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Observation of the Nuclear Magnetic Octupole Moment of 133Cs
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We describe our high-resolution measurements of the '3*Cs 6p 2P3 /, state hyperfine structure. An
optically narrowed diode laser excites perpendicularly a highly collimated atomic beam. The spectra
are calibrated with a stable reference diode laser using a rf locking scheme allowing us to determine the
splittings with an accuracy of = 2 kHz, an order of magnitude better than previous results. The
magnetic dipole a, electric quadrupole b, and magnetic octupole ¢ hyperfine coupling constants are
determined. The values we obtained are a = 50.28827(23) MHz, b = —0.4934(17) MHz, and ¢ =
0.56(7) kHz. This work represents the first observation of the magnetic octupole moment of the cesium
nucleus. We carry out atomic-structure calculations and determine the nuclear electric quadrupole
moment Q = —3.55(4) mb and nuclear magnetic octupole moment ) = 0.82(10) b X uy.
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We report the precise measurements of the neutral
'33Cs 6p P, , state hyperfine splittings (HFS). The HFS
result from electron-nuclear interactions and provide
information about both the electronic and nuclear struc-
ture [1]. We anticipate that refined values of nuclear mo-
ments may provide better fitting parameters for models
of nuclear forces, such as used in recent calculations for
Cs [2,3].

Our HFS measurements must reach a precision of two
parts in 107> in order to determine the nuclear magnetic
octupole moment. Methods of optical-rf spectroscopy
reach kHz accuracy [4] but states that decay through
allowed transitions have lifetimes so short that high rf
power, which could lead to systematic shifts, is required
to redistribute the populations. For short-lived states,
methods of polarization quantum beat spectroscopy [5]
or laser frequency measurements in atomic beams [6] and
thermal cells [7] have been successfully applied. The
optical heterodyning technique we use here pushes the
resolution of such measurements to = 2 kHz, an order of
magnitude better than previous results in Cs [6].

The 6p 2P3 /, state is sensitive to the magnetic dipole,
electric quadrupole, and magnetic octupole interactions
because the orbital quantum number J = 3/2. Our new
values for the splittings are shown in Fig. 1. Using a laser
system and atomic beam, we acquire well calibrated
fluorescence spectra. From the data, the hyperfine inter-
action constants a, b, and ¢ can be deduced. This is to our
knowledge the first attempt to determine the nuclear
magnetic octupole contribution, ¢, of the '*3Cs nucleus.
We also carry out the atomic-structure calculations to
determine the corresponding nuclear moments from our
measurements. Previous determinations of magnetic oc-
tupole moments were carried out either with complicated
open-shell atomic systems [8] or with multivalence elec-
tron systems [9]. In this regard, Cs, being a simple uni-
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valent atom, is a system where high-accuracy calculations
can be performed.

A detailed description of our atomic beam appears
elsewhere [10] and only a brief description is given here.
Cs vapor is heated in an oven to 170 °C, while the Cs
reservoir is kept at a lower temperature of 110 °C. The
atoms effuse through a nozzle constructed from an array
of stainless steel tubes to produce a dense atomic beam,
which is then collimated with a stack of microscope cover
slips. The resulting atomic beam has a 13 X 15 mm rect-
angular profile and angular divergence less than 13.6 mrad
in the horizontal plane confirmed by the experimentally
determined 2.3(1) MHz residual Doppler width of the
spectral lines. The Cs atoms are excited with a 5 mm
diameter ~1 wW/cm? probe laser perpendicular to the
atomic beam. The fluorescence intensity is detected with
a large area photodiode placed below the laser-atom
interaction region. A second detector monitors the trans-
mission of the probe beam through the vacuum chamber
to measure intensity, Cs background vapor, and atomic
beam density (3 X 10" cm™3). The vacuum in the cham-
ber with the beam running is 1.33 X 10™* Pa.

