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Hyperfine-structure intervals and isotope shifts in the $*4s*P;—3p*4p*D;. fine-structure
multiplet of atomic chlorine by diode laser spectroscopy
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We have measured hyperfine-structure splittings and isotope shifts instfie;4-4p “D;, multiplet in
atomic chlorine using Doppler-free saturated absorption spectroscopy with an external cavity diode laser.
Spectra of seven of the eight components of this multiplet, which have wavelengths between 798 and 859 nm,
were obtained. Values for the magnetic dipole and electric quadrupole hyperfine-structure constants of the
4P1/p-srp and Dy ,_ 7, States in bott°Cl and *’Cl were found, and the isotope shifts of the seven transitions
studied were measured. The data were also analyzed in an attempt to extract values for magnetic octupole
coupling constants for some of the levels investigated, but these were found to be zero at the level of the
experimental uncertainty of our measureme$d.050-2947®9)07702-1

PACS numbsd(s): 32.10.Fn, 32.30.Jc

I. INTRODUCTION

mounted on a commercial mirror mount; a thin piezoelectric
disk mounted behind one of the adjustment screws allowed

Atomic chlorine is an astrophysically important free radi- for fine tuning of the laser frequency. The laser frequency
cal which has two stable isotopeSCl (75.77% abundance, was scanned with a sawtooth voltage ramp applied to the

nuclear spinl=2) and ®*'Cl (24.23% abundancé=%). In
addition, there is one long-lived radioactive isotopéGl,
which has a half-life of 301000 years ane2. Though

piezoelectric disk, which enabled us to scan over a range of
a few gigahertz. In addition to the output beam from the
grating, four other beams were split out of the cavity using

there have been many studies of the optical spectrum cin uncoated glass plate. The output beam from the grating
atomic chloring 1—4] made using grating spectrometers, thehad a power of a few milliwatts, and a spectral linewidth of

only experiments to measure hyperfine structinfs) inter-

order 1 MHz. The wide spectral region covered by the chlo-

vals and isotope shifts in this species have been electrofine transitions necessitated the use of several different laser

paramagnetic resonance investigations of2Rg, and 2P,  diodes in the external cavity. For tH&5,— D, (vacuum
states of the p° ground configuratiof5—7], and two studies wavelength 819.7 nin *Ps;,—*Ds;2(821.4nm), *Pgp,
of the 2P4,—2P,, transition at 11.3um using a lead-salt —*D3,(833.5nm) *Pg,—*D7,(837.8nm), and *Py,

diode lasef8,9].

In the present paper we report on the measurement of the
hfs coupling constants of upper and lower states in the
3p*4s*P;—3p*4p D, fine-structure multiplet for3°Cl
and®'Cl, and also isotope shifts for these transitions between
the spectra of the two stable isotopes in seven of the eight
members of this multiplet. This is the first time, to our
knowledge, that high-resolution laser spectroscopy has been
performed on excited states of atomic chlorine.

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

Il. EXPERIMENTAL METHOD

The experimental apparatus used in this work is essen-
tially the same as that used in a previous study of the hfs of
atomic fluoring[10], so its description here will be brief. The
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FIG. 1. Experimental apparatus for saturated absorption spec-

apparatus is shown schematically in Fig. 1. A commerciallytroscopy of chlorine: EDL, external cavity diode laser; PD, photo-
available diode laser was mounted in a home-madeliode; SA, 2-GHz confocal spectrum analyzer; CE, 150-MHz con-
temperature-stabilized external cav[tyl]. One end of the focal &alon; BS, beam splitter; AOM, acousto-optic modular;
cavity was formed by a 1200-line/mm blazed gratingmicrowave discharge tube; WM, wavemeter.
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—l>4D1,2(843.1 nm) transitions, two different Sharp LT015 E (cm-1) 3p'4p ‘D,
diodes were used, and for tH#®,,—*D5,(857.8nm) and ' '
4P4,— D5, (858.8 nm) transitions, a SDL-5401 diode was gj’gg‘; 3 ] i = ;g
used. We also attempted to obtain spectra of fifRy, ’ 4 4 y 7
—4D,), transition at 798.3 nm using a Sharp LT025 diode; 84,128 —¢ I I'=5/2
however, the very weak absorption of the laser at this wave- 83,890 v =1
length prevented us from obtaining Doppler-free spectra of
this transition. g glle

