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Saturation spectroscopy capitalizing on the presence of negative crossover signals has been exploited to
measure the ratio of two Landg values in atomic argon. The resudt;(2pg)/g;(1ss) =0.8884%7), leads to
a value forg;(2pg)=1.333%1), which is 100 times more certain than its best previous determination but
discrepant with existing theoretical valu¢S1050-29479)03608-2

PACS numbes): 32.60+i, 32.80.Bx, 39.30+w, 42.62.Fi

[. INTRODUCTION quires fairly high resolution. While difficulties with resolu-
tion have deterred othef8] from measuringg;(2py), we

Saturation spectroscopy provides a Doppler-free techshow below that saturation spectroscopy in this case offers
nigue for measuring hyperfine structure, isotope shifts, Starknhanced resolution due to the presence of negative cross-
and Zeeman splittings, and other quantities of interest irover signals. Figure 1 shows thesland Zpg Zeeman sub-
atomic and molecular physidd]. The technique employs levels along with transition probabilities and a saturation
tunable laser beams that counterpropagate through a targgtectrum that exhibits 27 Zeeman features, some of which
generating narrow, velocity-selective, saturated-absorptioare negative crossovers. Since argon is 99%686(1=0),
features. This paper reports on the use of saturation spectrose observe no hyperfine structure.
copy to compare the Zeeman structures of teg dnd g The experimental layout shown in Fig. 2 includes an ex-
states of argo2], the objective being to determine tigg  ternal cavity diode laser that generates a linearly-polarized 1
value of the g state. As discussed belog;(2p) is dif- mW pump beam and two 2BW probe beams, each of
ficult to measure; its best determination to date is two ordersominal intensity 3 uW/mn?. A Glan-Thompson prism
of magnitude less certain than measurements of gfpegal-  serves as a linear polarizer, and neutral density filters attenu-
ues in excited states of Ar. We choose to measurgdtie  ate the beams before they traverse a 2.5 cm gidénem cell
9;(2pg)/g;(1ss) for two reasons: g;(1ss) is already well  containing 300 mTorr of Ar at 296 K. The pump beam de-
known, and hence a measurement of the ratio yields an im-
mediate determination af;(2py); and secondly, measuring o n o
03(2pg)/g;(1ss) circumvents determination of the magnetic
field and lets us exploit a highly redundant Zeeman spectrun
to achieve better statistics and explore systematic effects. 2p,

The Landeformula for g; embraces Russell-Saunders
coupling but ignores configuration interaction, intermediate
coupling, relativistic, QED and other effedt3]. Even so, its
predictions are noteworthy:g;(1ss)=1.500, g;(2pg) 811.53am 1 3| 610} 15
=1.333, and hencg;(2pg)/g;(1ss) =0.889. More sophis- +2

(|| ™ | T[T

ticated calculations yielding;(1ss) =1.50106[4], g;(2ps) : *l
=1.3341[5], and thusg;(2py)/g;(1ss)=0.88877 deviate IS o 0
comparatively little from the Russell-Saunders values. Ex- o ;
perimentally,g;(1ss) is well known due to the 5 ppm mea-
surementy;(1ss) =1.500964[6], but the best measurement g i
of g3(2po) to date is 1.338, thought to be good to 9. £ |, e
These values yield the experimental ragig(2pg)/g;(1Ss) 2 9 0uW/mm? “f\
=0.891, also good to 1%. This paper reports an experimente & os [ A~
value ofg;(2pg)/g;(1ss) which is two orders of magnitude g -e I\ l +A°
more certain. g o4 b B+b i
B /\!\ AN s
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The 811.53 mm &;<2pg transition in Ar provides ex- E Laser frequency relative to feature a (MHz)

clusive access to thepg state from below. Unfortunately the
Zeeman structure in this line tends to overlap due to the near FIG. 1. Zeeman levels, relative transition probabilities, and satu-
equality of the b5 and g g; values. Hence use of the ration spectrum for a magnetic field of roughly 200 G. Featur@s
811.53 nm line to measure the ratip(2pg)/g;(1ss) re-  through=u are negative crossover signals.
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Dual detector RF oscillator redistributes Ar atoms among various Zeeman levels and
| JHelmhohz ils combines with spontaneous decay to disrupt the cyclic nature
N = - of the =d transitions.
| IR .
H Argon cell Beyond 7(2pg) and Teygite~ 7(2Pg) [13], two other time
Mirror Mirror intervals are relevant. One is the interaction tilg during
g Neual density fiter Probe beams which atoms resonate with the laser light; velocity-changing
l:] Pump bean) Neutral density filter collisions initiate and terminate;,; via Doppler tuning and
- , detuning. Taking the kinetic cross section to bg~0.8
Analog scope Thick beam splitier an-Thompson prism X 10 Ycem? [14], n=10%atoms/cm, and the relative
_ atomic velocity v,=5.57X 10% cm/sec, we find thafT;,
Sweep Diode laser 1 .
L] 47 Computer 8t1 nm =(now,) ~=225nsec. In the same way one can invoke
the cross section for collisional disorientatiomp~2

