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Fine- and hyperfine-structure investigation in the 5 D-n Ii series of cesium
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The authors have studied the fine-structure splittings in the F sequence of states in the cesium atom using

high-resolution laser spectroscopy. The experiments were performed with a single-mode laser acting on the
transitions from the lowest D state to the different F doublets. The Doppler broadening was reduced to about
20 MHz by means of the techniques of collimated atomic beams. For populating the D state, a further laser
acting on the transition from the ground state to the second excited P state was used. About 10% of the P-
state atoms decay to the 5'D levels. All the studied F states were found to be inverted, with splittings as
follows: bE(10 F) = —873.2(2.0) MHz, bE(11 F) = —667.2(2.0) MHz, bE(12 F) = —522.0(3.0} MHz,
bE(13 F) = —416.0(3.0) MHz, bE(142F) = —336.8(1.0) MHz, bE(15 F}= —276.3(1.0) MHz,
bE(16 F) = —229.3(1.0) MHz, and bE(17 F) = —190.5(2.0) MHz. The results are compared with recent
theoretical calculations. A further result of the present investigation is the hyperfine structure of the
5 D3/25/2 states of '"Cs. For the magnetic dipole interaction constant a and the electric quadrupole interaction
constant b the following values were obtained: a(5 D3/2) = +48.6(2) MHz, b(5 D3/2) = 0.0(8) MHz,
a(5'D~/2) = —21.2(1) MHz, b(5 D, /, ) = 0.0(1.0) MHz. The inversion of the 5 D&/2 state is especially
noteworthy, but cari be explained as due mainly to strong polarization effects.

I. INTRODUCTION

The fine-structure splittings in series of alkali-
metal atomic states have attracted considerable
interest during the last few years. Strong devia-
tions from hydrogenlike behavior, including inver-
sion of level ordering, were observed quite early
for low-lying states of certain level sequences. '
These perturbations have motivated a detailed ex-
perimental and theoretical study of the spin-orbit
interaction in sequences of alkali-metal states.
As the fine-structure splittings of high-lying
states are quite small, especially for non-P
states, high-resolution methods are needed.
Laser techniques provide both an efficient popu-
lation of highly excited states as well as a resolu-
tion frequently only limited by the radiative width
of the excited state. Thus, Doppler-free two-
photon spectroscopy, ' quantum-beat spectroscopy, '
level crossing, ~ rf resonance' and microwave-
resonance techniques' have been used for studies
in sequences of D states especially, but also P,
E, and G states. A brief review of the general
observations has been given in Refs. 5 and 7. A

very interesting result of the experiments is that
sequences, whose low-lying members have an in-
verted energy-level ordering, stay inverted even
in the regime of high principal quantum numbers
n. Thus, the perturbations causing the inversion
scale with n approximately in the same way as
does the "normal" interaction. Theoretical calcu-
lations for inverted sequences have recently been
performed by several groups. Thus, Luc-Koenig, '
Holmgren et al. ,' as well as Sternheimer et al. '
have all been able to explain the inversion using

different approaches.
The lowest members of the E sequence in cesium

have been known to be inverted for quite some .

time. An extrapolation to higher principal quan-
tum numbers of the data given in Ref. 1 for n=4
to n= 10, would indicate a possible crossover
from inverted to normal level ordering somewhere
above n=10. However, the more recent mea-
surements by Eriksson and %esker" extending
to n = 12 make such a transition more doubtful.
In order to clearly establish the behavior of this
sequence we have performed accurate measure-
ments in the 5'D-n'E spectral series. Results
for the 12 and 13'E states were given in a pre-
vious Letter. " In the present paper we report
the results of an investigation for all the states
ranging from n= 10 to 17. It is found that the
sequence stays inverted and that the fine-structure
splittings can be described by an expansion in odd

powers of the effective principal quantum number

nef f ~

Apart from the fine-structure splittings, the
hyperfine-structure constants for the 5'D, ]2 and
5 D3/Q states were determined with high precision.
As for many other alkali-metal 'D states (see,
e.g. , Hefs. 13 and 14) the 'D», level was found

to be inverted while the 'D, &, level was normal.
From a theoretical point of view the O'D state is
quite interesting because it is the lowest D state
in cesium, which is a heavy atom where relativis-
tic effects can be expected to be important.