The main beam from the laser grating was used for the = &||=
chlorine-saturated absorption spectrometer. The Doppler-free g g %
absorption signal was observed using standard saturated ab- E||E SHE g
sorption techniques with an acousto-optic modul&&d®M) |2 | e p 3p" 4s"P
and lock-in amplifier. An uncoated glass window split off a - SR | K|[= 2 '

; I=112

few percent of the laser power for the probe beam. The pump
beam power was sinusoidally “chopped” at 40 kHz with a 72,484 1=372
50% duty factor by modulation of the 47.98-MHz AOM
drive signal. The probe beam was detected using a photodi- 71,054 J=5/2

ode, and the Doppler-free signal was recovered by the

lock-in amplifier using the AOM chopping frequency as ref-  F|G. 2. Partial term diagram of Cl showing the transitions in-
erence. One of the beams from the laser intracavity beamestigated in this work. Also given are the energies of the upper and
splitter was used to monitor the laser mode structure using @wer states, and the vacuum wavelengths of the transitions.
2-GHz confocal talon and also to calibrate the frequency

scan using a temperature-stabilized 1504R022-MHz  the 2p° 2Py, state and vacuum transition wavelengths ob-
free spectral range confocahéon. The laser was tuned close tained from table§12], is given in Fig. 2.

to the appropriate wavelength of the p®Bls*P, At the temperatures present in the microwave discharge,
—3p*4p“*D; transitiong 12] using a commercial waveme- Doppler broadening completely obscures the hfs splittings
ter. and isotope shifts in thes#P;—4p D, multiplet, as can

Excited chlorine atoms are generated from either neat Clbe seen in Fig. 3, which shows th€s,—“Ds, transition at
or a dilute mix of C} in He in a low-pressur€0.02-0.2 tory ~ 821.4 nm. Figure @) shows the Doppler-limited spectrum,
microwave discharge. The discharge system was configureghile Fig. 3b) shows the saturated absorption spectrum on
so that gas was pumped through a half-inch diameter aluhe same frequency scale. These spectra were taken at a pres-
mina tube from the gas bottle and regulators to the pumpsure of 120 mtorr and a microwave power of 90 W, the laser
High-quality quartz windows were o-ring sealed onto thepower being 2 mW. The hfs of this transition extends over
vacuum system so as to allow the laser beams to pass longieme 2.3 GHz, the greatest spectral range of any member of
tudinally through the 6-inch-long discharge region. Athe fine-structure multiplet with the exception of thes,
McCarroll-type microwave cavity was attached to the out-—“D-, transition. It is also one of the most complex, having
side of the alumina tubgl3]; up to 100 W of microwave ten hyperfine transitions per isotope, plus a number of cross-
power at 2.45 GHz was coupled into the cavity by a coaxiabver resonances which result from the saturated absorption
cable. The alumina tube was cooled using compressed aitechnique. As can be seen in Figbg the hyperfine multip-
Under these conditions of pressure and microwave powefets of 3°Cl and *'Cl overlap, as they do in the six other
the minimum laser absorption was 2% for tfes;,—*D3,  members of the fine-structure multiplet which we studied.
transition (too weak to obtain Doppler-free spedtranore  Fortunately, since both isotopes halve 2, their hyperfine
typically the absorption was 30—40 % using negt, ®ut for  spectra are similar, differing only in the isotope shift, the
the *Ps;,—*D+, transition, the absorption was in excess offrequency intervalgdue to different hf coupling constants
95% using neat Glat the lowest pressures and microwaveand amplitudegdue to the different isotopic abundanges
powers at which a discharge could be maintained, necessitat-
ing our use of a 5%by pressuremix of Cl, in He.

The spectra were acquired using a digitizing oscilloscope
and transferred to a PC. Many spectra were taken of each
transition at various laser powers, microwave powers, and
pressures so that the zero pressure and zero power widths
and splittings could be determined. The raw data were then
analyzed using a commercial software package. The typical
analysis procedure involved linearizing the spectra using the
etalon fringes, and then fitting the Voigt profiles to obtain (b)
line centers and homogeneous widths, and any Gaussian v
background features due to collisions, as described below. Frequency ——

(a)

1 GHz

Signal (arb. units)

1. RESULTS AND DISCUSSION FIG. 3. Doppler-limited(a) and Doppler-fregb) spectra of the
4Pg,,—*Dg), transition at 821.4 nm. These spectra were obtained at

