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Hyperfine structure intervals and absolute frequency measurement
in the 2p*3s 2P;—2p*3p 2D, fine-structure multiplet of atomic fluorine
by diode laser spectroscopy

D. A. Tate and D. N. Aturaliyé
Department of Physics and Astronomy, Colby College, Waterville, Maine 04901
(Received 29 January 1997

We have measured the hyperfine structure splittings of the three components of the
2p*3s 2P;—2p*3p 2D, multiplet in atomic fluorine using both Doppler-free saturated absorption spectros-
copy with an external cavity diode laser and Doppler-limited absorption spectroscopy with a noncavity diode
laser. Specifically, we have obtained spectra of dkel/2—J'=3/2 transition 780 nm, thd=3/2—J’
=5/2 transition at 775 nm, and tlle= 3/2—J’ = 3/2 transition at 761 nm. The fluorine atoms were generated
from a 10% mix of k in He using a 2.45-GHz microwave generator and cavity pressures of approximately 0.5
torr. We report here values for hyperfine splittings and constants for the upper and lower states of these
transitions. In addition, the absolute frequency of one of the hyperfine components bfttig—J'=3/2
transition at 780 nm was measured using a recent absolute frequency measuremebBt,dfdinsition in Rb.
[S1050-294®@7)05509-1

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

. INTRODUCTION stable isotopel®F, with nuclear spin = 3, thus making its
hyperfine spectrum relatively straightforward to interpret.
Historically, laser spectroscopy of the nonmetallic ele-However, the poisonous and corrosive nature of molecular
ments in periods 2 and 3 of the Periodic Table has been fuorine has resulted in relatively few studies of this species.
relatively unexplored field. The principal reasons for this areStanton and Kolfj5] and Laguna and Beatt{®] measured
that the resonance transitions of these atoms lie in the ultrahe hfs intervals of the @ 2Pz,— 2P,, states using mid-
violet region and also the natural states of such atoms amfrared diode lasers. In addition, Herrirgf al. [7] have
either diatomic moleculege.g., N, O,, and k) or macro-  measured excited-state lifetimes and quenching rates. How-
molecules(e.g., C, Si, and 5 However, many of the transi- ever, the two most recent papers in which measurements of
tions between excited states of these atoms lie in the visiblgxcited-state hfs splittings are reported are those ofrLjég
and near infrared and can be driven using GAl,As or  in 1949 and Hockef9] in 1978. Liden used grating and
In,Ga,_,Al,P, _, diode lasers. Consequently, there has beefinterferometric techniques to measure the absolute frequen-
a substantial amount of progress in recent years in makingies of a large number of transitions in atomic fluorine from
measurements of hyperfine structyhés) intervals and iso- the ultraviolet to the infrared, some of which had resolvable
tope shifts in atomic oxygefl,2] and nitrogen[3], using  hfs at the resolution limit of thétalon used for these experi-
diode lasers. These measurements are of interest since arents. Hocker measured the hfs intervals of a number of
perimental values for hyperfine structure constants and isdransitions in the near infrared associated with laser emission
tope shifts are quantities that depend on the electron wavieom an excited helium-fluorine mixture using a 10.9-m ech-
function close to the nucleus and serve as a stringent test f@lle spectrograph.
theoretical predictions for these wave functions. For in- In the present paper, we report on the measurement and
stance, recent isotope shift measurements in O have revealadalysis of hyperfine structure intervals of the
a volume shift contribution, unusual in such a light atom,3s ?P;—3p 2D, fine structure multiplet components at
which has been attributed to the doubly magic humber of761, 775, and 780 nm, which have been investigated previ-
nucleons in the!®O nucleud4]. ously by both Lide and Hocker[Throughout this paper, we
The halogens are important in many chemical processeadopt the convention that unprimed angular momentum
and for this reason there has been interest in the possibility ajuantum numbersJ(F) refer to the lower-energy level and
laser remote detection of these species in both their molecyrimed quantities’,F") refer to the upper levdlThis is the
lar and atomic form$5—7]. Obviously, remote detection re- first time, to our knowledge, that high-resolution laser spec-
lies on the fact that the spectrum of the species one wishes tooscopy has been performed on excited states of atomic
detect is well known and hence spectral studies of such spéluorine.
cies are important. The study reported in this paper concerns Excited states of atomic fluorine were efficiently excited
atomic fluorine, a very reactive free radical for which thefrom molecular fluorine using a microwave dischafd®]
high-resolution spectrum is not well known. It has only oneand helium as a buffer gas. Spectra of the transitions were
obtained using a tunable external cavity diode |444512.
The Doppler-limited and Doppler-free spectra were fitted to
*Present address: School of Environmental Science, Engineeringbtain the natural linewidths and hfs splittings within a given
and Policy, Drexel University, Philadelphia, Pennsylvania 19104. fine structure multiplet.
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fluorine saturated absorption spectrometer. The Doppler-free
absorption signal was observed using standard saturated ab-
sorption techniques with an acousto-optic moduléfd®M)
(IntraAction Corporatioh and lock-in amplifier (Stanford
Research SysterhsAn uncoated glass window split off
~10% of the laser power for the probe beam. The pump
beam power was sinusoidally “chopped” at 4 kHz with a
50% duty factor by modulation of the 47.98-MHz AOM
drive signal.(In the configuration used, the first-order dif-
fracted beam from the AOM was used as the pump beam and
was downshifted by 47.98 MHz with respect to the diode
laser frequency.The pump and probe beams crossed within
the discharge tub@escribed beloyvat an angle of 7.5 mrad.
The probe beam was detected using a photod{bdi¥l Sen-
sorg and the Doppler-free signal was recovered by the
lock-in amplifier using the AOM chopping frequency as ref-
erence. Neither the pump nor the probe beam was focused;
the average pump beam laser power entering the discharge
tube was 1 m\W2 mW before the AONM and the laser spot
size was approximately 0:51.0 mnf. One of the beam
from the laser intracavity beam splitter was used to monitor
the laser mode structure using a 2-GHz confotalos (Tek
Opticy and also to calibrate the frequency scan using a tem-
perature stabilized 150-MHz free spectral range confazal e
lon (Burleigh Instruments

