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Measurement of the 33Cs 6p2P,, state hyperfine structure
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We employ crossed-beam laser spectroscopy to measure the hyperfine structure pf’thg, &tate of
atomic 1¥%Cs (1= %). A frequency-stabilized Ti:sapphire laser with 1-GHz sidebands excites a thermal atomic
cesium beam through thes&S,,, F=3,4—6p 2P,, F'=3,4 resonance transitions at 895 nm. The hyperfine
splitting of the excited state is determined from the observed fluorescence spectra. Our result for the
6p 2Py, F'=3 to F'=4 hyperfine splitting is 1167.%382) MHz, yielding a magnetic dipole coefficient of
A=291.89(8) MHz. In this Brief Report we also compare our results with previous measurements and theory.
[S1050-294{@7)00907-4

PACS numbd(s): 32.10.Fn, 32.80.Ys

The low-lying electronic states of Cs are being studied infor laser scans over larde-10 GH2 frequency intervals and
our laboratory because of their importance to the interpretaremain essentially drift-free over long time periods.
tion of atomic parity nonconservatidf?NC) measurements In our measurement, single-frequency laser radiation from
[1]. High accuracy calculations near the nucleus are of intera Coherent 899-21 Ti:sapphire laser tuned near the
est to the study of PNC in atoms because the weak forcés 2S,,,—6p 2P;,, resonance transition was phase modu-
produces a short-range electron-nucleon interaction and lated with a resonant-cavity-type LiTg®lectro-optic modu-
sensitive to the electronic wave function in this region. Ondator (EOM) at a radio frequency(rf) near that of the
of the most stringent tests of atomic structure calculations if6p 2P, F'=3 to F' =4 hyperfine interval. The apparatus
the vicinity of the nucleus is the comparison between theois shown schematically in Fig. 2. The phase-modulated light
retical and experimental determinations of hyperfine strucwas linearly polarized and directed to intersect a collimated
ture[2]. In particular, hyperfine structure is sensitive to rela-beam of cesium atoms at right angles in an ultrahigh-vacuum
tivistic, core polarization, and core correlation effects whichvertical thermal beam tube. Fluorescence from the atomic
are sources of difficulty in accurate calculations for multi- beam was detected with two photodiodes mounted on oppo-
electron systems. Experimental measurements of the hypesite sides of the interaction volume, and sensitivity was im-
fine structure in alkali-metal atoms are reviewed in R8f.  proved by chopping the laser light and using phase-sensitive

In the approximation thad is a good quantum number, detection of the fluorescence via the lock-in technique. The
the hyperfine interaction shifts the energy of the atomic fineoutput of the lock-in amplifier and an additional light power

structure levels by an amount given by signal were passed to a 17-ms gated integrator operating un-
) der computer control. The computer was responsible for
6(1-3)=+3(1-3)—=2(1-1)(3-J) scanning the laser, controlling the integrator, and recording

W=hA(-J)+hB 21(21-1)23(23-1) @ the integrator output at each laser frequency. Each scan of

approximately 500 MHz width consisted of 4000 channels,
for states whereJ=L+3. A and B are, respectively, the each corresponding to a discrete laser frequency. A total light
coefficients of the magnetic dipole and electric quadrupole
contributions to the hyperfine structure. Measurement& of e
andB are most conveniently compared to relativistic atomic i
structure calculations through the effective operator formal-
ism developed by Sandars and Beck whéreand B are

Kleiman 1962

related to various radial matrix elemeifitg5]. We report in Erikssonetal 1964 |
this paper a precision measurement of the hyperfine splitting
in the 13%Cs 6p 2Py, fine structure statel €2). For cases £l JHahnemann and Wagner 1966
whereJ= 3, as for the measurement reported here, the coef-
ficient B is zero[3] and our results yield a determination of iLi Avele 1975
the magnetic dipole contributioA.

