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Hyperfine-structure intervals and isotope shifts in the 3p44s 4PJ˜3p44p 4DJ8 fine-structure
multiplet of atomic chlorine by diode laser spectroscopy

D. A. Tate and J. P. Walton
Department of Physics and Astronomy, Colby College, Waterville, Maine 04901

~Received 10 August 1998; revised manuscript received 19 October 1998!

We have measured hyperfine-structure splittings and isotope shifts in the 4s 4PJ→4p 4DJ8 multiplet in
atomic chlorine using Doppler-free saturated absorption spectroscopy with an external cavity diode laser.
Spectra of seven of the eight components of this multiplet, which have wavelengths between 798 and 859 nm,
were obtained. Values for the magnetic dipole and electric quadrupole hyperfine-structure constants of the
4P1/225/2 and 4D1/227/2 states in both35Cl and37Cl were found, and the isotope shifts of the seven transitions
studied were measured. The data were also analyzed in an attempt to extract values for magnetic octupole
coupling constants for some of the levels investigated, but these were found to be zero at the level of the
experimental uncertainty of our measurements.@S1050-2947~99!07702-1#

PACS number~s!: 32.10.Fn, 32.30.Jc
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I. INTRODUCTION

Atomic chlorine is an astrophysically important free rad
cal which has two stable isotopes,35Cl ~75.77% abundance
nuclear spinI 5 3

2 ) and 37Cl ~24.23% abundance,I 5 3
2 ). In

addition, there is one long-lived radioactive isotope,36Cl,
which has a half-life of 301 000 years andI 52. Though
there have been many studies of the optical spectrum
atomic chlorine@1–4# made using grating spectrometers, t
only experiments to measure hyperfine structure~hfs! inter-
vals and isotope shifts in this species have been elec
paramagnetic resonance investigations of the2P3/2 and 2P1/2
states of the 3p5 ground configuration@5–7#, and two studies
of the 2P3/2→2P1/2 transition at 11.3mm using a lead-sal
diode laser@8,9#.

In the present paper we report on the measurement o
hfs coupling constants of upper and lower states in
3p44s 4PJ→3p44p 4DJ8 fine-structure multiplet for35Cl
and37Cl, and also isotope shifts for these transitions betw
the spectra of the two stable isotopes in seven of the e
members of this multiplet. This is the first time, to o
knowledge, that high-resolution laser spectroscopy has b
performed on excited states of atomic chlorine.

Excited states of atomic chlorine were generated fr
molecular chlorine using a microwave discharge. Spectra
the transitions were obtained using a tunable external ca
diode laser. The Doppler-free spectra were fitted to ob
the natural linewidths, hfs coupling constants for the up
and lower states of both stable isotopes, and the iso
shifts of the transition.

II. EXPERIMENTAL METHOD

The experimental apparatus used in this work is ess
tially the same as that used in a previous study of the hf
atomic fluorine@10#, so its description here will be brief. Th
apparatus is shown schematically in Fig. 1. A commercia
available diode laser was mounted in a home-m
temperature-stabilized external cavity@11#. One end of the
cavity was formed by a 1200-line/mm blazed grati
PRA 591050-2947/99/59~2!/1170~8!/$15.00
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mounted on a commercial mirror mount; a thin piezoelec
disk mounted behind one of the adjustment screws allow
for fine tuning of the laser frequency. The laser frequen
was scanned with a sawtooth voltage ramp applied to
piezoelectric disk, which enabled us to scan over a rang
a few gigahertz. In addition to the output beam from t
grating, four other beams were split out of the cavity usi
an uncoated glass plate. The output beam from the gra
had a power of a few milliwatts, and a spectral linewidth
order 1 MHz. The wide spectral region covered by the ch
rine transitions necessitated the use of several different l
diodes in the external cavity. For the4P3/2→4D1/2 ~vacuum
wavelength 819.7 nm!, 4P5/2→4D5/2 (821.4 nm), 4P3/2
→4D3/2 (833.5 nm) 4P5/2→4D7/2 (837.8 nm), and 4P1/2

FIG. 1. Experimental apparatus for saturated absorption s
troscopy of chlorine: EDL, external cavity diode laser; PD, pho
diode; SA, 2-GHz confocal spectrum analyzer; CE, 150-MHz c
focal étalon; BS, beam splitter; AOM, acousto-optic modulator;D,
microwave discharge tube; WM, wavemeter.
1170 ©1999 The American Physical Society
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PRA 59 1171HYPERFINE-STRUCTURE INTERVALS AND ISOTOPE . . .
→4D1/2 (843.1 nm) transitions, two different Sharp LT01
diodes were used, and for the4P1/2→4D3/2 (857.8 nm) and
4P3/2→4D5/2 (858.8 nm) transitions, a SDL-5401 diode w
used. We also attempted to obtain spectra of the4P5/2
→4D3/2 transition at 798.3 nm using a Sharp LT025 diod
however, the very weak absorption of the laser at this wa
length prevented us from obtaining Doppler-free spectra
this transition.