A term diagram of the B*4s?P;—3p*4p“D, fine-  a pressure of 0.12 torr and a microwave power of 90 W. The laser
structure multiplet, showing level energies with respect topower was 2 mw.
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FIG. 4. Doppler-free spectra of the transitions originating in the .
p,,, state: *P,,—*Dy, at 843.1 nm(a); and *Py,—*Ds, at FIG. 5. Diagrams of the hfs of the upper and lower levels of the

857.8 nm(b). The dots are the data, the line is the result of the fit, WO ﬁr?e-str_uriture trimsitions shown in Fig. @) identifies the hf
and residual¢data minus fit shown above the spectra. The vertical t4ranS|t|c‘)1ns in“P1,—"Dy;2, and(b) identifies the hf transitions in
axis for the residuals has the same scale as that for the spectra. ThBuz— Dar- Letters(a, b, ¢ etc) represent the~ values con-

individual F—F’ components are identified by letter according to "ected by @ particular hf component: for instance(a a repre-
the scheme shown in Fig(& for “P,,—*Dy, and Fig. 5b) for sents thec=2—F’=1 component, which appears in the Doppler-

4p,,,+*D4,. The unprimed letters are the transitions dud, free spectrum in Fig. @ as the peak identified by the lettarfor

35 37, ; indivi
while the primed letters identify the corresponding transitions in~ Cl» @nd bya’ for *‘Cl. The numbers in brackets on the individual
37CI. Crossovers are identified by the » symbol. transitions are their calculated relative intensities within the multip-

let.

But for this simplification, it is doubtful that we could have transitions which share either a lower or an upper stie
identified the spectral components without having to resort tdatter crossovers were usually inverted in the experimental
isotopically enriched chlorine samples. spectra. The relative intensities of the components were
The data analysis of the spectrum of a particuf®;  taken from tables, and the relative intensities of tHel
—“D,, transition was carried out as follows. The raw spec-components set to 32% of the correspondir@l transition
tra were linearized using the 150-MHzaton fringes, and (the crossover amplitudes were arbitrarily set to the arith-
smoothed to give one data point for every 2-MHz frequencymetic mean of the intensities of their parent transitjoiitie
interval. Peaks were tentatively identififid terms of theF  stick diagram was then compared with the real spectrum, and
values of their lower and upper statesing calculated rela- if necessary, refinements made to the initial guesses for iso-
tive intensities obtained from tables. This process was someepe shift and coupling constants. In the course of this com-
what tedious given the complexity of some of the spectraparison, crossovers not manifesting themselves were identi-
but was aided by the presence of the crossover resonanched (to be excluded from the fitand unexpected crossovers
(though these sometimes obscured real transitions of the lesdentified(i.e., crossovers which share neither a lower nor an
abundant isotopeand the fact that thé®Cl and 3’Cl spectra  upper state, but appearing due to collisional redistribution of
are basically similar. Once a sufficient number of compo-population between closely spaced statédentification of
nents were identified, frequency intervals between peakthe spectral features progressed more rapidly once other fine-
were used to obtain tentative magnetic dip@gand electric  structure transitions sharing upper or lower states had been
qguadrupole(B) coupling constants, and also a value for thefitted.
isotope shift of the transition. Usually, our first set of values To obtain an estimate for the residual Doppler broadening
for these parameters was reasonably correct, given the copresent in the saturated absorption spectra, we fitted some of
roboration of taking the ratios of th& andB values for the the Doppler-limited spectra to a sum of Gaussiémse for
two isotopes, and comparing them with the ratios of theseach real hf transition in each isotQpeith relative fre-
quantities for the B° 2P/, and 2P, states of the ground quency positions determined by the method described above,
configuration[7]. A “stick diagram” of the spectrum, using and relative intensities based on tabulated values and the
the initial guesses for the hf coupling constants and isotopésotopic abundance ratio. This was done for tABs,
shift, was then made. The diagram included all the allowed—“*D,,,(819.7 nm) and théPs,—*Ds/,(821.4 nm) transi-
transitions of both isotopes, and the expected crossovertipns, and gave values for the Gaussian full width at half
which have frequencies which are midway between pairs ofmaximum(FWHM) of 1158+ 12 MHz, implying a tempera-
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Frequency three fine-structure transitions shown in Fig. ®z,—*D, (a);
*P3— "Dy (b); and *Pg—*Dsgs (C).