The hyperfine splitting of the"*Cs 6p 2P,, state has | Present Work

been previously measured by a number of authérsl2]
using interferometric and optical double resonance tech- N
niques. Figure 1 shows the previous measurements along 290 291 292 203 204 295

with the results we are reporting here. Our measurements Magnetic Dipole Coefficient (MHz)

were performed using a cesium thermal beam apparatus,

similar to that of Ref[13], which we constructed as an op-  FIG. 1. Graphical comparison between previous measurements

tical frequency diagnostic for another experim¢i—16.  and our present result. Kleiman 29&®) MHz; Eriksson, Johans-
Our beam apparatus was designed to maintain high precisiaon, and Nofle, 30411) MHz.
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FIG. 2. Schematic diagram of the experimental apparatus. T T T
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ted fluorescence as a function of the laser scan parameterf 2 g - 1
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FIG. 3. Shown is a wide scan of detected fluorescence as
function of laser detuning for thes6?S;,,—6p 2P, F' transi-

6s 2S,, F=3 andF=4 ground-state levels, and permitted
two sets of slightly different laser operating conditions. Each
laser scan was fit to an appropriate sum of line profiles to
determine the distance between the line centers. In Fig. 4 we
show a plot of the sideband frequency as a function of the

tions. The upper trace shows the hyperfine structure of both thélistance between the’ =4 peak center and the’ =3 side-
ground and excited states without sidebands. The lower trace shoW@nd peak center. For excitation from the=3 hyperfine

a similar scan with a rf sideband frequency of 940 GHz.

ground state, we acquired 44 laser scans at 14 different rf
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values, and a linear fit to the peak separation yielded atomic beam(measured~3 K) gives rise only to the ob-
Avyz—v=0 intercept of 1167.495 MHz. When exciting  served thermal linewidth of 34 MHz, but no shift due to the
from the F=4 ground-state level, 52 observations were re-cylindrical symmetry.
corded at 16 frequencies, and an intercept of 116469 We have investigated optical pumping as a possible
MHz was obtained. The uncertainties represent the statisticalource of systematic error which might depend on power. At
precision in determining the intercepts from a linear least-a fixed EOM drive frequency, we measured the peak separa-
squares fit to the sideband frequency. From the weightetion over a range of laser powers from 10 to 10/ and
average of these intercepts, we determine the hyperfine splitound no dependence on laser power. This result originates
ting of the & 2P,, state to be 1167.532) MHz. from our choice of experimental parameters which limit the
By far, the most significant contribution to our experi- possibility of differential line-shape asymmetries caused by
mental uncertainty comes from random errors which are reeptical pumping in two ways. First, the diameter of the laser
flected by the statistical uncertainty in determining the inter-beam, the resonant laser power, and the interaction cross
cepts. These random errors have their origin in thesection in combination limit a typical atom to the possibility
determination of the peak positions and are dominated by thef interacting with only one photon during a transit time
finite fluorescence linewidths with small contributions from through the laser beam. Second, linear polarization was cho-
random laser and rf source jitter. In addition, there are syssen for the excitation process because it results in a symmet-
tematic effects which might shifA »,; towards greater or ric magnetic sublevel distribution in cases where a single
lesser values, but these are insignificant compared to the statom has the opportunity to experience more than one
tistical uncertainty as discussed below. The systematic efexcitation-emission cycle. The residual magnetic field in the
fects include any laser scan nonlinearity which is repeatabliteraction region of the apparatus was measured with a Hall
from scan to scan, Doppler shifts, magnetic field effects, an@ffect Gaussmeter to be 0.4 G, oriented parallel to the
light-intensity-dependent effects. atomic-beam direction. The magnetic effects are thus limited
We have investigated the laser scan nonlinearity for widgo a broadening of the resonance fluorescence as the unre-
(5—10 GH2 tuning ranges using the “picket fence” of side- solved magnetic levels begin to move apart. We also simu-
band peaks present in the atomic-beam fluorescence spdated these effects by diagonalizing the atomic Hamiltonian
trum using the hyperfine structure of both thein fields of up to 30 G and calculating the resulting line
6s 2S,,—6p 2Py, D; and 6 2S,,—6p 2Py, D, reso- profiles. Because of the equal displacements and populations
nance transitions as a frequency map. The smaller splittingf opposing magnetic sublevels, fitting the simulated line
and the high precision to which it is known makes theshapes revealed no systematic shiftge also used the simu-
6p 2Py, F'=2,3,4,5 hyperfine structure ideal for this pur- lated broadened line profiles to determine the effects of a
pose[2]. We find that the maximum departure of the lasermagnetic field on the uncertainty in locating the line centers,
frequency from that which is expected from a linear scan isand found that this is also negligible below about 10 The
typically <0.05% of the scan width for a wide range of second-order energy shifts due to the magnetic field were
operating conditions; however, the functional form of thealso computed for the levels’=3 andF’ =4, and found to
departure from linearity is not reproducible. During data col-Pe an insignificant 5-Hz correction to the hyperfine splitting
lection, it was also observed that the entire spectrum can bi@r the measured field.