Drgital scope X 10~ cn? [15], to calculate the mean time between disori-

FIG. 2. Experimental layout for measuring values in excited enting collisionsTp~90 nsec. These four time intervals im-
states of argon by saturation spectroscopy. ply that an Ar atom resonating on featuted spends about

half its time in the|2pym;= *=3) state awaiting a highly-
livers an average intensity of 140W/mn? [9] to the target  probable disorienting collision, which, with spontaneous de-
where a weak 28 MHz rf-discharge promotes Ar atoms intccay, tends to eject the atom from the cycle. Papgiaal.
the 1s; state. Atoms in the &5 metastable state are excited show that when a cycling transition is disrupted in this way,
to the g state by laser light. Helmholtz coils produce a a reduced saturation intensity; + (hv/oo7)(1+ 7/T;)/(2
magnetic field of 200 G directed along the optic axis. The+1';T;,) becomes the preferred measure of pump intensity
detector monitoring the probe beams generates a sufficientjL 6], wherel'; is the decay rate from the upper level to all
quiet difference signal to obviate chopping of the laserlower levelsexcept the original Substituting the aforemen-
beams. A digital scope captures and averages the spectra.tioned |;=4.1xW/mn? into Pappas’ expression yields,
(+d)=31Mrad/sec, implying that d2pg,m;==*=3) Ar
IIl. LINE-SHAPE CONSIDERATIONS atom stands roughly a 70% chance of returning to its original
|1s5,m;=*2) state [17]. For peaks =e, Avy,(*e)

We begin by analyzing the effects of laser intensity and=21.7 MHz, 1,=5.5uW/mn¥, I'y=35Mrad/sec, and the
atomic branching on the shapes of the Zeeman features. Oprobability of return becomes about 60%. These probabilities
purpose is to show that the linewidths and branching ratiosf return are important in what follows.
comport well with the heights and signs of the various fea- To analyze the heights of the peaks, we employ Nakaya-
tures, thereby suggesting that the saturation spectrum is sufa’s approaci18] which uses rate equations to couple as
ficiently well-understood to warrant careful spectral analysismany as four levels in I-, V-A-, and N-type transitions.
The positive features in Fig. 1 ag*Db,...,*h, the nega- Given our three-beam layout, the heightk) of a peak
tive features=p,*q,...,=u. A positive peak signifies in- scales as thalifferencein transmission of the two probe
creased transmission by the probe beam that passes througéams passing through the target, where one probe beam
an Ar population partially depleted by circularly-polarized encounters Ar population that has been pumped. For one
pump beams of intensitly. = 70 xW/mn¥ [9]. These strong cycle of pumping and decay, the relative heifh8] is
counterrotating pump beams broaden the peaks to 20 MHz or
more FWHM. All peaks share the same low-intensity homo- h(k) = | il 2]l = 81 spt | 5o 2T 1f popps 2)
geneous width Avy= y/27=(1/7+2/T;y)/27, where 7
=30.9nsec is the B lifetime [10] and 2T, reflects the where the|u;|? and |,u]-|2 are pump and probe transition
interaction timeT,;,;= 225 nsec. HencA »,=6.56 MHz, and  probabilities.I" is the spontaneous decay rate of the upper

the total widthA vy, scales withl . according to level, fpopp is the relative population of the velocity group
being pumped, an{jﬂsp|2 is the decay rate from the upper
Avigra= Avo[ 1+ (141 1 /50 Y2112+ A vigsert Avgeom, level to the lower level being probed. Thigs,|%/T is the

