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Measurement of the 133Cs 6p 2P1/2 state hyperfine structure
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We employ crossed-beam laser spectroscopy to measure the hyperfine structure of the 6p 2P1/2 state of
atomic 133Cs (I5 7

2). A frequency-stabilized Ti:sapphire laser with 1-GHz sidebands excites a thermal atomic
cesium beam through the 6s 2S1/2F53,4→6p 2P1/2 F853,4 resonance transitions at 895 nm. The hyperfine
splitting of the excited state is determined from the observed fluorescence spectra. Our result for the
6p 2P1/2 F853 to F854 hyperfine splitting is 1167.54~32! MHz, yielding a magnetic dipole coefficient of
A5291.89(8) MHz. In this Brief Report we also compare our results with previous measurements and theory.
@S1050-2947~97!00907-4#

PACS number~s!: 32.10.Fn, 32.80.Ys
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The low-lying electronic states of Cs are being studied
our laboratory because of their importance to the interpr
tion of atomic parity nonconservation~PNC! measurements
@1#. High accuracy calculations near the nucleus are of in
est to the study of PNC in atoms because the weak fo
produces a short-range electron-nucleon interaction an
sensitive to the electronic wave function in this region. O
of the most stringent tests of atomic structure calculation
the vicinity of the nucleus is the comparison between th
retical and experimental determinations of hyperfine str
ture @2#. In particular, hyperfine structure is sensitive to re
tivistic, core polarization, and core correlation effects wh
are sources of difficulty in accurate calculations for mu
electron systems. Experimental measurements of the hy
fine structure in alkali-metal atoms are reviewed in Ref.@3#.

In the approximation thatJ is a good quantum numbe
the hyperfine interaction shifts the energy of the atomic fi
structure levels by an amount given by

W5hA~ I–J!1hB
6~ I–J!213~ I–J!22~ I–I !~J–J!

2I ~2I21!2J~2J21!
~1!

for states whereJ5L6 1
2. A and B are, respectively, the

coefficients of the magnetic dipole and electric quadrup
contributions to the hyperfine structure. Measurements oA
andB are most conveniently compared to relativistic atom
structure calculations through the effective operator form
ism developed by Sandars and Beck whereA and B are
related to various radial matrix elements@4,5#. We report in
this paper a precision measurement of the hyperfine split
in the 133Cs 6p 2P1/2 fine structure state (I5 7

2). For cases
whereJ5 1

2, as for the measurement reported here, the c
ficient B is zero@3# and our results yield a determination
the magnetic dipole contributionA.

The hyperfine splitting of the133Cs 6p 2P1/2 state has
been previously measured by a number of authors@6–12#
using interferometric and optical double resonance te
niques. Figure 1 shows the previous measurements a
with the results we are reporting here. Our measurem
were performed using a cesium thermal beam appara
similar to that of Ref.@13#, which we constructed as an op
tical frequency diagnostic for another experiment@14–16#.
Our beam apparatus was designed to maintain high prec
561050-2947/97/56~1!/1027~4!/$10.00
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for laser scans over large~'10 GHz! frequency intervals and
remain essentially drift-free over long time periods.

In our measurement, single-frequency laser radiation fr
a Coherent 899-21 Ti:sapphire laser tuned near
6s 2S1/2→6p 2P1/2 resonance transition was phase mod
lated with a resonant-cavity-type LiTaO3 electro-optic modu-
lator ~EOM! at a radio frequency~rf! near that of the
6p 2P1/2 F853 to F854 hyperfine interval. The apparatu
is shown schematically in Fig. 2. The phase-modulated li
was linearly polarized and directed to intersect a collima
beam of cesium atoms at right angles in an ultrahigh-vacu
vertical thermal beam tube. Fluorescence from the ato
beam was detected with two photodiodes mounted on op
site sides of the interaction volume, and sensitivity was i
proved by chopping the laser light and using phase-sens
detection of the fluorescence via the lock-in technique. T
output of the lock-in amplifier and an additional light pow
signal were passed to a 17-ms gated integrator operating
der computer control. The computer was responsible
scanning the laser, controlling the integrator, and record
the integrator output at each laser frequency. Each sca
approximately 500 MHz width consisted of 4000 channe
each corresponding to a discrete laser frequency. A total l

FIG. 1. Graphical comparison between previous measurem
and our present result. Kleiman 293.0~3.7! MHz; Eriksson, Johans-
son, and Norle´n, 304~11! MHz.
1027 © 1997 The American Physical Society
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1028 56BRIEF REPORTS
power density of 190mW/cm2 was incident upon the atomic
beam, with<60 mW/cm2 in each of the relevant frequency
sidebands. Resolution was limited by the finite collimation o
the atomic beam which gave rise to a fluorescence line sha
34 MHz wide at half maximum.