FIG. 1. Experimental apparatus for saturated absorption spec- On.e.Of the other beams fro_m the beam splitter was used in
troscopy of fluorine: EDL, external cavity diode laser; DL, nonex- a rUb'd"_Jm saturated absorption spectrometer. The Doppler_-
ternal cavity diode laser; PD, photodiode; SA, 2-GHz confocallT€€ rubidium spectrum was used to make a precise determi-
spectrum analyzer: CE, 150-MHz confocadlen: BS, beam split-  nation of the 150-MHz lon free spectral range using the
ter; AOM, acousto-optic modulatoR, F/He microwave discharge Well-known hfs splittings of Rb at 780 nifi3]. Using this
tube;M, 0.275-m monochromator; Rb SAS, rubidium saturated abnethod, the &lon’s free spectral range was found to be
sorption spectrometer. For the spectra at 780 and 775 nm, the et50.127-0.022 MHz. Repetitive scans of the Rb spectrum
ternal cavity diode laser shown i@ was used. At 761 nm, the taken at5 min intervals revealed that the cavity drift rate was

noncavity diode laser shown iib) was used. of the order of a few megahertz per minute. However, since
the data scans were taken in a time of 20 s, this drift was
Il. EXPERIMENTAL METHOD negligible (<1 MHz) within any one scan. In some of our

measurements, where it was necessary to measure a fre-

The experimental apparatus used in this work is showmuency interval between spectral features in two different
schematically in Fig. 1. Two diode laser systems were usedcans taken at intervals of 2—5 min, we were careful to al-
to obtain the Doppler-free and Doppler-limited spectra. Theernate scans between the two features several times so we
transitions at 780 nm (@2P,—3p 2D, and 775 nm could subtract off the drift of thétalon. The rubidium spec-
(3s ?Pg,—3p D5y were observed using a Sharp LT024 trum was also used to make a determination of the absolute
30-mW diode laser in a temperature stabilized external cavirequency of one of the F hyperfine transitions, as described
ity [11,12. One end of the cavity was formed by a 1200- below. The laser was tuned close to the appropriate fre-
line/mm blazed grating mounted on a commercial mirrorquency of the p*3s 2P;—2p*3p 2D, transitions[14] us-
mount; a thin piezoelectric disk mounted behind one of théng a 0.275-m monochromatgicton Research Corpora-
adjustment screws allowed for fine tuning of the laser fretion).
guency. Coarse laser frequency adjustments were made by We were unable to pull the Sharp laser diode frequency to
changing the laser injection current and the baseplate ten%61 nm to observe thes3?P5,—3p 2D, transition using
perature and using the mirror mount adjustment screws. Thine external cavity. Consequently, the transition at 761 nm
laser was enclosed within a sealed aluminum box. In addieould only be observed with a nonexternal cavity, tempera-
tion to the output beam from the grating, four other, weakeiture, and injection current stabilized diode lagglitsubishi
beams were split out of the cavity using an uncoated glasdL4405), mounted in a commercial moufitX Laser Cor-
plate; all the laser beams exited the laser enclosure via mporation. The laser power was 3 mW and the effective laser
croscope slide windows. The laser frequency was scanndihewidth approximately 50 MHz(estimated using the
with a sawtooth voltage ramp applied to the piezoelectri2-GHz spectrum analyzerThe laser frequency was scanned
disk. Using this method we were able to scan the laser ovdvy ramping the injection current at a frequency of either 0.02
a range of up to 10 GHz, with the laser jitter being of orderHz (25-s scapor 20 Hz(25-ms scaj with a maximum scan
+1 MHz. The strongest output beam had a power~&  amplitude of approximately 20 GHz. These spectra were
mwW. calibrated using the 2-GHz free spectral range confoal e

The main beam from the laser grating was used for thdon (Tek Optics. (The free spectral range of théaton was
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FIG. 2. Diagram of the i/He microwave discharge system for 1=32 Ef%

producing excited states of F.

also calibrated using the Rb Doppler-free spectrum at 780 FIG. 3. Partial term diagram of F showing the states investigated

nm and found to be 19970.3 MHz) Observation of the " :gis 2v|;ork.s tlz;]te(sa) i;hzhg\w:s Tségcmr;atoef ﬁgipfgi ;Z% i;f
2-GHz @alon fringes revealed that the laser frequency scagP 3P "D ; 82

. above the ground state of PP, at 105057 cm?!, 2Dy, at
was somewhat nonlinear, though we were able to remove - eoa em b and 2D, at 117 874 cm. In (b) the effect of the

most of this using the spectrum analyzer fringes to IIr]eanz%yperfine interaction is shown, assuming that the hfs is noninverted.

the _Spectra. The inherent low power of this Iase_r and th(?O\Iso shown are the relative positions of the various hf components
relative weakness of the 761-nm component restricted us tg "

. - ) . the transitions.
observing the Doppler-limited spectra of this transition.
These spectra were required to confirm our assignments ¢ésonance frequency. The alumina tube was cooled using
the total angular momentaF(F') of the upper and lower compressed air. Our initial studies were carried out with a
states of the 775- and 780-nm transitions since the 761-niiyrex discharge tube, which rapidly degraded due to the ac-

transition shares its lower state with the 775-nm transitiorfion of excited fluorine and helium atoms. The alumina tube
(J=3/2) and itsupper state with the 780-nm component showed no discernible damage in several months’ use. The

(J'=3/2). quartz windows remained optically clear long enough to
mplete the experiment.

