with the r
velocity of the oxygen atoms in the discharge@12#.

Examples of fitted Doppler-free spectra of the5S2
→5PJ8 multiplet are shown in Fig. 1. Figure 1~a! shows the
5S2→5P1 transition at a vacuum wavelength of 777.753 n
Fig. 1~b! the 5S2→5P2 transition at 777.630 nm, and Fig
1~c! the 5S2→5P3 transition at 777.408 nm. The dots are t
data, the line is the result of the fit, and residuals~difference
between the data and the fit! are shown on a separate sca
above the spectra. The spectra in Fig. 1 were taken at p
sures between 30 and 50 mTorr, 90 W of microwave pow
and;100 mW/mm2 laser intensity. Under these condition
the linear absorption of the probe laser through the discha
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TABLE I. Magnetic dipole HFS coupling constants~A! and electric quadrupole HFS coupling constan
~B! for the 5S2 , 5P1 , 5P2 , and 5P3 levels of 17O. The errors quoted for our experiment are one stand
deviation of the mean.

Level

This experiment Previous work

A
~MHz!

B
~MHz!

A
~MHz!

B
~MHz!

5S2 297.9360.10 298.5960.43a

296.7b

5P1 225.8360.10 0.060.2 226.3960.57a 20.361.8a

5P2 224.4760.11 0.960.8
5P3 218.7060.05 20.260.5

aReference@4#.
bReference@5#.
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was 20%–30%, and the Doppler-limited absorption FWH
was 2.5 GHz. In Fig. 2, we show the positions of the up
and lower HF states in17O, the allowed HF transitions~iden-
tified by the letters: a, b, c, etc.!, and their expected relativ
intensities, for the5S2→5P1 transition @Fig. 2~a!#, the 5S2
→5P2 transition @Fig. 2~b!#, and the 5S2→5P3 transition
@Fig. 2~c!#. In the spectrum shown in Fig. 1~a!, the individual
HF F→F8 components are identified by the letter each
assigned in Fig. 2~a!, and similarly the components in Fig
1~b! are identified in Fig. 2~b!, and the components in Fig
1~c! are identified in Fig. 2~c!. Unlabeled peaks, and all th
dips in the Doppler-free spectra are crossover resona
~some of the real transitions are obscured by crossovers,
are not labeled in Fig. 1!.

In all of our spectra, the16O peak goes off-scale verti
cally, but the signal-to-noise ratio was good enough to fi
the center using data from the wings. In each transition
hyperfine structure of17O, combined with the effect of cross
over resonances resulting from the use of saturated abs
tion spectroscopy, causes a complex spectral signature
instance, in Fig. 1~b! there were 12 real HF transitions~the
F53/2→F853/2 component was too weak to manifest
self in our spectra! and 27 crossovers, all of which wer
identified in the spectrum, and fitted to find their amplitud
Inclusion of all these effects~crossovers in17O, different
spectral widths for the different isotopes, and some Gaus
04250
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pedestals! resulted in very good fits to the data, as can
seen from the scale of the residuals in Fig. 1.

The IS values and the magnetic dipole and electric qu
rupole HF coupling constants we obtained for the5S2 and
5PJ8 states of17O are given in Tables I and II, respectivel
In Tables I and II, all units are MHz, and the positive valu
for the isotope shifts indicates that the IS are normal
these transitions. The quoted errors are one standard d
tion of the mean, and were obtained by adding in quadra
three different contributions. First, for each spectrum our
ting program foundA values,B values, and center of gravity
frequencies for each isotope, along with an estimate of
fitting uncertainty of a particular parameter obtained fro
that fit. These uncertainties were obtained from from
square roots of the diagonal elements of the covariance
trix of the fit. Second, standard deviations were obtained
statistical analysis of many sets of IS, andA and B values,
each set being obtained from the fit of one spectrum. Fina
our errors include an allowance for the uncertainty inher
in the linearization of each spectrum, which has two com
nents. First, the measured value of the confocal etalon’s
spectral range has an uncertainty that results in a small
certainty in the frequency scale, and which amounts to
more than 0.28 MHz in the largest IS interval reported he
Second, and more significant, is the uncertainty associ
with linearization of the laser scans using the 150.127 M
TABLE II. Experimental values of the isotope shifts~measured IS! of the 5S2→5P1 , 5S2→5P2 , and
5S2→5P3 transitions. Also given are calculated values for the normal mass shift~NMS!. The errors quoted
for our experimental data are one standard deviation of the mean.

Transition Shift

Measured IS
~this paper!

~MHz!

Measured IS
~previous work!

~MHz!
NMS
~MHz!