(1)  fractional probability that an excited atom decays to the
probed level, and; s, accounts for pumped depletion of the
wherel g, is the saturation intensityd vj,ee~1.5MHz, and  probed level. For I-type features; s,=1; otherwised; s,
Avgeon~4.7MHz reflects the angle between pump and=0. For transitiond, |us,|%/T'~0.7 andfpge,=1. Thus,
probe beam§l]. Equation(1) predicts a low-intensity width [ — & s, + |,usp|2/I‘]= —0.3, and Eq.(2) predicts a feature
Avira=12.8 MHz, which agrees with our measured valuesheight h(d) = |ui|? wj|*(—0.3)=225(-0.3)= — 67.5,
of 13(1) MHz. where the sign indicates depletion of the probed level. After
Taller and broader than expected, featutas stem from  normalization to itselfh(d) becomes-1. These and similar
two-level cycling transitionglssm;= +2)<|2pgm;= = 3) calculations appear in Table I. Negative valueh(f) cor-
whose saturation intensities should bg=2mhcy/6\° respond to positive peaks in Fig. 1.
=16.1uW/mn? [11]. However, if the experimental . Figure 3 depicts three resonances starting with feadure
=70uW/mn? and A vy, = d) =23.4 MHz [12] are substi- The bold arrow represents pumping, the faint arrow probing
tuted into Eq.(1), one infers a significantly reduced satura- of the |1ssm;= +2) population. As mentioned above, colli-
tion intensity of 4.1uW/mn?. We attribute this fourfold re- sional disorientation causes about 30% of the pumped atoms
duction in lg, to collisional disorientation which to decayoutward leaving 70% to return tglssm;= +2).
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TABLE I. Contributions to the heights of selected features. Successive columns identify the type, initial, and final quantum numbers for
pump and probe transitions, products of relevant transition probabilities, fractional probabilities for a pumped atom to return to the probed
level, the atomic velocity =\ A ypgp, along the pump beam necessary to shift the laser light by, to bring it into resonance with the
moving atom, and the Doppler population factbpg,,= exp[—(AwiJ-IZku)z] applicable to crossover resonances, where3.51
X 10* cm/sec is the most probable Ar velocity. The total heigt(ls) are normalized to feature d in the eleventh column. The last column
contains experimental heighlg,, derived from fitting the sum of 27 Lorentzians to the spectrum of Fig. 1. Asterisks identify fractional
probabilities that reflect collisional disorientation.

Pump Probe Velocity

Peak Type mm’ mm’ |lLi |2| M | 2 |Msp| °Ir 5i,sp (104 cm/sec) fDopp h(k) Rnorm hexpt

a \% 0 1 0o -1 6X6 6/15 1 —-3.12 0.450 —9.72

a \% 0 -1 0 1 6X 6 6/15 1 3.12 0.450 —9.72

a A 1 0o -1 0 3X3 3/15 0 —3.52 0.364 0.66

a A -1 0 1 0 3xX3 3/15 0 3.52 0.364 0.66
Aot —-18.12 -0.27 -0.31
-b \% 1 -1 1 2 3X10 3/15 1 3.12 0.450 —-10.80
-b \% 1 2 1 -1 10x3 10/15 1 —-3.12 0.450 —4.50
-b A 2 1 0 1 X6 6/15 0 3.52 0.364 0.87
-b A 0 1 2 1 6x1 1/15 0 —3.52 0.364 0.15
—byor —-1428 -0.21 —-0.28
+dior I 2 3 2 3 15<15 0.70 1 0 1 —-67.50 —-1.00 -—1.00
+ €0t I 1 2 1 2 1010 0.60 1 0 1 —40.00 -0.59 -0.55
+ fiot I 0 1 0 1 6X 6 0.55 1 0 1 —-16.20 -0.26 —-0.27
+ Otot I -1 0o -1 0 3X3 3/15 1 0 1 —7.20 -0.11 -0.11
+ hyot I -2 -1 -2 -1 1X1 1/15 1 0 1 —0.93 —-0.01 -0.04
-p N 1 0 0 1 3X6 9/15 0 —-3.32 0.406 4.38
-p N 0 1 1 0 6x3 8/15 0 3.32 0.406 3.90
— Prot 8.28 0.12 0.11
—Tiot N -1 -2 -2 -3 10X 15 0.20 0 0.20 0.997 29.91 0.44 0.44

This 0.7 fractional probability of return largely explains why better in all but one case. We thereby claim that the spectrum
peaks*d are so tall: absent disorientations, the probabilityof Fig. 1 is sufficiently well-understood to warrant careful
of return would be unity, anti(d) would be zero. Figure 3 spectral analysis.