This system allowed us to generate excited states of

omic fluorine efficiently through the well-known excitation

echanism of collisional pumping by metastable helium at-

The spectra were acquired using a digitizing oscilloscopé‘\0
(TektroniX) and transferred to a personal compyf€). The
raw data were then transferred to a Macintosh Power PC ag

analyzed using a commercial software package. The typic ms[15]. Optimum conditions of signal to noise while mini-
gnaIyS|s_ procedure mvo_lvgd I|near|z.|ng the_ spectra using th izing pressure broadening and rf power broadening were
etalon fringes and then fitting the Voigt profiles to obtain line ;-hieved with between 20 and 40 W of microwave power
centers and homogeneous widths, and any Gaussian bacizg at between 0.5 and 1.0 torr total pressbegween 0.05
ground features due to collisions. ~and 0.1 torr partial pressure of)fMany spectra were taken
Excited fluorine atoms are generated from a 10% mix Ofof each transition at various laser powers, microwave pow-
F, in He (premixed excimer laser gas from Mathes@ma  ers, and pressures so that the zero pressure and zero power

low-pressure(~0.25—-4 tory microwave discharge. A dia- idths and splittings could be determined by extrapolation.
gram of the discharge system is shown in Fig. 2. The system

was comprised of a gas manifold, discharge region, optical Ill. RESULTS AND DISCUSSION
access for the lasers, and a pump. The vacuum system was ) ) ) ) )
evacuated using a 4-in. diffusion pump and the pressure in We discuss the data in the following three sections. First,
: - : resent the?Py,— ?Da, (780 nm and 2Pg,— 2D
the discharge was measured using a capacitance manomef¥t P 1/2 3/2 5 312 5/2
(MKS Instruments The discharge region of the vacuum sys- (/7> nm data and second th€P3,— 2Dy, (761 nm) data.
tem was formed from &-in.-diam, 12-in.-long alumina tube Finally, we d%scnbe our mgasurement of thg 'absolute fre-
(McMaster Cary that was coupled to the rest of the systemduency of the“Py(F=1)— “Ds,(F’=2) transition.
via O-ring flanges. Most of the other parts of the vacuum
system were fabricated from standard stainless-steel compo-
nents(MDC). The system was configured so that gas was A term diagram of the @*3s ?P;—2p*3p 2D, fine
pumped through the alumina tube from the gas bottle andtructure transition multiplet is shown in Fig. 3. Figure)3
regulators to the pump. High-quality quartz windows wereshows the fine structurghat is, ignoring the hfsand tran-
O-ring sealed onto the vacuum system so as to allow thsition wavelengths obtained from tablgst]. (For reference,
laser beams to pass longitudinally through the 6-in-long disthe 2P, state lies 104 732 cit above the ground state of
charge region. A McCarroll-type microwave cavii@pthos F, 2P, at 105 057 cm?, ?Ds, at 117 624 cm?, and ?D),
Instrumentywas attached to the outside of the alumina tubeat 117 874 cm %) Figure 3b) shows the expected relative
up to 120 W of microwave power at 2.45 GHz was coupledpositions of the hf states, assuming that the hfs is nonin-
into the cavity by a coaxial cable. Two adjustment screws orverted, and the expected hfs components of the three fine
the cavity allowed optimization of the coupling and cavity structure transitions. The?P,— ?Dj, (780 nm and

A. The 2Py;,— 2Dy, and 2Pg,— 2Dy, transitions
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of the spectra in both Figs.(@ and 4b), leading to the
apparent discontinuity of the Doppler-limited spectrum in
Fig. 4@ and the sharp cutoff in the Doppler-limited spec-
trum in Fig. 4b). The difference in the signal-to-noise ratio
1 GHz apparent in these two scans is due to different conditions of
pressure and microwave poweiVe found the optimum
signal-to-noise conditions were obtained at a total pressure
of 0.6 torr(i.e., a partial pressure of 0.06 torr of)Fwith a
microwave power of 20—40 W depending on the transition
% under study. To find the hfs splittings and transition line-
widths, we made measurements at pump beam powers be-
Frequency — tween 0.1 and 1 mW, pressures between 0.25 and 4.0 torr,
and microwave powers between 20 and 100 W. There were
relatively strong linewidth dependences on laser power and
discharge pressure, but negligible dependence on the micro-
wave power.

1 GHz As mentioned above, the frequency scale of the raw data
— was linearized using the 150-MHztadon fringes. The
Doppler-free spectra were then fitted to Voigt profiles to find
the Lorentzian widths and relative positions of the compo-
nents. At higher pressure@bove approximately 1 torr
Doppler-broadened pedestals on the stronger peaks became
apparent and crossover resonances appeared between the two
stronger features at 775 nm and between all three compo-
nents at 780 nm. In all cases the crossovers were \eako
of the maximum transition amplituiend appeared in their

FIG. 4. Doppler-limited and Doppler-free spectra of @ J  expected positions. In fitting the Voigt profiles, the positions,
=1/2—J'=3/2 transition at 780 nm and thHe) J=3/2—-J1'=5/2  amplitudes, and Lorentzian widths of each component were
transition at 775 nm. In each case, the upfeverted trace is the  free parameters, together with a background offset and slope.

Doppler-limited spectrum and the lower trace is the saturated abThe Gaussian full width at half maximuWHM) widths
sorption spectrum. Discontinuities at the high-frequency ends ofyere fixed to 13 MHz, the value expected for the residual
both spectrg are due to diode laser mode hops. Notg that the scapPpppler broadening due to the nonzero crossing angle of the
e_lt the two different wavel_engths were taken undt_er dl_fferent_ condl-pump and probe beams. This value was calculated from the
tlpns of pre_ssure_and mlcrpv_vave power, _resultmg in a d'ﬁere”tDoppIer widths at 761 nrfl.7 GHz FWHM:; see beloyand
signal-to-noise ratio and collisional broadening. In the Doppler-freethe measured pump-probe beam crossing angle of 7.5 mrad
§pectrum of(a), the two small featureglabeled X) are collision- [16]. In the high-pressure scans, we also added Gaussian
induced crossovers. .

backgrounds to the stronger peaks and crossovers with float-
ing amplitudes, but positions fixed at the mean frequency of
2P4,— 2Dy, (775 nm) transitions each have three hyperfine pairs of allowed transitions. Examples of the fits are shown

(hf) components, while théP,— 2D, (761 nn) line has  in Fig. 5: Fig. a) shows the experimental and fitted spectra
four hf components. at 780 nm and Fig. ®) shows the experiment and fit at 775