The main beam from the laser grating was used for
chlorine-saturated absorption spectrometer. The Doppler-
absorption signal was observed using standard saturate
sorption techniques with an acousto-optic modulator~AOM!
and lock-in amplifier. An uncoated glass window split off
few percent of the laser power for the probe beam. The pu
beam power was sinusoidally ‘‘chopped’’ at 40 kHz with
50% duty factor by modulation of the 47.98-MHz AOM
drive signal. The probe beam was detected using a phot
ode, and the Doppler-free signal was recovered by
lock-in amplifier using the AOM chopping frequency as re
erence. One of the beams from the laser intracavity be
splitter was used to monitor the laser mode structure usin
2-GHz confocal e´talon and also to calibrate the frequen
scan using a temperature-stabilized 150.12760.022-MHz
free spectral range confocal e´talon. The laser was tuned clos
to the appropriate wavelength of the 3p44s 4PJ
→3p44p 4DJ8 transitions@12# using a commercial waveme
ter.

Excited chlorine atoms are generated from either neat2
or a dilute mix of Cl2 in He in a low-pressure~0.02–0.2 torr!
microwave discharge. The discharge system was config
so that gas was pumped through a half-inch diameter
mina tube from the gas bottle and regulators to the pu
High-quality quartz windows were o-ring sealed onto t
vacuum system so as to allow the laser beams to pass lo
tudinally through the 6-inch-long discharge region.
McCarroll-type microwave cavity was attached to the o
side of the alumina tube@13#; up to 100 W of microwave
power at 2.45 GHz was coupled into the cavity by a coax
cable. The alumina tube was cooled using compressed
Under these conditions of pressure and microwave pow
the minimum laser absorption was 2% for the4P5/2→4D3/2
transition ~too weak to obtain Doppler-free spectra!; more
typically the absorption was 30–40 % using neat Cl2, but for
the 4P5/2→4D7/2 transition, the absorption was in excess
95% using neat Cl2 at the lowest pressures and microwa
powers at which a discharge could be maintained, necess
ing our use of a 5%~by pressure! mix of Cl2 in He.

The spectra were acquired using a digitizing oscillosco
and transferred to a PC. Many spectra were taken of e
transition at various laser powers, microwave powers,
pressures so that the zero pressure and zero power w
and splittings could be determined. The raw data were t
analyzed using a commercial software package. The typ
analysis procedure involved linearizing the spectra using
étalon fringes, and then fitting the Voigt profiles to obta
line centers and homogeneous widths, and any Gaus
background features due to collisions, as described belo

III. RESULTS AND DISCUSSION

A term diagram of the 3p44s 4PJ→3p44p 4DJ8 fine-
structure multiplet, showing level energies with respect
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the 2p5 2P3/2 state and vacuum transition wavelengths o
tained from tables@12#, is given in Fig. 2.

At the temperatures present in the microwave discha
Doppler broadening completely obscures the hfs splittin
and isotope shifts in the 4s 4PJ→4p 4DJ8 multiplet, as can
be seen in Fig. 3, which shows the4P5/2→4D5/2 transition at
821.4 nm. Figure 3~a! shows the Doppler-limited spectrum
while Fig. 3~b! shows the saturated absorption spectrum
the same frequency scale. These spectra were taken at a
sure of 120 mtorr and a microwave power of 90 W, the la
power being 2 mW. The hfs of this transition extends ov
some 2.3 GHz, the greatest spectral range of any membe
the fine-structure multiplet with the exception of the4P5/2
→4D7/2 transition. It is also one of the most complex, havi
ten hyperfine transitions per isotope, plus a number of cro
over resonances which result from the saturated absorp
technique. As can be seen in Fig. 3~b!, the hyperfine multip-
lets of 35Cl and 37Cl overlap, as they do in the six othe
members of the fine-structure multiplet which we studie
Fortunately, since both isotopes haveI 5 3

2 , their hyperfine
spectra are similar, differing only in the isotope shift, t
frequency intervals~due to different hf coupling constants!,
and amplitudes~due to the different isotopic abundances!.