also depicts feature r, a crossover for which pumping and  Regarding resolutions, we point out that the crossovers
probing involve different Zeeman pairs connected by spon<r, =s, =t, and*u, situated as they are between pairs of
taneous decay. The dashed line represents the laser fretype resonances, can enhance or degrade spectral resolution
quency that liesnidwaybetween pump and probe frequen- depending upon the signs of their amplitudes. Fortunately in
cies. Axial motion by the atoms tunes all three laser beamthe present work, the amplitudes of these crossovers are
into simultaneous resonance with the two transitions. Sponaegative. It follows that these crossover signals improve our
taneous decay in this casahanceshe|1ssm;= —2) popu-  spectral resolution through an approximate tenfold increase
lation being probed, which explains why peak is positive  in the modulation depth of the spectrum.

in Table 1.

~Asa final exqmpl.e, consider the V- 'amdtypef contribu- IV. SPECTRAL ANALYSIS AND RESULTS
tions to featurea in Fig. 3. The dashed lines indicate that the
laser is resonant with thLssm;=0)<|2psm;=0) transi- Next we discuss the determination g§(2pg)/g;(1ss)

tion. However, sincer™ laser light cannot drive this transi- =8/«, where a and 8 represent the separations between
tion, this feature must be a crossover resonance. The leftmogtjacent 5 and 209 Zeeman sublevels at fields near 200 G
V in the diagram represents pumping and probing off19]. Our spectra consist of 1000 pairs (t;), wheres; rep-
|1ssm;=0) atoms moving toward the pump beam; 40% of resents thelifferencein power between the two probe beams
these atoms decay to their original level to be probed. Tharriving at the detector at timig. The center of each feature
second V and associated decay are similar except that hekelies at a frequency relative to peaka. Our method of
the atoms move parallel to the pump beam. In both casesnalysis employs six interpeak separations,v.,vq,ve,
depopulation of the original state makes the saturation sigri=g and vq=a. By defining p=1-g/«a, the ratios of
nals negative. Featura also includesA-type contributions these separations can be writte/vy=p, v./vy=2p,
whose structures are indicated in the figure and tabulated ing/vq=1-3p, ve/vg=1-2p, vilvg=1—p, and v,4/v,
Table I. Comparison of the calculated and experimentak=1. After manually determining the 13 values gf that
heights in the last two columns reveals agreement to 20% arorrespond to the centers of the positive peaks, we offset all
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Feature +d (I-type) ™ Feature -r (N-type) ™ and incorporate it into our analysis. The overdetermination
204 +3 »{ - A of (B,C)~(0.25,10 %) yields uncertaintiessB~10* and
2 3 7 8C~10*, whose smallness along with that®fassure that
g twand o Gecay ; n(t) =Bt +Ct; is well-determined. ThaCt} is always
remin | eakase Laser | less than 1% o¥,(t,) confirms the smallness of the nonlin-
205 |30% f'“‘; 20% earity and explains our omission of higher order terms in
pump | |probe ! pump probe v (t). We also derive assurance from the fact that the val-
2 ! ¥ ues of (B,O) change very little from one half-spectrum to
1s{ Y ., ‘ss{" - 9\, another. We estimate that any residual systematic effect due
to scan nonlinearity should contribute no more than 15 ppm
to the value ofg/a. A second possible systematic error in-
Feature a (2 V-type and 2 A-type) m, volves the “pulling” of the centers of the positive peaks due
™ {L 1 +(1) to encroachment by neighboring negative features. Such en-
L 4 WY A/ o croachment pushes peakd and+c awayfrom the central
: : , N\, NAW peak because of the unequal heights of negative featupes
o\ ! [61]|40m O\ 1 [6 || 0% 0% f 20% and=+q. Peaks* d, on the other hand, are pulléowardthe
pi TR 21 Mo U PumRy i : +2 central peak because of the unbalanced presence of features
I, Y ¥V V I ; \‘,, ,’ ; L i * *r. To correct for these effects, we perform line shape
"V I | y 1 simulations to infer the amount of pulling of the center fre-

quencies of features b through+f due to negative cross-
FIG. 3. Saturation featuresd, —r, anda, showing pump and OVers- These simulations produce factors that let us correct
probe transitionsup arrows and spontaneous decdglown ar- the (B/a), [20]. While the individual corrections for each

rows). The diagram illustrates all four types of Nakayama's reso-(B/ @)y are significant, thenet correction of the grand aver-
nances. age Bl a=g;(2pg)/g;(1ss) amounts to less than 20 ppm,