Figures 4a) and 4b) show examples of the spectrum of nm. In both diagrams, the upper trace is the residual differ-
the 2P,;,— 2D3j, and 2P5,— 2D, transitions, respectively. ence between the experiment and the fit. As can be seen,
The upper trace in Fig.(4) is the Doppler-limited spectrum there appear to be no systematic deviations from the fit once
at 780 nm (this is actually the laser power transmitted the Doppler backgrounds and crossovers have been included
through the fluorine discharge, hence the inverted featuresit levels of greater than 2% of the maximum signal ampli-
typically, 20—30% of the incident laser power was absorbedude. Even though the Lorentzian widths of each of the three
in the discharge The expected three hf components arecomponents at each wavelength were free parameters in the
separated by greater than their Doppler width; the lowefits, the widths of the two strongest peaks at each wavelength
trace in Fig. 4a) is the corresponding saturated absorptionagreed within 5%, though the weakest peak in each of the
spectrum. The two smaller features are collision-inducedspectra was usually somewhat wider as a result of a poorer
crossovers and are discussed below. The upper trace in Figignal-to-noise ratio.

4(b) is the Doppler-limited spectrum at 775 nm. There are The measurements of the spectra as the pressure and laser
two main features: a weak absorption and a much stronggrower are extrapolated to zero give a natural linewidth of
and broader feature some 5.6 GHz higher in frequency. The=114+12 MHz, where the error is to be understood as a
lower trace in Fig. 4b) is the Doppler-free saturated absorp- standard deviation. This number is an average of the widths
tion spectrum, which shows that the broad strong feature iof the two strongest peaks at each waveler{@80 and 775

the Doppler-limited spectrum actually has two componentsim) and was obtained using data from a total of 50 data
separated by less than the Doppler width. Hence, at 775 nnscans. From these data, we found that the FWHM widths of
there are three hf components to the spectrum, as expectdtie components were broadened by 12 MHz/torr at 780 nm
[There are diode laser mode hops at the high-frequency endgd 34 MHz/torr at 775 nm. In addition, the estimated broad-
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FIG. 6. Data scans of Fig. 5 &) 780 nm and(b) 775 nm,

775Flr?rﬁ 5t.oFIettSth wi?h?ﬁgrﬂgggl?;ldzazc:;?nﬁ Z; ghr(;nvjlnagg(ck))\)/e shown together with diagrams of the hfs in the lower and upper
- 109 states(assumed to be normalthe allowed hf transitions, and the

the spectra. The vertical axis for the residuals has the same scale as L - o
! expected relative intensities. Within each spectrum, the labels

that for the data and fit. Note that the crossover resonances shown .

. . . a, b, andc each represent the values connected by a particular

in the Doppler-free spectrum of Fig(a} are absent here since the

. . . A hf component: for instance, ita), a represents the=1—-F'=1
discharge pressure and microwave power were higher in k&y. 4 component, as shown in the hfs diagran{@f The same labels are
than here. Inb) there is a crossover resonantabeledx), which P ' 9

was absent in Fig. @) as the pressure and power are higher hereaSS|gned to the three features in the spectra on the basis of their

than in Fig. 4b). relative intensities.

Burger-Dorgelo sum rule. At 780 nfirig. 6(a)], the relative
ﬁmplitudes of thea, b, andc componentgin order of in-
creasing frequengyare expected to be 1:2(5.20:0.40:1.9,
whereas we actually observe the approximate ratio
o 0.08:0.44:1.0 under conditions that give an optimum signal-
of the known lifetimes of the upper and lower levels, to-noise ratio, though this changes somewhat depending on
1 the discharge conditions. At 775 rifaig. 6(b)], the expected
y=(2—) . ratio of thea, b, andc component intensities is 1:14:9
77 (0.07:1.0:0.64 and we observe 0.03:1.0:0.75. At both 780
and 775 nm, tha components are somewhat less strong than
The lifetime of the lower 8 ?P; level is 7,=1.28+0.07 ns  expected, though they increased somewhat relative td the
[17] and the lifetime of the upper82D; level is 7,=27 andc lines as the microwave power to the discharge was
+1 ns [7]. Using these values, we obtain the valueincreased. This phenomenon is presumably due to the large
vy=130+7 MHz, in reasonable agreement with our experi-Doppler-limited absorption of the pump and probe beams,
mental result. which reduces the laser power in the region where they over-
In addition to the linewidths, we were able to compare thelap and also reduces the power transmitted to the detector.
relative transition amplitudes of the hfs components at eackor instance, in the Doppler-limited spectra shown in Fig. 4,
wavelength. In Fig. 6, we again show the experimental spedhe amplitudes of the hyperfine components conform more
tra of Fig. 5, together with the expected positions of theclosely to their expected ratios. At high pressufaisove 1
upper and lower hfs states, assuming that the hfs in bottorr) the b andc components in the Doppler-free spectra at
states is normdi.e., noninvertell One can estimate the rela- both 780 and 775 nm tended to the same relative amplitudes.
tive amplitudes of the hf components using the Ornstein- As noted above, at higher pressures and microwave pow-

ening due to laser power under the operating conditions wi
used(i.e., an average pump laser power of 1 mwWas 16

MHz in the full width at half maximum. We can compare the
value fory we obtained with that expected from knowledge

1 1
_+ J—
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TABLE |. Experimental values of the hyperfine structure split-
tings of the 3 2Py, 3s 2Py, 3p 2Dap, and P 2Dy, states.
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3s 2Py, 1,0  1737.14.0 180+150 2130:550