Our measurements were performed by observ-
ing fluorescence light from a collimated atomic
beam, irradiated at right angles with a single-
mode dye laser to obtain a narrow linewidth. The
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laser was scanned over the substructure of the
O'D-n~E transition. In order to create the neces-
sary population of the initial D state, we used the
excitation scheme shown in Fig. 1. A multimode
cw dye-laser beam, spatially overlapping the
single-mode laser beam, was tuned to the 6'Sz/
7 +3 /2 transition at 4555 A, and in the decay of
the 7'P, /, state, about 11% and 1% of the atoms
branch into the O'D, &, and O'D3&, states, respec-
tively. These states have conveniently long life-
times around 1 /sec to serve as platforms for a
subsequent D-E excitation. Figure 1 also includes
a diagram showing the substructure of a O'D, &,

-
n'E, &»&, transition. In particular, the hyperfine
splittings of the D state are given, expressed in
the magnetic dipole interaction constant a and the
electric quadrupole interaction constant b. The
diagram is drawn for the case of inverted D-state
hyperfine structure and inverted E-state fine
structure. The hyperfine structure of the E
states is extremely small and is neglected. The
positions of the basic energy levels for high-lying
members of the 'E sequence have been determined
only recently by Mizra and Duley, "who with mul-
tiphoton spectroscopy studied the levels up to n
= 65. By time-resolved fluorescence spectroscopy
gJ values and natural lifetime s for 'E, &, states

ranging from n=11 to 16 were recently measured
in this laboratory" using the excitation scheme
given in Fig. 1. It is interesting to note that the
properties investigated in Hefs. 15 and 16 are
very normal in contrast to those studied in the
present work. In Sec. II of this paper we will
present the experimental arrangement used in
our studies of the anomalous fine and hyperfine
structures. The measurements are described in
Sec. ID, whereas the results are discussed in the
concluding Section IV.

II. EXPERIMENTAL ARRANGEMENT

A schematic diagram of the experimental setup
is shown in Fig. 2. Cesium atoms in an atomic
beam, formed in a vacuum system, were excited
in two steps by the light from hvo cw dye
lasers. The atomic beam was collimated to a
ratio of about 1:50. For the first excitation step
a coumarin 47 multimode dye laser, pumped by
the uv lines of an argon-ion laser, was used.
The dye laser had a mode separation of about 300
MHz. In order to reduce the nonuniformity in the
excitation caused by the random modedrift, the
output mirror of the dye laser was piezoelectrical-
ly rapidly scanned. The single-mode dye laser
(Coherent Radiation Model 599), used in the second
step, was pumped by the light from a krypton-ion
laser. With a pump power of 2.5 W, about 100-
mW single-mode power could be obtained using
the dye rhodamine 66. Part of the light from the
single-mode laser was split off to a monochroma-
tor and three Fabry-Perot interferometers. The
monochromator had a resolution of 30 6Hz and
was used for a rough wavelength setting. Two
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FIG. 1. Excitation scheme used in the studies of
cesium ~I' levels. A diagram showing the substructure
of such a transition for the case of inverted ~-state
fine structure and inverted D-state hyperfine structure
is included.

FIG. 2. Schematic diagram of the setup used in the
laser-induced Quorescence measurements on a colli-
mated atomic beam.
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relative intensities of the individual components
of the studied transitions. Thus, the expected
20:1 ratio of the intensities of the two hyper-
fine-structure patterns is not fully verified in
individual recordings. From the experimental
curve it is obvious that the fine-structure of the
E state is inverted, since the low-intensity lines

appear at higher frequencies. Further, the hy-
perfine structure of the O'D, /, state is shown to
be inverted.