The energy splittingDn435n42n3 between theF853
andF854 levels of the 6p 2P1/2 state was determined by
measuring the separation of theF854 fluorescence peak and
a secondF853 fluorescence peak generated by the firs
order rf sideband as the laser frequency was scanned throu
the 6s 2S1/2→6p 2P1/2 resonance. Figure 3 shows the emit
ted fluorescence as a function of the laser scan parameter
large detunings where both the ground-state and excited-st
hyperfine structures can be seen. Data scans were recor
over the narrow detuning range that includes theF854 peak
and theF853 first-order sideband peak for numerous r
modulation frequencies. Our rf signal-generator–amplifier
EOM combination had an effective tuning range ofn rf
5920–1080 MHz, therefore we measured theF854 peak to

FIG. 2. Schematic diagram of the experimental apparatus.

FIG. 3. Shown is a wide scan of detected fluorescence as
function of laser detuning for the 6s 2S1/2→6p 2P1/2 F8 transi-
tions. The upper trace shows the hyperfine structure of both t
ground and excited states without sidebands. The lower trace sho
a similar scan with a rf sideband frequency of 940 GHz.
f
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-
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F853 first-order sideband interval (Dn432n rf) over a rf tun-
ing range from about 90 to 250 MHz. We then extrapolat
to find the rf value at which the peak-to-sideband separat
vanishes, which exactly corresponds to the hyperfine inter
Dn43. Two sets of measurements were performed which c
respond, respectively, to excitation from each of th
6s 2S1/2 F53 andF54 ground-state levels, and permitte
two sets of slightly different laser operating conditions. Ea
laser scan was fit to an appropriate sum of line profiles
determine the distance between the line centers. In Fig. 4
show a plot of the sideband frequency as a function of t
distance between theF854 peak center and theF853 side-
band peak center. For excitation from theF53 hyperfine
ground state, we acquired 44 laser scans at 14 differen

a

e
ws

FIG. 4. Separation betweenF854 ~zeroth-order sideband! to
F853 ~first-order sideband! laser fluorescence peaks as a functio
of rf sideband frequency with the residuals to a least-squares lin
fit to the data.
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56 1029BRIEF REPORTS
values, and a linear fit to the peak separation yielde
Dn432n rf50 intercept of 1167.49~45! MHz. When exciting
from theF54 ground-state level, 52 observations were
corded at 16 frequencies, and an intercept of 1167.59~46!
MHz was obtained. The uncertainties represent the statis
precision in determining the intercepts from a linear lea
squares fit to the sideband frequency. From the weigh
average of these intercepts, we determine the hyperfine s
ting of the 6p 2P1/2 state to be 1167.54~32! MHz.

By far, the most significant contribution to our expe
mental uncertainty comes from random errors which are
flected by the statistical uncertainty in determining the int
cepts. These random errors have their origin in
determination of the peak positions and are dominated by
finite fluorescence linewidths with small contributions fro
random laser and rf source jitter. In addition, there are s
tematic effects which might shiftDn43 towards greater or
lesser values, but these are insignificant compared to the
tistical uncertainty as discussed below. The systematic
fects include any laser scan nonlinearity which is repeata
from scan to scan, Doppler shifts, magnetic field effects,
light-intensity-dependent effects.

We have investigated the laser scan nonlinearity for w
~5–10 GHz! tuning ranges using the ‘‘picket fence’’ of side
band peaks present in the atomic-beam fluorescence s
trum using the hyperfine structure of both th
6s 2S1/2→6p 2P1/2 D1 and 6s 2S1/2→6p 2P3/2 D2 reso-
nance transitions as a frequency map. The smaller split
and the high precision to which it is known makes t
6p 2P3/2 F852,3,4,5 hyperfine structure ideal for this pu
pose@2#. We find that the maximum departure of the las
frequency from that which is expected from a linear scan
typically <0.05% of the scan width for a wide range
operating conditions; however, the functional form of t
departure from linearity is not reproducible. During data c
lection, it was also observed that the entire spectrum can
shifted to the red or blue within the scan window using t
laser manufacturer’s frequency offset control with no obse
able change in the peak spacing. We therefore estimate
for the narrow frequency interval~150 MHz! used in the
present measurement, the contribution to the random erro
peak separation from scan to scan due to laser tuning
linearities is approximately 0.075 MHz, and it is our opinio
that any systematic shift due to nonlinearities is concea
far beneath the total random error.