Details of the laser system are described in Ref. [11]
and a brief description is given here. An optically nar-
rowed diode laser probes the 6s 251/2 F=34—
6p 2P3/2 F'=2,3 4 5 transitions in the atomic beam.
The probe beam is linearly polarized along the thermal
beam. Part of the probe laser output is mixed with a

133 2 251.0916(20) MHz
Cs 6p I33/2 201.2871(11) MHz

151.2247(16) MHz
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FIG. 1. Shown is the HF structure of 1**Cs 6p 2P; , state with
our measured hyperfine splittings.
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narrow linewidth reference diode laser beam and the beat
note between the lasers is detected. The observed beat
note is 100 kHz wide and limited by the resolution band-
width of the spectrum analyzer, giving an upper limit on
the linewidth of each laser of about 70 kHz. The reference
laser is locked to a saturated absorption signal using a
technique similar to that in [12]. The reference laser long
term drift is estimated to be = 30 kHz/h. The frequency
difference between the lasers is locked to an rf oscillator.
The probe laser can be scanned over a range of several
hundred MHz by changing the rf oscillator frequency.
The probe laser beam used for beat note measurements is
frequency shifted by 80 MHz using an acousto-optic
modulator (AOM). For F = 3 excitation, this beam is
frequency shifted up by rpom = 80 MHz, and the refer-
ence laser is locked to the F = 3 — F’ = 2 transition. A
frequency counter measures the difference (Vprope taser
VAOM — Vref laser)- FOr F' = 4 excitation, the reference la-
ser is locked to the F = 4 — F’ = 5 transition and the
beam used for beat note measurements is shifted down by
vaom = 80 MHz. The frequency counter measures the
difference (Vref laser — Yprobe laser + VAOM)- These shifts al-
low beat note measurements when the frequency of the
probe beam is close to that of the reference laser.

The fluorescence and transmission detectors are con-
nected to high-gain photodiode amplifiers. The amplifier
output voltages are measured and averaged with a
computer-based data acquisition system. The computer
sets the rf oscillator to specific frequencies. A typical
spectrum consists of 220 points when the excitation starts
from the F = 3 and 230 points when ecitation starts from
the F = 4 ground state. The fluorescence and transmis-
sion signals are read at a rate of 4000 samples/s until 2000
samples are collected. Simultaneously, the laser fre-
quency difference is measured 100 times and averaged
with the counter. Each data point contains the averaged
value of the fluorescence and transmitted intensities with
their standard deviations as well as the beat note fre-
quency and its standard deviation. For a single point,
the beat note standard deviation is between 15 and
25 kHz. Four spectra are recorded in one file, two of
them with increasing and two with decreasing laser fre-
quency. This is done in order to remove possible frequency
drifts of the reference laser. The computer scans the probe
laser with 0.5 MHz steps in the vicinity of a transition and
with 10 MHz steps in between to reduce the scan acqui-
sition time. This results in lower precision for the
Lorentzian widths but does not affect the accuracy of
the line center determined by the fit. A typical fluores-
cence spectrum with probe beam intensity of 1 W /cm?
is shown in Fig. 2.

The frequency dependence of our fluorescence spectra
is well described by a Voigt profile and a thermally
broadened Doppler profile to account for a Cs back-
ground [10]. In zero field with low excitation laser inten-
sity, the contribution of Zeeman sublevels is a sum
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FIG. 2. Plot of the thermal beam fluorescence spectrum with
excitation laser starting from F = 3 ground state. Circles:
averaged fluorescence. Solid line: fit. Dashed line: residuals.
Bottom trace: residuals magnified with uncertainties shown as
error bars. Theoretical peak heights are also shown.

of Voigt profiles with relative peak heights determined
by the angular momentum part of the transition
probabilities. The low laser intensity and linear polar-
ization minimize optical pumping that can create popu-
lation differences between sublevels, and second-order
effects such as off-resonant interactions with the lower
6p 2P, /2 state. The fitting process also includes an off-
set and a linear slope. A slope might be expected due to
the 0.3% change of the laser intensity over the entire scan,
but typically it is found to be close to zero since the
amount of scattered laser light directly hitting the photo-
diode is negligibly small. The laser intensity change
over the width of a transition is too small to be included
in the line shape model. The amplified reverse voltage of
the photodiode is responsible for the negative offset of all
the spectra. It can differ over hours due to slow changes in
detector temperature, but is found to be constant over a
single scan (~ 2 min).