1 GHz 3s 2P, 2,1  6115.74.1  4590-150 5400550
3p 2Dy, 2,1 3714342  3060:150  —4050+550

X 3p 2Dg;, 3,2  5239.6145  5250:150 —1500+550

"
1

X

Data and Fit (arb. units)

o

two relatively narrow Gaussian®880 MHz FWHM) posi-
tioned on either side of thb-c doublet. This phenomenon,
02 shown in Fig. Tb) (data taken at 60 W microwave power
00 e bt R, ikt and 0.9 torr pressuygis possibly due to nonthermal velocity
02d T T distributions in the upper and lower states of this transition
() multiplet. Such a mechanism has been hypothesized for the
laser emission at 780 nm, 775 nm, and other near-infrared
wavelengths from an excited helium-fluorine mix, as de-
scribed in Ref[9] and the references therein. In this model,
dissociation a repulsive state of the HeF excimer preferen-
tially populates the B 2D states. An inherent consequence
of this population by dissociation mechanism is that atoms in
the 3p 2D, states have a much higher temperatiared thus
a wider velocity distributionthan the 3 2P, states. In ad-
dition, the effective lifetime of the 8 2P, states is relatively
long because of radiation trapping of the
FIG. 7. Data scans at higher pressure and microwave power. lQp43s 2P—>2p5 2p resonance radiation in the optically
(@), a spectrum at 780 nm is shown, taken at 95 W microwaveyense discharge. Consequently, laser emission is only pos-
power and 3.9 torr pressure. (b), a spectrum at 775 nm is shown, sible in the high- and low-frequency wings of the
taken at 60 W and 0.9 torr. Crossovers are labeted 3s 2D —3s 2P, transition for velocity classes of atoms
where the upper state population exceeds that of the lower
ers, the saturated absorption profiles tended to broaden astate. This model was first applied to the
their relative amplitudes changed. In addition, at 780 nm2p33p 3P, ,—~2p>3s 3S; laser transition in atomic oxy-
Doppler-broadened pedestals appeared beneath the threedafih at 845 nn{21]. Such a model may explain why the
components and crossover resonances also appeared. An exomalous features appear at lower and higher frequencies
ample of this is shown in Fig. (@, where the spectrum thanthe F=2—F'=3) andF=1—F'=2) components of
shown was obtained at 95 W of microwave power and 3.%he 2P,,— 2D/, transition at 775 nm, but if so, it is unclear
torr total pressure. As can be seen, theomponent is now why we only observe symmetric Doppler pedestals in the
stronger than the component. To fit this spectrum, it was 2P,,,— 2D, transition at 780 nm, which is also a transition
necessary to add three Gaussian pedestals of equal widthis, which laser emission has been reported. We intend to
centered on the positions of the hf transitions, and thre@ursue this question in a subsequent investigation.
crossovers at the average frequencies of pairs of “real” tran- On the basis of the relative intensities of the hf compo-
sitions (one of these lies in the high-frequency wing of the nents at both 780 and 775 nm we concluded that the hfs
centralb peak. The Doppler pedestals have widths of 1.9 splittings of both the 8 ?P; and 3 2?D;, states are normal
GHz FWHM, corresponding to a discharge temperafdB8  and that thea, b, and ¢ components at each wavelength
of approximately 900 K, and are caused by velocity-correspond to the transitions between the hfs levels shown in
changing collisiong19]. These velocity-changing collisions the insets in Figs. @) and Gb). It is then straightforward to
are responsible for the appearance of the crossovers, whigbtain the splittings between the variokdevels of the up-
do not occur at lower pressures because the hf features aper and lower states, and these quantities are given in Table
separated by more than the Doppler width, and also the The values in the table are obtained from approximately 18
crossover resonance midway between featreand c, spectra at each of the two wavelengtd80 and 775 nm
which have neither a lower level nor an upper level in com-taken at various discharge pressures. The splittings are ob-
mon [20]. tained from extrapolation to zero pressure and the quoted
In contrast, the higher-pressure spectra at 775 nm show @rors are one standard deviation of the results. Also included
different behavior. Again, there is a crossover betwieemd  in Table | are the hfs splittings obtained from Rdi] and
¢ (which have no level in commgnapparent at relatively [9]. In this table, the uncertainties quoted for the previous
low pressures, and both and ¢ have Doppler pedestals, values of the hfs intervals are estimated in the following
which were included in the fit of Fig.(6). However, at manner. Lide [8] estimates the uncertainties of his measure-
higher pressures, another interesting feature arises, nameliyents of the hfs intervals to be between 0.002 and 0.005
the evolution of the Doppler pedestals centeredb@mdc to  cm™; we have used 150 MHz, corresponding to the larger
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TABLE Il. Magnetic dipole hfs constants A} for the 0

3s 2Py, 3s 2Py, 3p 2Dsyp, and P 2Dy, levels. - : e G ;

112 32: 9P “Dap P “Dsp (a) % 0% \;(%',:’?é'&"'w’ﬁ "._‘\"i'%*?fy,; ﬂ‘ﬁﬁt{“?&,ﬁ%"

Level A (MHz) 20 ' T

5 ~ 08— 2p* 3p°Dypy F b

3s 2Py, 1737.1£4.0 3 2

3s 2P, 3057.9-2.1 = . . ; !

3p §D3,2 1857.12.1 = 2(‘1) 7S Es) 0

3p 2Dy 1746.5:1.5 Sl

z° 2
=]
uncertainty limit, in Table I. Hockef9] estimates his reso- 502 2p* 3p7Pyp
lution to be about 1 part in 700 000, or an uncertainty of g
about 550 MHz for the hfs intervals in this region of the [ 00
infrared. As can be seen, our data are much more precis Frequency
than in either of the previous works and there are significan . w0
differences between some of our hfs splittings and those ¢ by .
Refs.[8] and[9], which also do not agree with each other in 2 0% m,"»/’m*"”'q- **J“M ]
three out of the four values given. Lidis value of the hf -40
splitting of the Dy, state is in good agreement with ours, 0.8~
though the agreement for tH® 5, and 2P, states is good
to only 20—-30%, well outside his error limits, and f%ﬁf’l,z, 06 5 GHz
| —

there is an even larger discrepancy. However, hideuld

resolve no hfs splitting in the transition at 775 nm and could
resolve only two of the three hfs components at 780 nm an
two of four components at 761 nm. It is therefore not clear
whether his observation of a given fine structure transitior
splitting corresponds to the lower- or upper-state hf splitting
or a linear combination of the two. Presumably, he was abl Frequency
to extract the 38 2P, and 3 2D; hf intervals from the

780-, 775-, and 761-nm data in conjunction with his mea-

surements F?f the hfs splittings 761 nm. In(a) the data and fit are shown when the positions of the
of Othezr trans;t'ons tg) and 5 from these4 levels four components are free parameters, with the residuals shown
(the 3p PJ.*)SS Pj, 3p. S;—3s “Py, .and 4 _F.JH above with the same relative scaling. Also showitanis the hfs of