5S2→5P1
18O216O 1944.6660.79 1943.860.5a 1472.05
18O217O 909.9860.73 911.362.1a 691.10

5S2→5P2
18O216O 1944.4960.85 1472.28
18O217O 909.9460.73 691.21

5S2→5P3
18O216O 1945.0360.77 1472.70
18O217O 910.3360.70 691.40

aReferences@3# and @4#.
6-4
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HYPERFINE-STRUCTURE INTERVALS AND ISOTOPE . . . PHYSICAL REVIEW A 62 042506
markers from the confocal etalon. The scans are linear
by finding the channel numbers~in the oscilloscope raw dat
file! of the centers of gravity of the etalon transmissi
peaks, which we assume to be spaced exactly 150.127 M
apart. The frequencies of the transmission peaks’ center
gravity are then fitted to a third-order polynomial function
their channel numbers, and the coefficients obtained fr
this fit then used to synthesize the frequency scale of
spectrum. The uncertainty introduced by adopting t
method is estimated by finding the root-mean-square de
tions of the etalon transmission peak centers of gravity fr
their assumed positions. This rms deviation was found
have an average value of 0.48 MHz, evaluated for a sam
of 25 spectra. Hence, we had to assume that the frequen
any given peak in our spectra was uncertain by60.48 MHz.
For the IS values~intervals!, this translates to an uncertain
of 0.68 MHz, which was added in quadrature with the err
from the sources above for the IS values reported in Tabl
However, in adding this uncertainty into the errors for theA
andB values, a different procedure was used. Since we fi
the entire17O spectrum to give theA andB values directly,
and not from differences of peak positions, we treated
0.68 MHz interval uncertainty as an additional linearizati
uncertainty of ~0.68 MHz/largest HFS splitting in17O)
3(A or B value) for the resultant uncertainties in theA
andB values of17O. ~The largest HFS splitting in17O was
the frequency difference between the lowest HFS compon
and the highest, or some 1000 MHz.! This small uncertainty
was added in quadrature with the errors from the sour
above for theA andB values reported in Table I. As can b
seen in Table I, the uncertainties of theB values are some
what larger than theA value uncertainties. This is a manife
tation of the fact that the position of a HF component in17O
~relative to the center of gravity! is generally much more
strongly dependent on theA values of the upper and lowe
states than the correspondingB values, due to the differen
sizes of the angular momentum factors that multiply the H
coupling constants. When fitting different intervals in a sp
trum that have certain measurement uncertainties to ob
the HFS constants, the resultant uncertainties in theB values
will thus be larger than in theA values.

In all of the fits that contributed to the data shown
Tables I and II the electric quadrupole coupling constan
the 5S2 state of17O was fixed to be zero. However, as not
above, polarization of the closed 1s and 2s orbitals by the
three 2p electrons mixes the 2p subshell with other orbitals
Consequently, the 2p3 electrons do not couple exactly in4S
in oxygen and hence the electric quadrupole coupling c
stant of the5S2 state of17O should be nonzero. This effec
also occurs in the 2p3 4S3/2 state of14N, where bothA andB
are expected to be zero, but have been measured to be
MHz and 1.27 Hz, respectively@13#. Hence we also tried
fitting our 17O spectra with a floating value forB(5S2), but
the results of these fits were inconclusive. While the aver
of all the fits seemed to reveal a nonzero value forB(5S2), of
order 1–2 MHz, the value obtained was systematically d
ferent for the5S2→5P1 , 5S2→5P2 , and 5S2→5P3 transi-
tions. In addition, there seemed to be a strong correla
between theB values of the5S2 state and the5PJ8 state
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obtained from a single fit. We attributed this correlation
the fact that the positions of many features in the17O spec-
trum are sensitive to the difference of theB values of the
lower and upper states, rather than to the individual low
and upper stateB values. We therefore concluded that th
value ofB(5S2) was too small to be recovered successfu
from our data. We note that fixingB(5S2)50 gave very
consistent values forA(5S2) ~within 0.04 MHz! from the
three transitions.