FIG. 6. Doppler-free spectra of the transitions originating in the
*Pgy; state:*Pg,— "Dy at 819.7 nm@); *Ps,— D3 at 833.5nm  and shoulders on, some of the larger peaksre determined
(b); and *P3,— Dy, at 858.8 nm(c). by just ten parameters: the center of gravity, andAtendB

values for the*Ps, and *Ds/, states, of each isotope. In the

ture in the discharge of =713+ 16 K. The residual Doppler actual fit of this spectrum, 18 spectral features in each iso-
broadening of our saturated absorption spectra, calculatd@pe were fitted(ten real transitions and eight crossoyers
using the Doppler width and the pump-probe crossing angleThese 18 features were all identified 3tCI using the stick
was thus 3.6-MHz FWHM, a parameter that was fixed in ourdiagram, but all are not obvious HCI, some being hidden
fits as described below. We note, however, that the fittedy larger features ir°Cl. Initially, 19 floating parameters
Lorentzian widths were relatively insensitive to the Gaussiarwere used in the fit to determine the amplitudes of all the 36
width. spectral features: 18 amplitudes in each isotope, plus a pa-

The Doppler-free spectra were then fitted using the initiarameter representing the isotope abundance r@ago, the
estimates for the hf coupling constants for the upper angeaks in3’Cl were assumed to be lower in amplitude than
lower states and the isotope shift of the transition obtainedheir counterparts ir?°Cl by a factor equal to the isotope
by the method described above. The spectra were fitted agbundance ratjo When fitted thus, the abundance ratio de-
suming that the spectral features were Voigt profiles withtermined from the fits was found to be (84)%, compared
identical Lorentzian and Gaussian widths but different amwith an expected value of 31.98%. Generally, the fits in
plitudes, and whose positiorifor each isotopewere deter- which the isotope abundance ratio was floated gave higher
mined only by the center of gravity of each multiplet, and thevalues than the 31.98% expected, presumably because in the
magnetic dipole and electric quadrupole hf coupling param3’Cl wing of the Doppler profile the linear absorption of the
eters of the upper and lower states. For instance, in the spepump and probe beams was weaker than ir*B@ wing. In
trum shown in Fig. &), the positions of some 32 relatively some fits we fixed the isotope ratio to this value with no
obvious spectral featurg@ncluding small bumps between, significant increase in thg? value for the fit or the fitted
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FIG. 8. Doppler-free spectra of the transitions originating in the ~ FIG. 9. Diagrams of the hfs of the upper and lower levels of the
4p,,, state: *Ps, Dy, at 821.4 nm(a); and *Ps,—*D,, at  two fine-structure transitions shown in Fig. ®s;,—*Ds» (8); and

837.8 nm(b). *Pg— Dy (D).