Since the fine-structure splittings in the lower
'E states are larger than the total hyperfine split-
ting of the 5'D, /, state, the experimental curves
for these states will consist of a twice-repeated
line pattern, as is shown in Fig. 3. For states
-with n larger than 12 this is not the case. The
two hyperfine line patterns will then be overlap-
ping. Such a case is given in Fig. 4, where the
5 D5/2-15'E, /, 5/2 transition is shown. Again,
the inversion of the 'E state is evident, and the
same result was obtained for all the other studied
states. In Table I the fine-structure splittings of
the n=10 to 17'E states are given together with
the wave1engths used for the excitation and detec-
tion.

C. Hyperfme structure of the 5 D5y 3/2 states

As has been pointed out earlier in this paper,
the hyperfine structure of the 5'D, /, state is found
to be inverted, i.e., the magnetic-dipole interac-
tion constant a is negative. Since every single
fine-structure measurement in this work also
contains information of the hyperfine structure of
this state, as is seen in Figs. 3 and 4, there is

n ~
state

Fine-structure
splitting (MHz)

Excitation and
detection line (nm)

10
11
12
13
14
15
16
17

-873.2(2.0)
-667.2(2.0)
-522.0(3.0)
-416.0{3.0)
-336.8(1.0)
-276,.3(1.0)
-229.3(1.0)
-1e0.5(2.0)

636.6
628.9
623.1
618.8
615.3
612.5
610.3
608.5

a very large amount of data for the determin-
ation of the hyperfine-structure constants. From
90 registration curves the magnetic-dipole con-
stant a and the electric-quadrupole constant b are
evaluated:

a(5 2D, &,) = -21.2(1) MHz,

b(5'D, i,)=0.0(1.0) MHz.

Similar investigations of the O'D, /, -state hyper-
fine structure were performed. The transition
5 . D3 /2 13 'E, /, was then studied. In Fig. 5 an ex-
perimental curve displaying the hyperfine compo-
nents of the transition is shown. In this case only
the E5 /2 state is reached because of the selection
rule, and the structure is not repeated as it was
in the earlier cases. Also included in the figure
is a diagram showing the studied sublevel struc-
ture. For the magnetic-dipole and electric-quad-
rupole interaction constants we found

a(52D, I,) =+48.6(2) MHz,

b(5'D», ) = 0.0(8) MHz .
The zero result for the quadrupole-coupling con-

TABLE I. Fine-structure splittings for the 10 to 17 I"
states determined in the present work and wavelengths of
the lines used for excitation and detection.
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FIG. 4. Experimental curve recorded for the 5 D5g2

-15 2EY/2 5/2 transition. Because of the small value of
the F'-state fine-structure splitting, the two hyperfine-
structure patterns partially overlap.

FIG. 5. Recording of the 5 D3g2-13 X&g2 transition
showing the hyperfine structure of the 5 D&y2 state,
which is schematically given in the sublevel diagram.
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stants for both states reflects the small value of
the nuclear electric quadrupole moment for '"Cs,
3 mb.

In the error limits given for the 5'D, /, 3/2 hy-
perfine-structure constants and the 'F fine-struc-
ture splittings (Table I), statistical errors and
possible errors in the free spectral range of the
Fabry-Perot interferometer as well as reasonable
remaining systematic errors are included.

IV. DISCUSSION

The measurements reported in this work yield
accurate fine-structure values for several highly
excited 'E states in cesium and clearly show th8, t
this sequence stays inverted fn the regime of high
principal quantum numbers. In Table II experi-
mental and theoretical values for this sequence
are given. The fine-structure values are plotted
in Fig. 6 versus the effective principal quantum
number n, «. (For the F states of Cs the effective
principal quantum. numbers are very close to in-
tegers. ) The theoretical results for the 4, 5, and
6'E states given by Sternheimer et al. ' are too
low to be included in the figure. An attempt to
smoothly join our data points with those for the
lower -states given by Eriksson and Wenaker" is
met with difficulties, which appear particularly
clear if a log-log plot is used. Evidently the
splittings given in Ref. 11 for the n=7, 8, and 9
states are too small. In order to describe the
fine-structure splittings, an expansion in odd
powers of n,«of the type~=A/n3f, + B/ns«+ C/n,'«
can be used. For the D sequences of sodium' and
rubidium' such expansions, using only two terms