As can be seen, the data in Tables I and II are reason
consistent with previous experimental results for the IS a
HFS coupling constants. Our set of values for the HFS c
pling constants in Table I are significantly more precise th
the previously reported values, and much more compl
The set of IS values given in Table II have about the sa
precision as previous values, but is also more complete.
18O216O and18O217O IS of the 5S2→5P1 transition agree
within the errors with the results of Marinet al. ~1992! @3#,
which were made using heterodyne techniques. Our va
for the magnetic dipole and electric quadrupole coupl
constants of the5P1 state agree with the results of Mari
et al. ~1993! within one standard deviation of that paper
experimental results@4#. However, our value forA(5S2) is
different from the result of Ref.@4# by more than one stan
dard deviation of the previous paper’s results, though
values agree within two standard deviations. We believe
the origin of this discrepancy is in the lower resolution of t
previous results. For instance, ours is the first work on
Doppler-free spectra of this multiplet to reveal the invert
crossovers apparent in Figs. 1~a! through 1~c!. Such cross-
overs were not allowed for in the fitting routine reported
Ref. @4#, though they appear to be present in the spec
shown in Fig. 3 of that paper. Finally, we note that our val
for A(5S2) is in better agreement with the theoretical val
for this parameter calculated by Godefroidet al. @5#, though
there is still a significant difference between our experim
tal value and the theoretical result.

The fitted values for the relative intensities of the17O HF
components were all generally in agreement with the th
retical values shown in Fig. 2 within620%, with the excep-
tion of real HF components that were partially or tota
obscured by crossovers. In fitting our spectra, we allowed
linewidths for the different isotopes to have different widt
so that the effect of the strong~and off-scale! 16O line did not
dominate the fitted widths of the other two isotopes’ tran
tions. As a consequence of this, we found that in all o
spectra, the Lorentzian FWHM widths of the different is
topes were slightly different, being narrower by some 2
MHz for 18O than for16O or 17O, which usually had widths
similar to within 1 MHz. The minimum FWHM of the satu
rated absorption signals was 15 MHz for the16O signal and
17O HF components, but the18O signal had a minimum
FWHM of 12 MHz. Obviously, the natural linewidths o
these transitions should be isotope independent, as sh
any collisional broadening effects since the dominant co
sion partners for all O atoms in our discharge are O2 mol-
ecules. The only mechanism that could explain different lin
widths for the different isotopes is if the pump-laser intens
was significantly different for18O than 16O and 17O due to
6-5
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R. M. JENNERICH AND D. A. TATE PHYSICAL REVIEW A62 042506
linear absorption in the discharge. Since our pump-laser
tensity was several times the saturation intensity of the tr
sitions ~see below!, different pump-laser intensities will re
sult in different linewidths in the saturated absorpti
spectra. However, it is unclear why this should lead to
narrower linewidth for18O than for the other two isotopes
and not a larger linewidth, given the relative isotopic abu
dances.

The minimum observed Lorentzian widths are a factor
3 larger than the 4 MHz value expected on the basis of
measured lifetimes of the5S2 and 5PJ8 states@6,7#. The
minimum widths were observed at a pressure of 80 mTor
a pump-laser intensity of;100 mW/mm2, the minimum in-
tensity used in these experiments. Between 0.3 Torr and
Torr, the pressure broadening coefficient was of order
MHz/Torr, so the excess widths cannot be attributed to c
lisional broadening on the basis of our experimental e
dence. We were unable to fully investigate the effect of
microwave power to the discharge, as the discharge bec
unstable at powers below 60 W, but we found no signific
broadening attributable to the discharge power in the ra
70–100 W. It is probable that the excess widths are du
laser power broadening. We calculated the saturation in
sities of the5S2→5PJ8 transitions in the limit of negligible
collisional quenching to be in the range (124)
31022 mW/mm2. The most significant factor determinin
these values is the low-radiative decay rate of the5S2 state
of 5.563103 s21. However, the true relaxation rates of th
r-
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5S2 and 5PJ8 states in the discharge will be larger than t
radiative decay rates due to collisional quenching. Based
measured values for quenching coefficients of the5S2 and
5PJ8 states due to collisions with O2 molecules@14,15#, we
estimate the saturation intensities to be in the range 25
mW/mm2 at 100 mTorr, which indicates it is probable th
we were intensity broadening our spectra even at the low
intensity used in these experiments. Finally, it should
noted that collisional quenching of the5S2 state reduces the
lifetime of this state in the discharge from 180 to;1 ms @14#.
Hence, we were unable to make measurements by chop
the microwaves and only taking data points with the d
charge off since the5S2 states decay too quickly.

We have measured IS between the three stable isotop
atomic oxygen in the three transitions of the5S2→5PJ mul-
tiplet near 778 nm using Doppler-free saturated absorp
spectroscopy with an external cavity diode laser. In additi
we have measured the magnetic dipole and electric qua
pole HF coupling constants of the5S2 , 5P1 , 5P2 , and 5P3
states of17O. Our set of measurements is more extensive
generally more precise than previously published results,
we hope that these data will stimulate more theoretical st
of these states.

Funding for these experiments has been provided
Colby College under the Natural Sciences Grant Program
the Research Corporation, and by the NSF~Grant No. PHY-
9601638!.
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