FIG. 2. Partial term diagram of Cl showing the transitions
vestigated in this work. Also given are the energies of the upper
lower states, and the vacuum wavelengths of the transitions.

FIG. 3. Doppler-limited~a! and Doppler-free~b! spectra of the
4P5/2→4D5/2 transition at 821.4 nm. These spectra were obtaine
a pressure of 0.12 torr and a microwave power of 90 W. The la
power was 2 mW.
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1172 PRA 59D. A. TATE AND J. P. WALTON
But for this simplification, it is doubtful that we could hav
identified the spectral components without having to resor
isotopically enriched chlorine samples.

The data analysis of the spectrum of a particular4PJ
→4DJ8 transition was carried out as follows. The raw spe
tra were linearized using the 150-MHz e´talon fringes, and
smoothed to give one data point for every 2-MHz frequen
interval. Peaks were tentatively identified~in terms of theF
values of their lower and upper states! using calculated rela
tive intensities obtained from tables. This process was so
what tedious given the complexity of some of the spec
but was aided by the presence of the crossover resona
~though these sometimes obscured real transitions of the
abundant isotope! and the fact that the35Cl and 37Cl spectra
are basically similar. Once a sufficient number of comp
nents were identified, frequency intervals between pe
were used to obtain tentative magnetic dipole~A! and electric
quadrupole~B! coupling constants, and also a value for t
isotope shift of the transition. Usually, our first set of valu
for these parameters was reasonably correct, given the
roboration of taking the ratios of theA andB values for the
two isotopes, and comparing them with the ratios of th
quantities for the 3p5 2P1/2 and 2P3/2 states of the ground
configuration@7#. A ‘‘stick diagram’’ of the spectrum, using
the initial guesses for the hf coupling constants and isot
shift, was then made. The diagram included all the allow
transitions of both isotopes, and the expected crossov
which have frequencies which are midway between pairs

FIG. 4. Doppler-free spectra of the transitions originating in
4P1/2 state: 4P1/2→4D1/2 at 843.1 nm~a!; and 4P1/2→4D3/2 at
857.8 nm~b!. The dots are the data, the line is the result of the
and residuals~data minus fit! shown above the spectra. The vertic
axis for the residuals has the same scale as that for the spectra
individual F→F8 components are identified by letter according
the scheme shown in Fig. 5~a! for 4P1/2→4D1/2 and Fig. 5~b! for
4P1/2→4D3/2. The unprimed letters are the transitions due to35Cl,
while the primed letters identify the corresponding transitions
37Cl. Crossovers are identified by the • symbol.
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transitions which share either a lower or an upper state~the
latter crossovers were usually inverted in the experime
spectra!. The relative intensities of the components we
taken from tables, and the relative intensities of the37Cl
components set to 32% of the corresponding35Cl transition
~the crossover amplitudes were arbitrarily set to the ar
metic mean of the intensities of their parent transitions!. The
stick diagram was then compared with the real spectrum,
if necessary, refinements made to the initial guesses for
tope shift and coupling constants. In the course of this co
parison, crossovers not manifesting themselves were ide
fied ~to be excluded from the fit!, and unexpected crossove
identified~i.e., crossovers which share neither a lower nor
upper state, but appearing due to collisional redistribution
population between closely spaced states!. Identification of
the spectral features progressed more rapidly once other
structure transitions sharing upper or lower states had b
fitted.

To obtain an estimate for the residual Doppler broaden
present in the saturated absorption spectra, we fitted som
the Doppler-limited spectra to a sum of Gaussians~one for
each real hf transition in each isotope! with relative fre-
quency positions determined by the method described ab
and relative intensities based on tabulated values and
isotopic abundance ratio. This was done for the4P3/2
→4D1/2 (819.7 nm) and the4P5/2→4D5/2 (821.4 nm) transi-
tions, and gave values for the Gaussian full width at h
maximum~FWHM! of 1158612 MHz, implying a tempera-

,

The

FIG. 5. Diagrams of the hfs of the upper and lower levels of
two fine-structure transitions shown in Fig. 4.~a! identifies the hf
transitions in4P1/2→4D1/2, and ~b! identifies the hf transitions in
4P1/2→4D3/2. Letters ~a, b, c, etc.! represent theF values con-
nected by a particular hf component: for instance, in~a!, a repre-
sents theF52→F851 component, which appears in the Dopple
free spectrum in Fig. 4~a! as the peak identified by the lettera for
35Cl, and bya8 for 37Cl. The numbers in brackets on the individu
transitions are their calculated relative intensities within the mul
let.
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PRA 59 1173HYPERFINE-STRUCTURE INTERVALS AND ISOTOPE . . .
ture in the discharge ofT5713616 K. The residual Doppler
broadening of our saturated absorption spectra, calcul
using the Doppler width and the pump-probe crossing an
was thus 3.6-MHz FWHM, a parameter that was fixed in o
fits as described below. We note, however, that the fit
Lorentzian widths were relatively insensitive to the Gauss
width.