which we take to be the residual systematic uncertainty due
t, by the same amount to forég=0. Since our laser scan is tO DUHIDQ- _ _ _
slightly nonlinear in time, we express the resonant laser fre- A third possible source of systematic error involves mag-
quenciesr(t,) in the form v (t,) =Bt +CtZ, whereCis  NetiC field inhomogeneity, which is about 0.01% in our in-
presumed small. Dividing this expression by and redefin- teraction region. Another round of simulations, this time

ing constantd andC, we get field dependent, confirms that the experimental determina-
tion of B/« is very insensitive to changes in the field or to the
Bt,+Ct2=p, Bt,+Ct2=2p, Bty+Ct5=1—3p, existence of field inhomogeneity; any systematic effect of
this sort should affecB/a by less than 10 ppm. Combining
Bty+Ct2=1-2p, Bt;+Ctl=1—p, Bty + Ctgzl_ these three estimates of systematic error in quadrature, we

(3) get a total systematic uncertainty of 0.00003 in 0.88845.

Substitution of the knowty, throught, into Egs.(3) yields V. DISCUSSION

six equations which, after elimination gfbetween pairs of , .

them, overdetermin® and C several fold. We proceed to | he theoretical counterpagt,, to our experimental result

determine the best single value (8,C) and substitute it 93(2Pe)=1.3335(1) is given by the expressifB]

back into Egqs(3) to solve for five values op for each half

of a spectrum. . - 9y= 2 (alSI?ges,, @
Ten complete spectra similar to the one shown in Fig. 1 als

have been processed in this manner. Ninety separate value?1 ) ) i ) ,

of Bla=1—p have been determined, each being corrected’ ere, in our case, the sum is confined strictly to terms with

for “pulling” as described below. The average of these cor-9J = 3 Sand even parity since our primary base stp,)

rected values i93;(2pg)/g;(1ss) = B/a=0.88845, with a =|3p~4p[5/2];-3) has eveg parity. _Slnce_ the_p9> state_ IS

sample standard deviation of 0.00043 and a standard error §i€ onlyJ=3 state in the >4p configuration, intermediate

0.00005 at the & level. Since the total systematic uncer- COUPling within this c02f|gu_rat|qn is completely absent, and

tainty is 0.00003see next paragraptthe total uncertainty is e LS specification 4 °Ds is highly appropriate. A latter-

0.00007. Hence our final result isy;(2pe)/gs(1ss) day version of the Landformula assumes the forfi3]

=0.8884%7), which represents an 80 ppm determination, _ _

100 times more certain than the value 0.891 quoted above. Ousy=9u+ (g5~ DI+ +S(S+1)

Using g;(1s5) =1.5009648), we arrive at our second final —L(L+1)]/23(J+1), 5)

result g;(2pg) =1.333%1), also good to 80 ppm and 100

times more certain than the long-standing value 1(33&y  where g, =(1—m/40M;)=0.999986 andgs=2.002319.

Green[7]. This expression yieldg, s;= g,13= 1.3341, which receives a
Three types of systematic error are largely avoided by thigrery high degree of weighting in the sum EH¢) since the

method of analysis. The first involves the nonlinearity of theclosest even-parity J=3 neighbor is the state

scan. By using six peaks per half spectrum and forcind3p®5p[5/2];-3) which lies 11480 crii* higher. This latter

equality upon their spacings, we measure the nonlinearitgtate also exhibits a high degree i, character, implying



1340 J. R. BRANDENBERGER PRA 60

that itsg, g;is also about 1.334. Thus the convergence of thgpresent work stimulates new calculationsg{2pg) while
weighted sum in Eq4) towardsg,;=1.3341 is very strong. we pursue similar measurements @f2pg) in neon and
It follows that configuration interaction offers little prospect krypton.
for resolving the 400 ppm discrepancy between our experi-
mental g;(2pg)=1.3335(1) and the prediction 0.,
=1.3341.

It is beyond the level of this paper to pursue this discus-
sion further except to point out that experimengalvalues The author is pleased to acknowledge the contributions of
in the alkalis are known to increase by about 100 ppm with]. M. Reeves and T. W. Beck to this investigation. This work
increasing atomic mass. Perl has explored whether this effewgtas supported by Research Corporation and Lawrence Uni-
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might be due to relativistic spin effedtd]. We hope that the versity.
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