Misalignment of the laser–atomic-beam intersection c
give rise to small Doppler shifts which alter the value
Dn43. Since the various optical sidebands produced in
EOM spatially overlap in the output beam, the leading co
tribution arises only from the fact that the peaks in the flu
rescence spectrum are at slightly differing optical frequ
cies. The resulting shift would be proportional to th
hyperfine splitting and the projection of the atomic bea
velocity along the laser direction. Using the most proba
velocity of the Maxwellian distribution at the cesium ove
temperature of 400 K, and an angular misalignment of62.5°
corresponding to the maximum possible in the apparatus,
would expect a maximum possible shift of 37 Hz, which
clearly negligible. The small transverse temperature of
a
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atomic beam~measured;3 K! gives rise only to the ob-
served thermal linewidth of 34 MHz, but no shift due to th
cylindrical symmetry.

We have investigated optical pumping as a possi
source of systematic error which might depend on power.
a fixed EOM drive frequency, we measured the peak sep
tion over a range of laser powers from 10 to 1000mW and
found no dependence on laser power. This result origina
from our choice of experimental parameters which limit t
possibility of differential line-shape asymmetries caused
optical pumping in two ways. First, the diameter of the las
beam, the resonant laser power, and the interaction c
section in combination limit a typical atom to the possibili
of interacting with only one photon during a transit tim
through the laser beam. Second, linear polarization was c
sen for the excitation process because it results in a sym
ric magnetic sublevel distribution in cases where a sin
atom has the opportunity to experience more than
excitation-emission cycle. The residual magnetic field in
interaction region of the apparatus was measured with a
effect Gaussmeter to be 0.4 G, oriented parallel to
atomic-beam direction. The magnetic effects are thus limi
to a broadening of the resonance fluorescence as the u
solved magnetic levels begin to move apart. We also sim
lated these effects by diagonalizing the atomic Hamilton
in fields of up to 30 G and calculating the resulting lin
profiles. Because of the equal displacements and populat
of opposing magnetic sublevels, fitting the simulated li
shapes revealed no systematic shifts.~We also used the simu
lated broadened line profiles to determine the effects o
magnetic field on the uncertainty in locating the line cente
and found that this is also negligible below about 10 G.! The
second-order energy shifts due to the magnetic field w
also computed for the levelsF853 andF854, and found to
be an insignificant 5-Hz correction to the hyperfine splitti
for the measured field.

Other corrections to the splitting which scale with th
intensity of the laser radiation were also considered. T
minute amount of power broadening is not significant, no
the light shift of the hyperfine levels due to coupling throu
the laser electric field which we calculate to be less than
Hz for each of the levels. In summary, we do not expect
total systematic shift in the observed value of the hyperfi
interval to exceed 200 Hz, or about 0.06% of the stated
tistical uncertainty due to random errors.

We have also studied the residuals of our fitted li
shapes for the presence of asymmetries and the effects
might have on our ability to measure peak separations.
extracted from our data the residual differential line sha
~RDL! for each of the laser scans. Within a set of laser sc
at fixed rf, the RDLs were not statistically significant, ther
fore we calculated an average residual differential line sh
~ARDL! that included all scans. The maximum excursions
the ARDL were less than 2% of the overall peak height a
asymmetric features were less than 0.5% of the peak he
We calculated the effect of the ARDL on our ability to d
termine peak separations to be less than 4% of the statis
uncertainty in the separation. This analysis demonstrates
insignificance of residual differential asymmetries in our d
irrespective of their origins.
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The primary motivation for this work is to provide a pre
cise test of the atomic theory necessary for the interpreta
of PNC experiments in cesium. Our result for the 6p 2P1/2
hyperfine splitting yields a magnetic dipole coefficient ofA
5291.89(8) MHz in good agreement with the measurem
of A5291.90(12) by Abele@12#. The theoretical results o
Ref. @17# determine a value forA5292.67 MHz through a
relativistic all-order many-body perturbation theory a
ys
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proach. This theoretical result differs from our measurem
by approximately ten times our experimental uncertain
Our result also agrees well with previous results and rep
sents an improvement in the best previous measuremen
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