The Doppler-free spectra were then fitted using the ini
estimates for the hf coupling constants for the upper
lower states and the isotope shift of the transition obtai
by the method described above. The spectra were fitted
suming that the spectral features were Voigt profiles w
identical Lorentzian and Gaussian widths but different a
plitudes, and whose positions~for each isotope! were deter-
mined only by the center of gravity of each multiplet, and t
magnetic dipole and electric quadrupole hf coupling para
eters of the upper and lower states. For instance, in the s
trum shown in Fig. 3~b!, the positions of some 32 relativel
obvious spectral features~including small bumps between

FIG. 6. Doppler-free spectra of the transitions originating in
4P3/2 state:4P3/2→4D1/2 at 819.7 nm~a!; 4P3/2→4D3/2 at 833.5 nm
~b!; and 4P3/2→4D5/2 at 858.8 nm~c!.
ed
e,
r
d
n

l
d
d
s-

h
-

-
c-

and shoulders on, some of the larger peaks! were determined
by just ten parameters: the center of gravity, and theA andB
values for the4P5/2 and 4D5/2 states, of each isotope. In th
actual fit of this spectrum, 18 spectral features in each
tope were fitted~ten real transitions and eight crossover!.
These 18 features were all identified in35Cl using the stick
diagram, but all are not obvious in37Cl, some being hidden
by larger features in35Cl. Initially, 19 floating parameters
were used in the fit to determine the amplitudes of all the
spectral features: 18 amplitudes in each isotope, plus a
rameter representing the isotope abundance ratio~i.e., the
peaks in37Cl were assumed to be lower in amplitude th
their counterparts in35Cl by a factor equal to the isotop
abundance ratio!. When fitted thus, the abundance ratio d
termined from the fits was found to be (3464)%, compared
with an expected value of 31.98%. Generally, the fits
which the isotope abundance ratio was floated gave hig
values than the 31.98% expected, presumably because i
37Cl wing of the Doppler profile the linear absorption of th
pump and probe beams was weaker than in the35Cl wing. In
some fits we fixed the isotope ratio to this value with
significant increase in thex2 value for the fit or the fitted

FIG. 7. Diagrams of the hfs of the upper and lower levels of
three fine-structure transitions shown in Fig. 6:4P3/2→4D1/2 ~a!;
4P3/2→4D3/2 ~b!; and 4P3/2→4D5/2 ~c!.
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1174 PRA 59D. A. TATE AND J. P. WALTON
values of the hfs coupling constants or centers of grav
The Gaussian width was fixed at that determined by
pump-probe beam crossing geometry, but the Lorentz
width was floated. The fits also floated the background of
and a linear background slope, and in some cases a s
Gaussian pedestal was included with floated position, wi
and amplitude. Hence, to fit the spectrum of Fig. 3~b!, a total
of 35 free parameters was used: eight hf coupling const
~four for each isotope!, two centers of gravity~one for each
isotope!, 18 amplitudes, the isotope abundance ratio, Lore
zian width, background offset and slope, and three par
eters for the Gaussian pedestal. In some spectra, wher
isotope ratio was fixed and no pedestal was apparent,
was reduced to 31.

Obviously, the number of floated parameters varied w
the fine-structure component being fitted, depending on
number of hf components and crossovers observed, and
on whether the electric quadrupole moment of the uppe
lower state was zero or not. The most complex spectrum
fit was the 4P5/2→4D7/2 transition at 837.8 nm, which re
quired a 38-parameter fit~34 parameters if the isotope abu
dance ratio was fixed and no Gaussian pedestal! due to the
unusually large number of crossovers. In the fit of this tra
sition, seven real hf components of non-negligible amplitu
and 15 crossovers were included for each isotope. The s
trum which required the fewest parameters to fit was
4P1/2→4D1/2 transition at 843.1 nm, in whichB50 for both
the upper and lower states. This spectrum required a m
mum of 22 parameters to fit, 18 if the isotope ratio was fix
and the pedestal not manifested. Finally, in some of the s
tra, there were coincidences in the positions of two~or even

FIG. 8. Doppler-free spectra of the transitions originating in
4P5/2 state: 4P5/2→4D5/2 at 821.4 nm~a!; and 4P5/2→4D7/2 at
837.8 nm~b!.
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three! real hyperfine transitions, or a coincidence betwee
real transition and a crossover. Such coincidences, if t
occurred between features of the same isotope, led to ano
lous intensity ratios for the real transitions~some becoming
very small, or even negative, the others very large! in the fit.
In these cases, the real hf components in question were fi
with their intensity relative to some nonobscured featu
fixed to its theoretical value, while any coincident crossov
was allowed to float in amplitude.