(C=0), have been very successful. However, for
the E sequence of cesium a considerably better
fit was obtained by also including an n,« term.
Using the rather well-determined values for the
n=4, 5, and 6 states and the precision values for
the 10 to 17 states, we obtain

A = -S7S.6 GHz, I3 =12 220 GHz, C = -33 760 GHz-.

The corresponding curve is drawn as a full line in
Fig. 6. By using the found expansion, it is pos- '

sible to predict the most likely values for the fine-
structure of the n=7, 8, and S states: -2190,
-1570, and -1150 MHz, respectively.

The theoretical results given by Luc-Koenig'
well describe the inverted E sequence, with an
overestimate of the splittings of slightly more
than 20%. The values calculated for the lowest
sequence members by Sternheimer eI; al."are,
while correctly reproducing the inversion, almost
a factor of 2 too large in magnitude. It is inter-
esting to note that, while a first-order relativistic
central-field approach is taken in Ref. 8, nonrela-
tivistic wave functions are used in Ref. 10, and
the inversion then is explained in terms of con-
figuration interaction. An interesting discussion
on the interrelation between these two approaches
can be found in Ref. 8.

The dipole-coupling constants a, describing the
magnetic hyperfine interaction of the 5'D, /, and
5 D3 /2 state s, were found to b e negative and pos-
itive, respectively. The value of a(5 'D, &,)
had previously been determined by Lam"
using rf spectroscopy. He obtained the value

22.].(5) MHz, which is slightly larger and less
accurate than the value obtained in the present
work. The inversion of alkali-metal atom 'D, /,

TABLE II. Experimental and theoretical values for E-state fine-structure splittings.

2I' state Experimental values (MHz)
This work Eriksson and %enaker

Theoretical values (MHz)
Luc-Koenig Sternheimer et aE.

5
6
7
8
9

10
11
12
13
14
15
16
17

-873.2(2.0)
-667.2(2.0)
-522.0(3.0) '
-416.0(3.0) '
-336.8(1.0)
-276.3(1.0)
-229.3(1.0)
-190.5(2.0)

-5435
-4395
-3109
-2075
-1391
-1019
—714
-737
-405

-6711
-5480
-3864
-2707
-1934
-1417
-1064
-817
-639

-10730
-10268
-6 260

' Beference 11."Beference 8.
Beference 10.
Values given already in Ref. 12.
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FIG. 6. Experimental and theoretical values for the
fine-structure splittings in the 5' sequence of cesium
plotted vs the principal quantum number. The full line
represents the formula obtained for describing the
X-state fine-structure splittings.

states has been successfully explained by Lindgren
and co-workers. " By using many-body perturba-

tion theory a very good agreement with experiment
has been obtained, especially for the 4'D5/2 3/2
state of rubidium. ' While a detailed inclusion of
correlation effects is necessary for obtaining ac-
curate theoretical values, the 'D, /, -state inver-
sions are basically due to polarization effects,
induced in the core owing to the presence of the
valence electron. Lindgren and co-workers have
shown that such effects can be included to infinite
order" and in the context of a previous hyperfine-
structure work on cesium" their computer pro-
gram could be used to generate theoretical values
for the dipole constant for the 5'D, /, and 5'D3/2
states also. The theoretical values of -21.4 and
23.3 MHz, respectively, correctly reproduce the
signs of the coupling constants. However, the
very good agreement in the case of the 5'D, /,
state must be regarded as fortuitous. Apart from
correlation effects, relativistic effects should
also be important for a heavy atom like cesium.
-Presently, a relativistic treatment of polarization
effects is being developed at this department, "
and the 5'D states will be good test cases for the
potential of this refined approach.
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