The Levenberg-Marquardt nonlinear fitting method is
taken from [13]. The parameters obtained by fitting are
the Voigt profile centers and amplitudes, the Lorentzian
widths, the Doppler width, the Doppler background
width, and the Doppler background proportionality pa-
rameter, the offset, and the linear slope. The averaged
fluorescence signals and frequencies with their standard
deviations are used by the fitting program (Fig. 2).
Averaging the residuals over 100 data files for F = 3
excitation, we found the maximum asymmetric devia-
tions from zero to be 0.25 mV (0.05%) for 0.5 V peak
height several times less than a single file residuals.
Similar spectra were taken with the excitation starting
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from the F = 4 ground state. Averaging the residuals for
100 scans shows a maximum asymmetric deviation from
zero of the order of 1 mV (0.1%) for a 1.1 V peak height.
The small scatter in the residuals is due to reference laser
instabilities which are transferred to the probe laser fre-
quency and to mechanical vibrations of the thermal beam
with respect to the probe beam with a period comparable
to or greater than 0.5 s, the averaging time of the data
acquisition system.

The peak centers for a single scan are determined with
an accuracy of approximately 7 kHz. The Gaussian part of
the profile is 2.3(1) MHz and the Lorentzian part is
5.5(1) MHz very close to the natural width of
5.23(1) MHz [14,15], but is slightly larger. Analysis shows
that changing the density of points between the peaks
changes the covariance between the Doppler and Lorentz
widths of the peaks without changing the peak centers.
This covariance alone can account for the slightly larger
Lorentzian. Other possible contributions are the laser
linewidth (70 kHz), power broadening (2.6 kHz), and
time of flight broadening (2.4 kHz).

At laser intensities of 1 wW/cm? the typical atom is
excited no more than once in its transit minimizing
optical pumping, and the Stark shifts due to neighboring
levels are = 20 Hz. By making measurements over a
range from 1 to 4 uW/cm? and from 1 to 70 X
1076 Tesla dc magnetic field, we study possible system-
atic effects due to optical pumping and the Zeeman effect.
With B=1X10"%T and I =4 uW/cm?, the largest
change in the splittings is ~6 kHz. With B = 70 X

107 T and I =4 uW/cm?, the largest change in the
splittings is ~10 kHz. With B =70 X 107 T and I =
1 wuW/cm?, the largest change in the splittings is
~4 kHz. With B =<1 X 107° T, the final value and sta-
tistical uncertainty for each splitting is obtained by aver-
aging the values from 100 files for each laser intensity and
extrapolating to zero intensity.

The small asymmetry in the residuals = 0.1% can be
explained by tilt of the laser beam with respect to the
atomic beam, leading to an upper limit on the systematic
uncertainty in the splittings of approximately 1 kHz [10].
We combine this uncertainty in quadrature with the sta-
tistical uncertainty of the peak centers, which range
from 1 to 2 kHz. The hyperfine splittings and their
combined uncertainties are given in Table 1. The consis-
tency between the two measurements of the 3 < 4 split-
ting starting from different ground state levels is a good
test of the reliability of our model and fitting process.
Another test is the ratio between peak heights. Because of
the long term variations in the thermal beam, it is not
practical to compare peaks from different scans. But the
ratios in the same file can be compared with theory. All
peak height ratios agree with theory within 6%, and
the small 3% difference between measured and theoreti-
cal ratios for the cycling transitions (F=3—F' =2)/
(F=3—F'=3) and (F=4—F =5)/(F=4—F'=4)
gives confidence that we work at intensities low enough
to limit optical pumping.

Using first-order perturbation theory, the hyperfine
structure Hamiltonian of an atom having a single electron
outside closed shells is given by [1]:

3102 +3(1-0)— 1T+ 1)JJ + 1)

Hdipole =al- J’ Hquadrupole =b

2121 — 1)J(2J — 1) ’
{07 -J)P3 +20- ) +2( - N[-3IT+DJJ+ D)+ IT+ D) +JJ+1)+3]—5II+ 1)J(J + 1)}

Hoctupole =cC

where J is the electron angular momentum, [ is the
nuclear angular momentum, and F is the total angular
momentum. Using the specific values of F, with J = 3/2
and I = 7/2, the hyperfine splittings of the 6p %P /2 State
can be expressed in terms of the a, b, and ¢ hyperfine
constants:

5 40
AV54 = S5a + §b + 76‘ + (_0000520 MHZ),

2 88
AI/43 =4a—=b _76'