The results of these fits are shown in Figs. 4, 6, and
Figure 4 shows the transitions originating in the4P1/2 state:
the 4P1/2→4D1/2 at 843.1 nm@Fig. 4~a!# and 4P1/2→4D3/2 at
857.8 nm@Fig. 4~b!# transitions. The dots are the data, t
line is the result of the fit, and residuals~difference between
the data and the fit! shown on a separate scale above
spectra. In Fig. 5 we show the positions of the upper a
lower hf states~for one isotope only!, the allowed hf transi-
tions ~identified by letter:a, b, c, etc.!, and their expected
relative intensities, for the4P1/2→4D1/2 transition@Fig. 5~a!#
and the4P1/2→4D3/2 transition @Fig. 5~b!#. The level spac-
ings in Fig. 5 are inferred from the spectra in Fig. 4. In t
spectrum shown in Fig. 4~a!, the individual hfF→F8 com-
ponents are identified by the letter each is assigned in
5~a!, and similarly the components in Fig. 4~b! are identified
in Fig. 5~b!. The unprimed letters are the features due
35Cl, the primed letters the corresponding features in the37Cl
spectrum. Figure 6 shows transitions from4P3/2:4P3/2
→4D1/2 at 819.7 nm@Fig. 6~a!#, 4P3/2→4D3/2 at 833.5 nm
@Fig. 6~b!#, and 4P3/2→4D5/2 at 858.8 nm@Fig. 6~c!#. The
individual hf components in Figs. 6~a!–6~c! are identified in
Figs. 7~a!–7~c!, respectively. Figure 8 shows transition

FIG. 9. Diagrams of the hfs of the upper and lower levels of
two fine-structure transitions shown in Fig. 8:4P5/2→4D5/2 ~a!; and
4P5/2→4D7/2 ~b!.
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from 4P5/2: 4P5/2→4D5/2 at 821.4 nm @Fig. 8~a!# and
4P5/2→4D7/2 at 837.8 nm@Fig. 8~b!#. The individual hf com-
ponents in Figs. 8~a! and 8~b! are identified in Figs. 9~a! and
9~b!, respectively. As noted above, the4P5/2→4D3/2 transi-
tion at 798.3 nm was too weak for us to obtain spec
Letters are omitted from the spectra shown in Figs. 4, 6,
8 where a weak feature is obscured by another, stronger
ture. Crossovers are indicated by the solid circle. In so
cases, exceptionally weak features at the extreme high-
low-frequency wings of a multiplet are omitted from th
spectra, for instance, at the low-frequency end of Figs. 6~c!
and 8~b!, and at the high-frequency end of Fig. 6~a!, where
the F51→F852 component in37Cl ( f 8) is not apparent in
the data. As can be seen, the quality of the fits is very g
considering the relatively small number of parameters wh
determines all the peak positions within a given multipl
The maximum deviation of the fit from the data is of ord
3% of the maximum peak amplitude in a given spectru
Perhaps the only effect visible in the residuals of some of
spectra not allowed for in our fits are possible narrow~;30-
MHz FWHM! Gaussian pedestals on some of the stron
peaks, for instance, in Fig. 8~a!. ~We were unable to include
this effect in our fits due to the extra number of floati
parameters this would introduce.!

The magnetic dipole and electric quadrupole hf coupl
constants for both isotopes derived from these spectra
given in Table I in units of MHz. With two exceptions, eac
value of A and B is obtained from fitting the spectra of a
least two, and sometimes three, different wavelengths
number of Doppler-free spectra were obtained of each fi
structure component. The 819.7-, 821.4-, 833.5-, 837.8-,
843.1-nm transitions were sufficient to give a complete se
A andB values, and at each of these wavelengths betwee
and 40 spectra were obtained. The 857.8- and 858.8-nm
sitions confirmed some of our hf component assignments
hf coupling constants, and we took only seven and five sp
tra of these transitions, respectively. The mean values oA
and B from different fine-structure components usua
agreed within the standard deviations of their means, and
uncertainties shown in Table I are one standard deviatio
the mean of the combined results. These standard devia
were obtained by statistical analysis of many sets ofA andB
ee
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values, each set being obtained from the fit of one spectr
The values forA and B for the 4D7/2 state could only be
obtained from the4P5/2→4D7/2 transition, in which the
strong linear absorption in the discharge and the presenc
strong, inverted, crossovers resulted in significantly lar
error estimates.