shifted to the red or blue within the scan window using the Other corrections to the splitting which scale with the

laser manufacturer's frequency offset control with no observiNtensity of the laser radiation were also considered. The
inute amount of power broadening is not significant, nor is

able change in the peak spacing. We therefore estimate that,” " X s X
the light shift of the hyperfine levels due to coupling through

for the narrow frequency intervall50 MH2) used in the | lectric field which lculate to be | than 50
present measurement, the contribution to the random error iﬁe aser electric ield which we cajcufate to be fess than
z for each of the levels. In summary, we do not expect the

peak separation from scan to scan due to laser tuning non- | ic shift in the ob d val £ the h f.
linearities is approximately 0.075 MHz, and it is our opinion total systematic shift In the observed value of the hyperfine
that any systematic shift due to nonlinearities is concealeI te_rval to excged 200 Hz, or about 0.06% of the stated sta-
stical uncertainty due to random errors.
far beneath the total random error. _ _ We have also studied the residuals of our fitted line
~Misalignment of the laser—atomic-beam intersection canypanes for the presence of asymmetries and the effects these
give rise to small Doppler shifts which alter the value of yight have on our ability to measure peak separations. We
Av,z. Since the various optical sidebands produced in thextracted from our data the residual differential line shapes
EOM spatially overlap in the output beam, the leading con(RDL) for each of the laser scans. Within a set of laser scans
tribution arises only from the fact that the peaks in the fluo-at fixed rf, the RDLs were not statistically significant, there-
rescence spectrum are at slightly differing optical frequenfore we calculated an average residual differential line shape
cies. The resulting shift would be proportional to the (ARDL) that included all scans. The maximum excursions of
hyperfine splitting and the projection of the atomic beamthe ARDL were less than 2% of the overall peak height and
velocity along the laser direction. Using the most probableasymmetric features were less than 0.5% of the peak height.
velocity of the Maxwellian distribution at the cesium oven We calculated the effect of the ARDL on our ability to de-
temperature of 400 K, and an angular misalignmentaf5°  termine peak separations to be less than 4% of the statistical
corresponding to the maximum possible in the apparatus, ongncertainty in the separation. This analysis demonstrates the
would expect a maximum possible shift of 37 Hz, which isinsignificance of residual differential asymmetries in our data
clearly negligible. The small transverse temperature of thérrespective of their origins.
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The primary motivation for this work is to provide a pre- proach. This theoretical result differs from our measurement
cise test of the atomic theory necessary for the interpretatioby approximately ten times our experimental uncertainty.
of PNC experiments in cesium. Our result for the 8Py,  Our result also agrees well with previous results and repre-
hyperfine splitting yields a magnetic dipole coefficient’of sents an improvement in the best previous measurement.
=291.89(8) MHz in good agreement with the measurement
of A=291.90(12) by Abeld12]. The theoretical results of =~ We would like to thank H. G. Berry and A. E. Livingston
Ref. [17] determine a value foA=292.67 MHz through a for helpful discussions. We gratefully acknowledge support
relativistic all-order many-body perturbation theory ap-from National Science Foundation Grant No. PHY95-04889.
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