- + (+0.000119 MHz),

Avyy, =3a — ;b + gc + (+0.000401 MHz),

where the last term in each splitting is added because of
the second-order perturbation theory contribution due to
6p 2P1/2 state [16]. Our measured values for a, b, and ¢
are given in Table IL
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Following the relativistic derivation given in [1], semi-
empirical estimations for the hyperfine coupling con-
stants a, b, and ¢ can be expressed through the
magnetic dipole u;, electric quadrupole Q, and magnetic
octupole ) moments of the '**Cs nucleus:

_ po2pmpp 1) 2)2j+ 1D +1) < 1 >
Voam 1 G+ plpr-1) \A/

_ 0 2j—1l(l+1)(2l+1)[3k(k+1)—p2+1]<i>
U dmeg2j+2 p(p?—1)4p*—1) =Va
o 16 Z3zg< _do\(2j+4)!(2p—4)!
BT 4315 S\ dn J2j = 3)12p +3)0

c

where w is the magnetic constant, [ = 1, j = 3/2, k =
(11225 +1)/2, p = VK> — 7%, «a is the fine

structure constant, Z is the nuclear charge reduced by
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TABLE 1. '33Cs 6p 2P3/2 state hyperfine splittings in MHz
from this work and previous measurement. The value of F
shows the ground state component from which the measure-
ment is performed.

263 34 465
F=34  151.2247(16)  201.2871(11)  251.0916(20)
F=3 151.2247(16)  201.2876(12) -
F=4 - 201.2848(25)  251.0916(20)
Ref. [6] 151.21(2) 201.24(2) 251.00(2)

four for a p electron, (1/7%) is the nonrelativistic radial
matrix element:

1 Ko Kp }—1 ZZ3Ra? < da’)
20+ 1 O (11— =),
<r > [( )4 he 1+ Dn* dn

where Z, = 1 is the degree of ionization, n* is the ef-
fective quantum number, o is the quantum defect, n is
the principal quantum number, and R, is the Rydberg
constant.

Using the data from [18], the parameters required to
estimate the hyperfine coupling constants are n* = 2.363,
do/dn = —0.059, (1/r3) = 1.36 aj>. The value of u; =
2.582768 1(14) wy is taken from [19]. Our semiempirical
estimations based on Ref. [1] are given in Table IL

The all-order relativistic many-body theory (MBPT)
described in [17] results in a few percent accuracy for
several well-known alkali atom constants a. Therefore we
anticipate a similar accuracy for the constants b and c.
Using this technique we calculate b/Q = 139 MHz/b
and ¢/Q = 0.68 kHz/(b X uy). These MBPT values
also appear in Table II. The theoretical uncertainty is
estimated to be about 1%. Combining our MBPT results
with our measured values of b = —0.4934(17) MHz and
¢ = 0.56(7) kHz, we arrive at Q = —3.55(4) mb and
Q = 0.82(10) bX uy with experimental and theoretical
uncertainties added in quadrature. The value of Q is in
agreement with the value obtained through molecular
measurements [20].

It is instructive to compare () with predictions of the
nuclear shell model [21]. With an unpaired valence pro-
ton in the g7/2 shell, Q. = 0.095(r2), X wy, with
the <r2> bemg the rms radius of the valence proton

TABLE II. Hyperfine coupling constants a, b, and ¢ from
measured hyperfine splittings of 1**Cs 6p 2P5 ;. First row: this
work; second row: results obtained by Tanner er al [6]. The
third row represents the semiempirical estimations. The fourth
row shows MBPT results.

a (MHz) b (MHz) ¢ (kHz)
50.28827(23) —0.4934(17) 0.56(7)
50.275(3) [6] —0.53(2) [6] -

47.6 142 O (b) L1Q (X uy)
48.51 [17] 139 Q (b) 0.68 Q (b X wy)
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orbital. Roughly approximating this radius with the
rms charge radius of (r2)!/2 = 4.807 fm one arrives at
Q) m (13Cs) = 0.022 bX . Compared to our inferred
value, the nuclear shell model underestimates the mag-
netic octupole moment () by a factor of 40. The reason for
this discrepancy is not clear and Q('33Cs) may present an
interesting test case for nuclear-structure calculations.
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