In the fitting of the spectra described above, we assum
that only the magnetic dipole and electric quadrupole c
pling constants~A andB, respectively! were significant, i.e.,
that the shift of a givenF state from the unperturbed energ
~that is, ignoring hfs! is given by

DEF5
1

2
AK1

1

4
B

3
2 K~K11!22I ~ I 11!J~J11!

I ~2I 21!J~2J21!
, ~1!

whereK5F(F11)2J(J11)2I (I 11). The position with
respect to the multiplet center of gravity of a givenF→F8
component thus depends on theA andB values of the upper
and lower states. However, both stable chlorine isotop
having I 5 3

2 , can exhibit a magnetic octupole effect in th
hfs of states withJ. 1

2 , which adds another term to Eq.~1!:

TABLE I. Magnetic dipole hfs constants~A! and electric quad-
rupole hfs constants~B! for the 4s 4P1/2, 4s 4P3/2, 4s 4P5/2,
4p 4D1/2, 4p 4D3/2, 4p 4D5/2, and 4p 4D7/2 levels of 35Cl and
37Cl. The errors are one standard deviation of the mean, calcul
from many sets ofA andB values, each set being obtained from t
fit of a single spectrum.

Level

35Cl 37Cl

A
~MHz!

B
~MHz!

A
~MHz!

B
~MHz!

4P1/2 67.060.9 0 57.060.4 0
4P3/2 101.160.2 47.360.3 84.560.5 37.661.2
4P5/2 299.660.2 262.560.4 251.060.8 252.761.3
4D1/2 227.560.2 0 189.160.5 0
4D3/2 138.260.2 2.660.2 115.160.1 2.160.4
4D5/2 170.360.2 229.460.5 142.160.5 223.660.5
4D7/2 160.260.4 265.466.4 135.360.9 258.366.3
5

4
C

K314K21 4
5 K@23I ~ I 11!J~J11!1I ~ I 11!1J~J11!13#24I ~ I 11!J~J11!

I ~ I 21!~2I 21!J~J21!~2J21!
, ~2!
ill
on

e

sing
t

the
p-
where C is the magnetic octupole coupling constant@14#.
The only state of Cl for which hfs measurements have b
made from which a value ofC can be obtained is 3p5 2P3/2,
for which A5205.046 87(3) MHz,B554.872 90(6) MHz,
and C527.2(1.2) Hz for 35Cl, and A5170.686 37(3)
MHz, B543.245 24(6) MHz, andC525.5(1.2) Hz for
37Cl @5–7#.

Clearly, for the 3p5 2P3/2 state, the effect on the hfs spli
tings of the magnetic octupole coupling constant is alm
negligible compared with that of the magnetic dipole int
n

t
-

action. Indeed, it is unlikely that such a small effect w
manifest itself in our optical spectra, given our resoluti
limit of ;1 MHz, and laser scan nonlinearities of the sam
order. In addition, we note that the dependence ofC on the
electron wave function, in common withA and B, is such
that one expects its magnitude to decrease with increa
electronic excitation@14#. We did not, therefore, expect tha
our data would reveal values forC for the 4s 4PJ and
4p 4DJ8 states. Nevertheless, we fitted our data including
effect of the magnetic octupole coupling constants of all u
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per and lower states withJ. 1
2 for all the transitions we

investigated with the exception of4P5/2→4D7/2. To reduce
the number of parameters in the fits, we fixed the hf coupl
constants of a given state for37Cl to a constant factor of the
same coupling constant for35Cl. We obtained these consta
factors from the hf coupling constants of the 3p5 2P3/2 state
given by Altan-Uslu, Code, and Harvey@7#. The factors
are, respectively,A(37Cl)50.832 4263A(35Cl!, B(37Cl)
50.788 0983B(35Cl!, and C(37Cl)50.763C(35Cl). Our
results given in Table I are reasonably consistent with th
ratios of A and B for the two isotopes. When values o
A(37Cl)/A(35Cl) and B(37Cl)/B(35Cl) are calculated along
with their uncertainties from the data in Table I, four out
seven of theA ratios and three out of five of theB ratios
agree with the values given above for the 2p5 2P3/2 state,
within one standard deviation. The remaining differences
all within 2s. However, when we fitted the spectra includin
the magnetic octupole effect, the meanC values resulting
from the fits were consistent with zero within the error lim
~one standard deviation of the mean obtained from set
individual C values, each value being obtained from the fit
one spectrum!. We thus conclude that no meaningful valu
for the magnetic octupole coupling constants of t
4s 4P3/225/2 and 4s 4D3/225/2 states can be obtained from o
spectra.