values of the hfs coupling constants or centers of gravitythre real hyperfine transitions, or a coincidence between a
The Gaussian width was fixed at that determined by théeal transition and a crossover. Such coincidences, if they
pump-probe beam crossing geometry, but the Lorentziaeccurred between features of the same isotope, led to anoma-
width was floated. The fits also floated the background offselous intensity ratios for the real transitiofsome becoming
and a linear background slope, and in some cases a sing¥€ry small, or even negative, the others very laigethe fit.
Gaussian pedestal was included with floated position, widthln these cases, the real hf components in question were fitted
and amplitude. Hence, to fit the spectrum of Figh)3a total ~ with their intensity relative to some nonobscured feature
of 35 free parameters was used: eight hf coupling constanféxed to its theoretical value, while any coincident crossover
(four for each isotope two centers of gravityone for each was allowed to float in amplitude.
isotopd, 18 amplitudes, the isotope abundance ratio, Lorent- The results of these fits are shown in Figs. 4, 6, and 8.
zian width, background offset and slope, and three paramFigure 4 shows the transitions originating in the,, state:
eters for the Gaussian pedestal. In some spectra, where thee 4P, ,—*Dp at 843.1 nnfFig. 4a)] and *P,,—*D5, at
isotope ratio was fixed and no pedestal was apparent, thB57.8 nm[Fig. 4(b)] transitions. The dots are the data, the
was reduced to 31. line is the result of the fit, and residudldifference between
Obviously, the number of floated parameters varied withthe data and the jitshown on a separate scale above the
the fine-structure component being fitted, depending on thepectra. In Fig. 5 we show the positions of the upper and
number of hf components and crossovers observed, and ald@wer hf stategfor one isotope only the allowed hf transi-
on whether the electric quadrupole moment of the upper otions (identified by letter:a, b, ¢ etc), and their expected
lower state was zero or not. The most complex spectrum teelative intensities, for théP,,,— D 1, transition[Fig. 5a)]
fit was the *Py,—*D+, transition at 837.8 nm, which re- and the*P,,— D, transition[Fig. 5(b)]. The level spac-
quired a 38-parameter fi84 parameters if the isotope abun- ings in Fig. 5 are inferred from the spectra in Fig. 4. In the
dance ratio was fixed and no Gaussian pedesia to the spectrum shown in Fig.(d), the individual hfF—F' com-
unusually large number of crossovers. In the fit of this tranfonents are identified by the letter each is assigned in Fig.
sition, seven real hf components of non-negligible amplitudeb(a), and similarly the components in Fig(b} are identified
and 15 crossovers were included for each isotope. The speitt Fig. 5b). The unprimed letters are the features due to
trum which required the fewest parameters to fit was the®Cl, the primed letters the corresponding features in*t@
4P, ,,— Dy, transition at 843.1 nm, in whicB=0 for both ~ spectrum. Figure 6 shows transitions froftPz,:*Ps),
the upper and lower states. This spectrum required a maxi—“D,, at 819.7 nm[Fig. 6@)], *P,—*Dg, at 833.5 nm
mum of 22 parameters to fit, 18 if the isotope ratio was fixed Fig. 6b)], and *P5,—*Ds, at 858.8 nm[Fig. 6(c)]. The
and the pedestal not manifested. Finally, in some of the spedndividual hf components in Figs.(&—6(c) are identified in
tra, there were coincidences in the positions of teoeven  Figs. 7a)—7(c), respectively. Figure 8 shows transitions
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from “Ps,: *Pgp,—?Dg, at 821.4 nm[Fig. 8a)] and TABLE |. Magnetic dipole hfs constant®) and electric quad-
4Pe;,— D7, at 837.8 nniFig. 8b)]. The individual hf com-  rupole hfs constantsB) for the 4s*Py;, 4s*Pgp, 45%Psp,
ponents in Figs. @ and 8b) are identified in Figs. @ and 4P ‘D1z, 4P *D3p, 4p“Ds;, and 4 “Dyp, levels of **Cl and

9(b), respectively. As noted above, IH@5/2—>4D3/2 transi- 37CI. The errors are one standard deviation of the mean, calculated
tion at 798.3 nm was too weak for us to obtain Spectrafrom many sets oA andB values, each set being obtained from the
Letters are omitted from the spectra shown in Figs. 4, 6, anft ©f @ single spectrum.

8 where a weak feature is obscured by another, stronger fea-

ture. Crossovers are indicated by the solid circle. In some i el
cases, exceptionally weak features at the extreme high- and A B A B
low-frequency wings of a multiplet are omitted from the Level (MHz) (MHz) (MHz) (MHz)
spectra, for instance, at the low-frequency end of Figs) 6 Z

and 8b), and at the high-frequency end of Figah where 4P1/2 67.0:0.9 0 57.0:0.4 0

theF=1—F'=2 component ir’’CI (f') is not apparentin ~Ps2  101.1+0.2 47.3-0.3  84.5-0.5 37.6:1.2
the data. As can be seen, the quality of the fits is very goodPs. ~ 299.6:0.2 —62.5+0.4 251.0-0.8 —52.7+1.3
considering the relatively small number of parameters whichD1z ~ 227.5+0.2 0 189.1+0.5 0
determines all the peak positions within a given multiplet. ‘Dz, ~ 138.2+0.2 2.6t0.2 115.1*0.1 2.1x04
The maximum deviation of the fit from the data is of order “Ds, 170.3-0.2 —29.4+0.5 142.*05 -23.6+0.5
3% of the maximum peak amplitude in a given spectrum.*D, 160.2-0.4 —65.4+6.4 135.30.9 —58.3-6.3
Perhaps the only effect visible in the residuals of some of the
spectra not allowed for in our fits are possible narevB0-
MHz FWHM) Gaussian pedestals on some of the strongevalues, each set being obtained from the fit of one spectrum.
peaks, for instance, in Fig(&. (We were unable to include The values forA and B for the D, state could only be
this effect in our fits due to the extra number of floating obtained from the*Ps,— %D, transition, in which the
parameters this would introduge. strong linear absorption in the discharge and the presence of
The magnetic dipole and electric quadrupole hf couplingstrong, inverted, crossovers resulted in significantly larger
constants for both isotopes derived from these spectra amgror estimates.
given in Table | in units of MHz. With two exceptions, each  In the fitting of the spectra described above, we assumed
value of A and B is obtained from fitting the spectra of at that only the magnetic dipole and electric quadrupole cou-
least two, and sometimes three, different wavelengths. Aling constantsA and B, respectively were significant, i.e.,
number of Doppler-free spectra were obtained of each finethat the shift of a giverr state from the unperturbed energy
structure component. The 819.7-, 821.4-, 833.5-, 837.8-, andhat is, ignoring hfsis given by
843.1-nm transitions were sufficient to give a complete set of