3p °D, multiplets and estimate the maximum splittings of the lower and upper statéassumed normglthe allowed hf tran-

the unresolved multiplets. It is thus perhaps not so surprisingitions, and their relative intensities. The labeds, b, ¢, andd

that the agreement between our results and i’&lés rela-  each represent thE values connected by a particular hf compo-
tively poor. Hocker's data, on the other hand, are in reasonnent: for instancea represents th&=2—F’=1 component, as
able agreement with ours for tHf®,,, and 2P, states, at his  shown in the hfs diagram. The same labels are assigned to the four
experimental uncertainty. However, his values for the splitfeatures in the spectra on the basis of their relative intensities. In
tings of the?D 4, and 2D, states are negative, implying an (b), the data, fit, and residuals are shown when the relative positions
inverted hfs, and the magnitudes of the splittings are signifiof the four hf components are fixed using the values for the hfs
cantly different from ours. The most probable reason for thigoupling constants obtained from the spectra at 780 and 775 nm.
discrepancy is that Hocker observed the transitions in lightNote the change in the frequency scale from that of Figs. 4-7 and
emitted from a laser cavity whose length was tuned to bé!so the change in the residuals scale betwegand (b).

resonant with each emission line in turn. Hocker found that

the number of resolvable components of each laser line did App.1=AuF,

not correlate well with the number of expected hf compo-

nents. In addition, the laser action can seriously change thghere J is the total electronic angular momentum aad
relative transition strengths and, as we have seen, the preepresents all the other quantum numbers necessary to
posed mechanism for laser action implies that stimulate@pecify completely the fine structure level in question. Hence
emission can occur at a frequency that may be as much asis easy to obtain the magnetic-dipole coupling constants
several hundred megahertz away from the line center ang ;. The values of these quantities obtained from our ex-
also that one transition can give rise to two laser emissioperiments are given in Table II.

frequencieg21].

Using the splittings tabulated in Table I, the magnetic-
dipole hyperfine coupling constantd& can be obtained.
(Since, for 1°F, 1=1%, the nucleus is spherically symmetric  In order to confirm that th& labels we assigned to the hf
and the electric-quadrupole coupling constBnis equal to  levels shown in Fig. 6 were correct, we also obtained spectra
zero[22].) Using Landés formula, in the case of no electric- of the 2P5,— 2Dy, transition at 761 nm. This transition
quadrupole coupling, the frequency splitting between twashares its lower state with the 775-nm transition and its up-
adjacent hyperfine levels with values that differ by one is per state with the 780-nm transition, as shown in Fig. 3. The
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FIG. 8. Fits of the Doppler-limited =3/2—J’' =3/2 spectra at

B. The 2P,— 2D, transition
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expected four components are visible in the Doppler-limited
spectrum, as seen in Fig(a#. [The inset in Fig. 8) also
shows the hf levels connected by the four components, again
assuming that the hfs of both the lower and upper levels is
normal] However, due to the low power of the laser diode
we used at this wavelength and the inherent weakness of this
transition, we were able only to see two of the four hf com-
ponents in the saturated absorption spectr{irhe radiative
transition probability from the upper to the lower levg]; is
0.061x10® s ! at 761 nm, as opposed to 0:880° s ! at
775 nm and 0.2810° s ! at 780 nm[23].)

The Doppler-limited spectrum shown in Figa8was ob- Frequency
tained by subtracting a scan of the diode laser power trans-
mitted through the discharge cell when the discharge was on FiG. 9. Doppler-free spectra of the Rbs5S;,—5p 2P,
from a scan taken with the discharge off, but not normalizedransition (upper track and the two strongest components of the
against the variation in the laser power across the scan. Siné& 2p,,— 2D, transition(lower tracé at 780 nm.
the laser power was only 20% less on the extreme high-

frequency side than at the low-frequency side, we ignoredyineq at 775 and 780 nm. This fit is shown in Figo)8 the

this variation. We carried out a 14-parameter fit to this SPECqyperimental spectrum is the same as that shown in Fé. 8

trum (independent positions, widths, and amplitudes for eachypjje the fitted spectrum has the constraint that the relative
of the four peaks, plus a background offset and slopbis  ,gitions of the four hf components are fixed to the values

fit, also shown in Fig. &) toge.ther with the residualdop obtained using the\ values for the?P,, and 2D, states
Frace}, revealed that the Gaussuan FWHM of the component%iven in Table Il. This fit had 11 free parametéicur widths

is 1.68:0.04 GHz, corresponding to a temperature ofyn4 ampjitudes, a background offset and slope, and one fre-
69050 K in the dischargdassuming that the Lorentzian g, ,ency position As can be seen, the agreement is very
width is negligible compared to the Gaussian widthhis 4,44 the difference between the experimental spectrum and
Gaussian width(suitably modified for the different wave- ho synthesized spectrum is nowhere greater than 5% of the

lengths was used to determine the residual Doppler broad'maximum signal amplitude. Hence, considering this fit and

ening of the saturated absorption spectra at 775 and 780 n;Te relative transition amplitudes, we conclude that our as-
i

as described above. .Flor the situation shown in the inset gnment of thé= values given in Figs. 6 and 8 is correct and
Fig. 8@), where transitions are allowed from both lower the hf coupling constants are as given in Table II.
values to both uppdf’ values, the Burger-Ornstein-Dorgelo