We also obtained values for the isotope shifts of the se
transitions studied, which are given in Table II, in units
MHz. The errors quoted are standard deviations of
means.~The standard deviations of the isotope shifts w
calculated from the sets of isotope shift values obtained fr
fits of different data scans.! In all cases, the center of gravit
of the 37Cl hfs was about 220 MHz higher in frequency th
that of 35Cl, but the measured isotope shifts are all sma
than the calculated values of the normal mass shift~NMS! of
about 300 MHz, also given in Table II. We have also deriv
values for the residual isotope shift~RIS!, the sum of the
specific mass shift~SMS!, and the field shift~FS!, from the
measured isotope shifts and the calculated SMS val
which are given in the last column of Table II.

TABLE II. Experimental values of the isotope shifts~‘‘Mea-
sured IS’’! of the seven members of the 4s 4PJ→4p 4DJ8 multiplet
studied in this work. Also given are calculated values for the norm
mass shift~NMS! and inferred values for the residual isotope sh
~RIS! which is equal to measured IS minus NMS. The errors
one standard deviation of the mean, calculated from many iso
shift values, each isotope shift being obtained from the fit o
single spectrum.

Transition
J→J8

Wavelength
~nm!

Measured IS
~MHz!

NMS
~MHz!

RIS
~MHz!

3/2→1/2 819.7 231.160.2 310.0 278.9
5/2→5/2 821.4 228.760.2 309.3 280.6
3/2→3/2 833.5 229.060.2 304.8 275.8
5/2→7/2 837.8 214.560.3 303.2 288.7
1/2→1/2 843.1 215.860.2 301.4 285.6
1/2→3/2 857.8 212.960.5 295.8 282.9
3/2→5/2 858.8 224.960.5 295.8 270.9
g
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re

of
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n
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e
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s,

The relative amplitudes of the hf components of a mult
let whose intensities were allowed to float were all relative
close ~within about 10%! to the theoretical ratios given in
Figs. 4, 6, and 8, with the exception of some of the we
features in the low- and high-frequency wings of the spec
which were excessively attenuated by the large linear abs
tion of the laser in the discharge. As noted above, in th
fits in which the isotope ratio was floated, the ratio came
to be within 4% of 34%, whereas the natural relative abu
dance ratio of the isotopes is 31.98%.

Lorentzian linewidths were also extracted from the da
either by extrapolation to zero pump laser power and z
pressure~the 819.7-, 833.5-, 837.8-, and 843.1-nm tran
tions!, or just to zero pressure~821.4, 857.8, and 858.8 nm!.
There was no significant linewidth dependence on the mic
wave power, but this could not be fully investigated since
discharge was unstable at powers of below 60 W. The m
mum FWHM Lorentzian widths observed were 1461 MHz
for the 4P3/2→4D1/2 (819.7 nm), 4P3/2→4D3/2 (833.5 nm),
4P1/2→4D1/2 (843.1 nm), 4P1/2→4D3/2 (857.8 nm), and
4P3/2→4D5/2 (858.8 nm) transitions and 2262 MHz for the
4P5/2→4D5/2 (821.4 nm) and4P5/2→4D7/2 (837.8 nm) tran-
sitions.