A andB values, and at each of these wavelengths between 17 3

' ; sK(K+1)=-21(1+1)J(J+1
and 40 spectra were obtained. The 857.8- and 858.8-nm tran- AEF=EAK+ 1 B2 ( ) ( a ) ,
sitions confirmed some of our hf component assignments and 2 4 1(21-1)J(2J-1)

hf coupling constants, and we took only seven and five spec-

tra of these transitions, respectively. The mean value& of whereK=F(F+1)—J(J+1)—I(I+1). The position with
and B from different fine-structure components usually respect to the multiplet center of gravity of a givEr-F’
agreed within the standard deviations of their means, and theomponent thus depends on thendB values of the upper
uncertainties shown in Table | are one standard deviation céind lower states. However, both stable chlorine isotopes,
the mean of the combined results. These standard deviatiomsving | =3, can exhibit a magnetic octupole effect in the

were obtained by statistical analysis of many set& ahdB  hfs of states with)> 3, which adds another term to E(}.):

K3+ 4K2+ K[ =31(1+1)II+ 1) +1(1+1)+I(I+1)+3]—- 41 (1+1)I(I+1)
[(I—1)(21—1)J(J—1)(23—1) ’

5
1 C (2

where C is the magnetic octupole coupling constaty]. action. Indeed, it is unlikely that such a small effect will
The only state of CI for which hfs measurements have beemanifest itself in our optical spectra, given our resolution
made from which a value o can be obtained is@® 2Pg,, limit of ~1 MHz, and laser scan nonlinearities of the same
for which A=205.046 87(3) MHz,B=54.87290(6) MHz, order. In addition, we note that the dependenc€ an the
and C=-7.2(1.2) Hz for %Cl, and A=170.68637(3) electron wave function, in common with and B, is such
MHz, B=43.24524(6) MHz, andC=-5.5(1.2) Hz for that one expects its magnitude to decrease with increasing
37Cl [5-7]. electronic excitatiod14]. We did not, therefore, expect that
Clearly, for the 3° 2P, state, the effect on the hfs split- our data would reveal values fo€ for the 4s*P; and
tings of the magnetic octupole coupling constant is almos#p “D . states. Nevertheless, we fitted our data including the
negligible compared with that of the magnetic dipole inter-effect of the magnetic octupole coupling constants of all up-
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TABLE Il. Experimental values of the isotope shiftsMea- The relative amplitudes of the hf components of a multip-
sured IS") of the seven members of the#P,—4p “D; multiplet  |et whose intensities were allowed to float were all relatively
studied in this work. Also given are calculated values for the normak|gse (within about 10% to the theoretical ratios given in
mass shiff NMS) and inferred values for the residual isotope shift Figs. 4, 6, and 8, with the exception of some of the weak
(RIS) which is equal to measured IS minus NMS. The errors arete a1 res in the low- and high-frequency wings of the spectra
one standard deviation of the mean, calculated from many 'SOtoD\?\/hich were excessively attenuated by the large linear absorp-
shift values, each isotope shift being obtained from the fit of &ion of the laser in the discharge. As noted above, in those
single spectrum. fits in which the isotope ratio was floated, the ratio came out
to be within 4% of 34%, whereas the natural relative abun-
dance ratio of the isotopes is 31.98%.