sum rule is insufficient to determine the expected relative
intensities. Instead, we used the results of the quantum-
mechanical calculation, valid fdrS coupling, the results of
which have been tabulated by White and Elia$2d]. The The F 2P,,,— 2Dy, transition(12 817.0 cm?) is almost
relative amplitudes of tha, b, c, andd hf transitions ob-  coincident with the Rb § 2S;,—5p ?P4, D, resonance
tained using these tables is 1:9:5(0.11:1.0:0.56:0.11  line (12 816.56 cm?) [14]. Indeed, we used the RD, ab-
whereas the values obtained from the fit aresorption line as a marker to tune our external cavity diode
0.12:1.0:0.59:0.11. As can be seen, the agreement is excdhser to the vicinity of the F transition. Our Rb saturated
lent. From the fitted positions of the centers of the Gaussiaabsorption spectrometer was especially sinjil#]; one of
profiles, we obtained independent value of the hfs splittinggwo probe beams interacts with a more intense counter-
of the 2P, and 2D, states and the magnetic-dipole cou- propagating pump beafsrossing angle 25 mradh a room-
pling constantsA. In particular, we obtained the values temperature Rb cellOpthos InstrumenjsThe Doppler-free
A(?Pg,)=3018-50 MHz andA(%Dj,)=1807+50 MHz  absorption is then obtained by taking the difference signal
(the values given are averages from three different dathetween the absorptions of the two probe beams as detected
scang. These values are in agreement with those shown iy two photodiodes. Since the laser beam used in the Rb
Table I1, but are significantly less precise. This is perhaps nospectrometer originated from the laser intra-cavity beam
surprising, since the 2-GHzadon used to linearize the spec- splitter, whereas the beam for the F spectrometer came from
tra was not temperature stabilized, and also the widths of ththe diffraction grating, we were, in principle, able to take
Doppler-limited spectra are greater than 1 GHz. Indeed, w&oppler-free spectra of both F and Rb simultaneously. How-
made some attempts to fit the Doppler-limited spectra at 78@ver, our digitizing oscilloscope could only acquire two
and 775 nm(which were linearized with the temperature- channels simultaneously; consequently, we had to alternate
stabilized 150-MHZ &lon) and these fits resulted in compa- scans of the fluorine spectrum plus 150-MHalen fringes
rable discrepancies with the hfs splittings and couplings obwith scans of the rubidium spectrum and 150-MHalen
tained from the Doppler-free spectra. In addition, the lasefringes taken a few minutes apart. An example of such a scan
scan was somewhat nonline@s noted above suggesting is shown in Fig. 9. The upper spectrum shows fi@b(F
that the frequency scan nonlinearities may also contribute t&=2—F’) hf multiplet on the left and the®Rb(F
the imprecision of these data. =1—F’) hf multiplet on the right. Herd- is the total an-

It is perhaps more enlightening to fit the Doppler-limited gular momentum of the § 2S,,, Rb ground state anB’ is
spectrum at 761 nm using the hfs coupling constants obthe total angular momentum of thep 5P, Rb upper state.

¥Rb F=2— F 8Rb F=1— F

19F
F=0— F'=1

1 GHz
e |

Signal (arb. units)

C. Absolute frequency of the 2Py (F =1)— 2Da(F=2)
transition
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TABLE IlI. Absolute frequency of thé%F 2Py ,(F =1)— 2Dg,(F'=2) transition.

Transition or interval

FrequendHz)

1) 8Rb 281/2—> 2|:’3/2(’: =2—F'=2),
(F=2—F'=3) crossover

(2) 8Rb 2P, (F'=3, F'=2) intervaf

() ¥Rb 25, (F=2, F=1) intervaP

(4) 8Rb 2S,,,(F=1)— 2P4,(F'=2) transition
[(1)-32%X(2)+(3)]

(5) ¥'Rb 2Sy(F=1)— 2Py (F'=2),
19F 2p, (F=1)—2D3(F'=2) intervaf
(6) Correction for AOM downshift

(7) '°F ?Py(F=1)—?Dy,(F'=2) frequency
[(4)—-(5)—(6)]

384 227 981.87780.0055

266.650-0.009
6834.682 613:0.000 001

384 234 683.2350.007
961.2£7.0

23.99+0.01
384 233 698.67.0

%Referencd25).
bReferencd13].
“This work.

The (F'=1,2,3) components and their three crossovers arghich is the sum of 961.2 MHz, the apparent frequency

only partially resolved in the 8Rb 2S,(F=2)—
2p,(F') transition, but close inspection of the
8Rb 2S,(F=1)— 2P4,(F') line reveals thek’'=0,1,2)
hf components and the three crossovdtbe lowest-
frequency crossover is invertedrhe lower spectrum shows
the two strongest components of th€F 2P,,— 2Dy,
Doppler-free spectrum: thec0—F’=1) on the left and

the F=1—F'=2) on the right.

separation of the Rb and F features, and 23.99 MHz, one-half
of the AOM frequency. In the F saturated absorption spec-
trometer, the pump light passes through the AOM and is
downshifted relative to the laser by 47.98 MHz, but the
probe beam is unshifted. The center of each saturated absorp-
tion resonance is observed when the laser is tuned so that
atoms with a certain velocity observe both the pump and
probe beams to have exactly the frequency corresponding to

From the Rb and F spectra, we were able to measurthe spacing of the atomic levels. To satisfy this condition, the

the apparent frequency separation between
¥F 2p, (F=1)—2Dg(F'=2) and the 8Rb 2S(F

th@ump and probe beams must interact with atoms that are

traveling toward the pump beam with a velocity component

=1)— 2P4,(F'=2) (the highest-frequency hf compongnt in that direction sufficient to Doppler-shift the laser fre-
transitions to be 961:27.0 MHz, with the Rb transition ly- quency by 23.99 MHz. This Doppler-shift increases the fre-
ing higher in frequency. The quoted error in the measurequency of the pump by 23.99 MHz, but decreases the fre-
ment(an average of four scans dominated by the uncer- quency of the probe by the same amount, as observed in
tainty in the fit to the center of the F transition of width these atoms’ rest frame. These atoms thus observe the pump
~150 MHz and residual uncertainty in the drift rate of the and probe beam frequencies to be the same and equal to the
150-MHz @alon. To convert this measurement to an absoluteesonance frequency when the laser is tuned 23.99 MHz
frequency for thel®F 2Py (F=1)— 2Dg,(F'=2) transi- higher in frequency than the resonance condition given by
tion, we have taken advantage of recent measurements of thiee energy-level spacing. On the other hand, there is no
absolute frequency of the crossover between the ( AOM in the Rb spectrometer and consequently the reso-