To our knowledge, the only direct measurement of rad
tive lifetimes in chlorine are those of Lawrence@15# using
the phase-shift method and Schectmanet al. @16# using the
beam-foil method. Lawrence reports lifetime measureme
for two vacuum ultraviolet ~vuv! transitions: the
3p44s 2P1/2→3p5 2P3/2 (1335 Å) and the 3p44s 4P
→3p5 2P transition at 1390 Å~it is unclear whether this
means the 3p44s 4P5/2→3p5 2P3/2 or the 3p44s 4P1/2
→3p5 2P1/2 transition!, for which the measured lifetime
were 2 ns~615%! and 1.5ms ~615%!, respectively. Hence
the partial width due to the 3p44s 4P state of any absorption
or emission seems to be of order 100 kHz. Schectmanet al.
@16# measured lifetimes and oscillator strengths of severa
the 3p44s 2P→3p5 2P resonance transitions in the vuv
Generally, the lifetimes of the visible transitions in chlorin
have been found to be too long to be measured using
beam-foil technique@17#. Delalić et al. @17# have measured
the lifetimes of a number of visible transitions in Cl using t
high-frequency deflection technique. In particular, the li
time of the 3p45p 4D3/2→3p44s 4P3/2 radiative decay at
4380 Å was found to be 135615 ns, indicating a Lorentzian
width of 1.2 MHz ~the 3p44s 4P→3p44p 4D multiplet was
not investigated by Delalic´ et al.!. On the other hand, ther
have been numerous experimental and theoretical studie
oscillator strengths in Cl@2–4,16,18,19#. However, only
Ojha and Hibbert@19# have calculated oscillator strengths f
all allowed and forbidden decay transitions of the 4s 4P and
4p 4D states. From thef values given by Ojha and Hibber
we have calculated the natural radiative linewidths of
4s 4P→4p 4D transitions to be between 5 and 7 MH
These linewidths are dominated by the 4p 4D→4s 4P radia-
tive decay, though the 4p 4D→4s 2P decays are significant
and the radiative widths of the 4s 4P1/2, 4s 4P3/2, and
4s 4P5/2 states are 0.4, 1.5, and 0.04 MHz, respective
based on Ojha and Hibbert’sf values.

Clearly, our measured linewidths of 1461 and 22
62 MHz are much greater than is to be expected from
theoreticalf values, whose absolute accuracy is estimated
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be 620% @19#, based on the degree of agreement betw
the length-and velocity-gauge calculations. It is possible t
some of the excess linewidth is due to microwave pow
effects. However, it is more likely that, even at the lowe
pump intensities used in this experiment, we were still s
nificantly saturating the transitions. We have calculated
saturation intensities of the eight components of the 4s 4PJ
→4p 4DJ8 fine-structure multiplet using the line streng
values given by Wiese, Smith, and Glennon@12#, and radia-
tive linewidths derived from Ojha and Hibbert@19#. The ef-
fect of collisional quenching on the saturation intensities
difficult to estimate, since from our data we can only me
sure pressure broadening of the saturated absorption sig
which is a measure of the sum of the upper and lower s
relaxation rates. By using only the radiative relaxation ra
we are thus underestimating the saturation intensities,
they nevertheless give a useful parameter with which to c
pare the laser intensities we used in our experiment.
calculated saturation intensities~assuming negligible colli-
sional quenching! vary from 0.3 and 1mW/mm2 for the
4P5/2→4D5/2 and 4P5/2→4D7/2 components, respectively, t
140 mW/mm2 for the 4P3/2→4D1/2 component, and are be
tween 6 and 20mW/mm2 for the other five fine-structure
components. Typical pump laser beam intensities used in
experiment were in the range 1–10 mW/mm2, and in those
cases where we carried out an extrapolation to low la
intensities, the pump laser intensity was in the range of 1
400 mW/mm2, with the probe laser beam being on the sa
order. As can be seen, even for the reduced intensities
to observe some of the transitions, the pump laser intens
were still greater than the calculated saturation intensit
The spectra obtained at higher intensities were therefore e
more saturated. Further discussion is somewhat point
since, as we have already noted, our calculated satura
intensities are underestimates. All that can be stated is
the intensities used in our experiments were at least sev
.
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times greater than the minimum saturation intensities,
that our observed linewidths were several times greater t
the calculated widths.

IV. CONCLUSION

We have obtained Doppler-free spectra of t
3p44s 4PJ→3p44p 4DJ8 fine-structure multiplet of atomic
chlorine. From these spectra, we have deduced values fo
magnetic dipole and electric quadrupole hyperfine-struct
coupling constants of the upper and lower states for b
stable isotopes, and the isotope shifts of the transitions.
our knowledge, these are the first measurements of such
rameters in an excited configuration of this atom. TheA and
B constants were found to be of the same order as thos
the 3p5 2P1/2 and 3p5 2P3/2 states of the ground configura
tion obtained using electron paramagnetic resonance@5–7#
and confirmed using mid-infrared diode laser spectrosc
@8,9#. An attempt was also made to extract values for
magnetic octupole hf coupling constants, but these were
found to be zero at the resolution offered by our spectra. T
natural linewidths of the transitions were found to be three
five times larger than the values calculated from theoret
oscillator strengths@19#, mostly due to unallowed-for lase
power broadening, but quenching due to the high microw
power necessary to maintain the discharge probably
contributes to this excess width.
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