Transition Wavelength Measured IS NMS RIS

I (nrm (MHz) (MHz) _(MHz) Lorentzian linewidths were also extracted from the data,
3/2—1/2 819.7 231.£0.2 310.0 -78.9 either by extrapolation to zero pump laser power and zero
5/2—5/2 821.4 228.70.2 309.3 -—-80.6 pressure(the 819.7-, 833.5-, 837.8-, and 843.1-nm transi-
3/2—3/2 833.5 229.6:0.2 3048 -75.8 tions), or just to zero pressur@21.4, 857.8, and 858.8 nm
5/27/2 837.8 214.%0.3 3032 -88.7 There was no significant linewidth dependence on the micro-
1/2—1/2 843.1 215.8 0.2 3014 —85.6 wave power, but this could not be fully investigated since the
1/2—3/2 857.8 212.90.5 2058 —82.9 discharge was unstable at powers of below 60 W. The mini-
3/2.5/2 858.8 224805 2958 —70.9 mum FWHM Lorentzian widths observed were14 MHz

for the *P3,—*D1,,(819.7 nm), *P3,—*D3,(833.5nm),
4P1r—*D12(843.1nm), *P;,—*Dg,(857.8nm), and
4P4— D52 (858.8 nm) transitions and 222 MHz for the
per and lower states witd>3 for all the transitions we “Ps;,—“Ds,(821.4nm) and*Ps,—*D7,(837.8 nm) tran-
investigated with the exception dPs;,—*D4,,. To reduce  sitions.
the number of parameters in the fits, we fixed the hf coupling To our knowledge, the only direct measurement of radia-
constants of a given state fofCl to a constant factor of the tive lifetimes in chlorine are those of Lawrenf#5] using
same coupling constant f3fCl. We obtained these constant the phase-shift method and Schectnedral. [16] using the
factors from the hf coupling constants of thp®%P s, state beam-foil method. Lawrenqe reports Ilfet|me.r.neasurements
given by Altan-Uslu, Code, and Harveyf]. The factors for4 tv;/o vacugrzn ultraviolet (vuv) transmonf: 4the
are, respectively, A('Cl)=0.832426<A(PCl), B(P'Cl) 3P4 P1p-3p°*P3p(1335A) ~ and the  p%ds’P
~0.78809% B(®Cl), and C(¥'Cl)=0.76x C(3Cl). Our —3p°“P transLt|on4 at 13905é(|t is unclear wh4eth(3r this
means the B"4s"Pg,—3p°“Pjy, or the P45 Py
~.3p°2P,, transition, for which the measured lifetimes
were 2 ng(+15%) and 1.5us (+15%), respectively. Hence,
the partial width due to the®'4s*P state of any absorption
or emission seems to be of order 100 kHz. Schectetal.

results given in Table | are reasonably consistent with thes
ratios of A and B for the two isotopes. When values of
ACC/ACI) and B(3'Cl)/B(*Cl) are calculated along

with their uncertainties from the data in Table I, four out of

seven of theA ratios and three out of five gf thB ratios  [16] measured lifetimes and oscillator strengths of several of
agree with the values given above for the°2Py, state, e 3p*4s2P—3p° 2P resonance transitions in the vuv.
within one standard deviation. The remaining differences argsenerally, the lifetimes of the visible transitions in chlorine
all within 20 However, when we fitted the spectra including have peen found to be too long to be measured using the
the magnetic octupole effect, the me@nvalues resulting  beam-foil techniqué17]. Delalic et al. [17] have measured
from the fits were consistent with zero within the error limits the lifetimes of a number of visible transitions in Cl using the
(one standard deviation of the mean obtained from sets diigh-frequency deflection technique. In particular, the life-
individual C values, each value being obtained from the fit oftime of the 3*5p *D,—3p*4s?P4, radiative decay at
one spectrum We thus conclude that no meaningful values4380 A was found to be 13515 ns, indicating a Lorentzian
for the magnetic octupole coupling constants of thewidth of 1.2 MHz (the 3p*4s*P—3p*4p “D multiplet was
45%P4,_s and 44Dy, s, States can be obtained from our not investigated by Delaliet al). On the other hand, there
spectra. have been numerous experimental and theoretical studies of
We also obtained values for the isotope shifts of the sevefscillator strengths in C[2-4,16,18,19 However, only
transitions studied, which are given in Table II, in units of Ojha and Hibberf19] have calculated oscillator strengths for
MHz. The errors quoted are standard deviations of thell allowed and forbidden decay transitions of tre*® and
means.(The standard deviations of the isotope shifts were4p *D states. From thé values given by Ojha and Hibbert,
calculated from the sets of isotope shift values obtained fronwe have calculated the natural radiative linewidths of the
fits of different data scansin all cases, the center of gravity 4s*P—4p“D transitions to be between 5 and 7 MHz.
of the 3’Cl hfs was about 220 MHz higher in frequency than These linewidths are dominated by the D — 4s“P radia-
that of 3°Cl, but the measured isotope shifts are all smallettive decay, though thept*D—4s 2P decays are significant,
than the calculated values of the normal mass $Nif1S) of ~ and the radiative widths of thes4P;,, 4s%P;,, and
about 300 MHz, also given in Table II. We have also derived4s P, states are 0.4, 1.5, and 0.04 MHz, respectively,
values for the residual isotope shiRlS), the sum of the based on Ojha and Hibbertfsvalues.
specific mass shiftSMS), and the field shif(FS), from the Clearly, our measured linewidths of 34 and 22
measured isotope shifts and the calculated SMS values;2 MHz are much greater than is to be expected from the
which are given in the last column of Table II. theoreticalf values, whose absolute accuracy is estimated to
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be =20% [19], based on the degree of agreement betweetimes greater than the minimum saturation intensities, and
the length-and velocity-gauge calculations. It is possible thathat our observed linewidths were several times greater than
some of the excess linewidth is due to microwave powethe calculated widths.