=2—F'=2) and the F=2—F’'=3) component of the
8Rb 2S,,,— 2Py, transition and the hf splittings of the
8’Rb 5p 2Py, state[25] and the well-known hf splitting of
the 8Rb 5s 2S,,, state[13]. Specifically, the frequency
of the crossover between theF£2—F'=2) and
(F=2—F'=3) components of th€’Rb 2S,,,— 2P, tran-
sition was measured to be 384 227 981.8703055 MHz
and the®’Rb 5p 2P5,(F'=3, F'=2) hyperfine splitting
was measured as 266.6560.009 MHz [25]. The

8Rb 5s 2S,(F=2, F=1) splitting has been measured

by various methods as reported in Rdfl3] to be

nances are observed when the laser frequency matches the
atomic energy spacing. Hence there is a frequency shift be-
tween the Rb and F spectra, which is not apparent in Fig. 9.
One must thus subtract 23.99 MHz from our fluorine absorp-
tion frequency inferred from Fig. 9 to obtain the correct reso-
nance frequency. Our final result for the frequency of the
¥ 2p, (F=1)—2Dg(F'=2) transiton was thus
384 233698.67.0 MHz. The full analysis is shown in
Table III.

Using our measured value for théF 2P (F=1)
— 2Dg,(F'=2) transition frequency and our values for the

6834.682 613 MHz, with an uncertainty of less than 1 Hz.magnetic hfs coupling constants of tAB,;, and 2D 4, states
Using these values, we calculated the absolute frequency dfom Table I, we were also able to calculate the center of

the 8Rb 2S,,(F=1)—2P3,(F'=2) transition (the

gravity of the 2P;,,— 2D, transition multiplet, for which

highest-frequency hf component of the right-hand multipletwe obtained the value of 384232 73%8.0 MHz or

in Fig. 9 to be 384 234 683.2350.007 MHz. To find the
absolute frequency of th&F 2P (F=1)— 2Dg(F'=2)
transition, we subtracted the interval 9851R0 MHz,

12 816.6246:0.0003 cm™. This value is in significant dis-
agreement with that of Lide[8], who gives a value of
12 816.643-0.003 cm ! for this center of gravity frequency.
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The difference between these two values is 0.018 ‘tm Hyperfine structure intervals for the three fine structure
some six times larger than Lidss estimated uncertainty for components of the'F 3s ?P;—3p 2D, multiplet were

his interferometric measurement of the transition wave nummeasured, resulting in values for the hyperfine splittings and
ber. Given the unambiguous nature of the data shown in Fignagnetic coupling constants of the upper and lower levels.
9, we are confident in the precision of our results. The mostThe values for the hfs splittings we obtained are at least an
likely reason for the discrepancy of the two results is the facorder of magnitude more precise than values previously ob-
that Liden seriously underestimated the hfs splitting of thetained using conventional spectroscopic technid8¢ and
2p,,, state (180150 MHz versus our measurement of in some cases are significantly different from the previous
1737.1-4.0 MH2) and, to a lesser extent, that of tiB,, reported values. We found the ordering of the hyperfine sub-
state (3060+150 MHz versus our measurement of 3714.2levels was normalin contrast with the inverted fine struc-
+4.2 MHz). Obviously, such errors in the hfs splittings ture), which has also been found in other studies on the hfs
translate directly into an error in the inferred value of theof the ground states of fluorine,26,27. Generally, the hf
center of gravity of a multiplet from a measured frequency ofsplittings were similar in magnitude to the splittings mea-

one of its components. sured for the p° 2P, and 2P, states of the ground con-
figuration of 1% using mid-infrared diode laser spectroscopy
IV. CONCLUSION [6] and electron paramagnetic resonaf@®&27. In addition,

) ~ we have measured the natural linewidth of the

We have carried out Doppler-free spectroscopy of excitegp4 2p;_.2p43p 2D, transitions and found them to be in
states of atomic fluorine. This is the first time, to our knowl- good general agreement with the value obtained from the
edge, that high-resolution spectroscopy has been carried opidiative lifetimes of the upper and lower staf@sl7]. Fi-
experiments was largely determined by the efficiency of ourog " 2p, (F=1)_. 2D, (F'=2) transition by exploiting
excitation system for fluorine atoms, namely, collisions ofjts close spectral proximity to a recently measured secondary
fluorine atoms and molecules with internally excited heliumfequency standard if’Rb. From this the frequency of the
atoms in a microwave discharge. Other recent papers havgnter of gravity of thé*F 2P, 2D, multiplet was ob-

reported similar success in exciting atomic oxydéhand  tained and found to differ significantly from a previously
nitrogen[2], in which the efficient excitation of atomic spe- reported valuds].

cies was attributed to a low-frequency rf discharge30
MHz) system, with trace quantities of Oor N, in He. Our
result suggests that the particulars of the discharge environ-
ment are relatively unimportant, provided that sufficient he-
lium is present; excited atomic species are generated just as We would like to thank Jeff Dunham for many discus-
efficiently as 2.45 GHz as at 30 MHz. It should be pointedsions during the initial stages of this research program and
out, however, that since the, Bond dissociation energy is also for his loan of a fluorine regulator. Jim Veale donated a
very much less than for Nand Q, the comparison is not hard-to-obtain diode laser at 761 nm. Charlie Conover, Rob-
entirely valid. On the other hand, the advantage of lowerert Bluhm, and Mike Renn have provided valuable advice.
dissociation energy in Fmust be weighted against the fact We also acknowledge much assistance from Wallie Leung,
that the lower state of the transitions reported in this work onJulie Rentz, Alex Sobel, and Josh Walton. Funding for these
F lie some 20000 cm" higher in energy than the lower experiments has been provided by Colby College, a William
states used in the experiment on nitrodéh and 30 000 and Flora Hewlett Foundation grant administered by the Re-
cm ! higher than in the experiments on oxyddi. A more  search Corporation, and a grant from the Maine Experimen-
valid comparison would be for us to attempt to generatdal Program to Stimulate Competitive Research administered
excited N and O atoms using our discharge system, whichy the Maine Science and Technology Foundation under
we have not yet done. Grant No. MSTF 96-12N.
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