effects. However, it is more likely that, even at the lowest

pump intensities used in this experiment, we were still sig- V. CONCLUSION

nificantly saturating the transitions. We have calculated the
saturation intensities of the eight components of tséR,
—4p“D;, fine-structure multiplet using the line strength

We have obtained Doppler-free spectra of the
3p*4s*P,—3p*4p“*D, fine-structure multiplet of atomic
chlorine. From these spectra, we have deduced values for the

values given by Wiese, Smith, and Glenrid2], and radia- . ; )
tive linewidths derived from Ojha and Hibbdit9]. The ef- magnetic dipole and electric quadrupole hyperfine-structure
' coupling constants of the upper and lower states for both

fect of collisional quenching on the saturation intensities ISctable isotopes, and the isotope shifts of the transitions. To

difficult to estimate, since from our data we can only mea- '
. . . ur knowledge, these are the first measurements of such pa-
sure pressure broadening of the saturated absorption signals : . ! : )

- rameters in an excited configuration of this atom. Phand
which is a measure of the sum of the upper and lower stat

relaxation rates. By using only the radiative relaxation ratesE constants were found to be of the same order as those of

the 3p° 2Py, and P° 2Py, states of the ground configura-

we are thus underestimating the saturation intensities, blﬂon obtained using electron paramagnetic resondBed]
they nevertheless give a useful parameter with which to com- . 9 ctron p ag
nd confirmed using mid-infrared diode laser spectroscopy

pare the laser intensities we used in our experiment. Th 9]. An attempt was also made to extract values for the
calculated saturation intensitigassuming negligible colli- m(:ig.netic octupI(D)Ie hf coupling constants, but these were all
sional quenchingvary from 0.3 and Luw/mnt for the found to be zero at the resolution offered by our spectra. The

4 4 4 4 ;
Psj2—"Dsz and P5’%_> D7’£ components, respectively, 1o o o1 linewidths of the transitions were found to be three to
140 uW/mn¥ for the *Pg,—*Dy,, component, and are be- . .
five times larger than the values calculated from theoretical

tween 6 and 20uW/mn?* for the other five fine-structure oscillator strength$19], mostly due to unallowed-for laser

components. Typical pump laser beam intensities used in this . . ) )
experiment were in the range 1-10 mW/Arand in those power broadening, but quenching due to the high microwave

) . power necessary to maintain the discharge probably also
cases where we carried out an extrapolation to low lasef . ; .
) " : . : contributes to this excess width.
intensities, the pump laser intensity was in the range of 10—
400 uW/mn?¥, with the probe laser beam being on the same
order. As can be seen, even for the reduced intensities used
to observe some of the transitions, the pump laser intensities We would like to thank Charlie Conover for many inter-
were still greater than the calculated saturation intensitiesesting discussions concerning this work. We also acknowl-
The spectra obtained at higher intensities were therefore evasdge assistance from Ryan Jennerich. Funding for these ex-
more saturated. Further discussion is somewhat pointleggeriments has been provided by Colby College, the Research
since, as we have already noted, our calculated saturatid@orporation, a Maine EPSCoR grai@rant No. MSTF 96-
intensities are underestimates. All that can be stated is thd2N), and the NSF Academic Research Infrastructure Pro-

the intensities used in our experiments were at least severgtam (Grant No. PHY-9601633
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