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Hyperfine-structure investigation of highly excited 2D levels in ¥Rb and *3Cs using a cw

tunable dye laser in a two-step excitation scheme*

S. Svanberg' and P. Tsekeris

Columbia Radiation Labaratory, Department of Physics, Columbia University, New York, New York 10027
(Received 12 December 1974)

The hyperfine structure of several highly excited 2D states in ’Rb and '33Cs has been measured. The
D -state atoms were produced in a two-step—excitation process. In the first step, multiple scattering of
the strong alkali-metal D, and D, lines from an rf lamp was used to excite atoms into the first excit-
ed 2P levels. The intense tunable radiation from a cw dye laser was used in the second step to trans-
fer P-state atoms into highly excited D states. Level-crossing and optical-double-resonance techniques
were used for the determination of the absolute values of the hyperfine-interaction constants. The fol-
lowing results (in MHz) were obtained for the magnetic dipole and the electric quadrupole interaction
constants a and b: For ¥Rb, |a(6?D;,,)| = 7.84(5), | b (62D ;)| = 0.53(6) (b/a > 0), |a(6°Ds,;,)|
= 3.6(7), |a(7D )| = 4.53(3), |b(72D3;,)| = 0.26(4) (b/a > 0), |a(7?Ds;y)| = 2.2(5). For '*Cs,
{a(87D )| = 3.988), |a (87D 5| = 0.94), |a(®?Dyp)| = 237(3), |a(®?D5)| = 05(2), |a(107D )|
= 1.52(3), |a (102D ;)| = 0.4(2). The a factors generally deviate strongly from the values expected in
a one-electron picture of the alkali-metal atom indicating the importance of polarization and correlation
effects for these states. For ®’Rb a comparison with a recent calculation including polarization effects is
made. The b factors for ®*’Rb are the first significant values allowing a calculation of an alkali-metal-

atom nuclear quadrupole moment from non-P -state data.

I. INTRODUCTION

The alkali-metal atoms have a particularly sim-
ple electronic structure and a very detailed theo-
retical understanding of their properties could
perhaps be expected. An atom with a single elec-
tron moving in the combined potential from the
nucleus and a core of closed electron shells is
certainly well understood and an accurate diagram
of electronic energy levels can be constructed
without too much effort. The spin dependence of
the exchange forces between the valence electron
and the individual core electrons can, however,
give rise to an imbalance (polarization) in the
closed electron shells, which can be interpreted in
terms of excitation of core electrons to outer or-
bits. Whereas such core excitations have a minor
effect on the gross features in the energy-level
diagram, such atomic parameters as fine- and
hyperfine-structure coupling constants can be ap-
preciably affected. The breakdown of a pure one-
electron description of the alkali atom is evident
from a study of the fine-structure intervals for D
and F doublets.! Many of these doublets are anom-
alously narrow or even inverted.

Investigations of the hyperfine structure (hfs) of
excited states in alkali atoms are of great interest
not only from the point of view of an understanding
of the basic atomic interactions, but also for the
determination of nuclear moments.? The investiga-
tions require high-resolution methods like optical
double resonance (ODR) or level crossing (LC) as
the hfs is generally small compared to the Doppler
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width of the optical lines. Until recently accurate
experimental studies of alkali-metal hfs have been
confined to the sequences of P states, which are
readily available for observation through direct
excitation with resonance radiation.

So far D-state hfs data has been very limited.
Studies of non-P states have been obstructed by the
difficulty to produce such states. Archambault
et al.® could circumvent the selection rules for
electric dipole radiation by using electron bombard-
ment and could make rough estimates of the hfs of
the 52D, state in Na?® and the 92D, , state in
Cs'%, With the recently introduced cascade de-
coupling® and cascade rf spectroscopy methods®
the Columbia group has investigated the hfs of
several low-lying S and D levels inthe alkali-metal
atoms.®

Recently we have reported a two-step excitation
method which allows us to get access to more
highly excited states in the alkali atoms.” In the
first step the strong D, and D, lines from an rf
lamp are used to transfer atoms from the ground
S state to the first excited P states. In the second
step the intense, tunable radiation from a cw dye
laser, operating with rhodamine 6G, is used to
excite atoms from one of the P levels to a highly
excited S or D level.  From such levels, P and F
levels are also populated in the cascade decay.
Using this method in conjunction with conventional
ODR and LC techniques we have reported prelim-
inary results for the absolute values of the hyper-
fine coupling constants for a number of highly ex-
cited D and F levels in Rb and Cs.® We have now
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1126 S. SVANBERG AND P. TSEKERIS 11

extended our measurements to other states and
increased the accuracy, and the results for ten D
states in ®'Rb and !33Cs are reported in this work.

In Sec. II of this paper the two-step excitation
method is described. In Sec. III some brief theo-
retical comments on the various experiments are
made. Experimental details are given in Sec. IV.
In Sec. V we describe our ODR and LC measure-
ments. Finally, the results are analyzed in Sec.
VI

II. TWO-STEP OPTICAL EXCITATION IN
CONJUNCTION WITH A DYE LASER LIGHT
SOURCE

As electric dipole transitions connect states of
opposite parity, a two-step process is needed for
a radiative transfer of atoms between states of
the same parity. A cascade method* or a two-
step excitation scheme has to be used. The pro-
cess of two successive optical excitations is in
general not very probable because of the short
lifetime of the intermediate atomic state. The
success of a two-step excitation experiment thus
very much relies on the efficiency of the light
sources.®”!! With the great achievements in the
technology of tunable lasers, very efficient light
sources have become available for atomic spec-
troscopy.'2"1*

The principles of the two-step excitation method
that we have used are shown in Figs. 1 and 2,
where the explicit case of cesium has been chosen.
Figure 1 displays the cesium level diagram with
the D, and D, lines, used in the first excitation
step, indicated. These lines are produced by a
powerful rf lamp. The cw operation region for the
tunable laser, using rhodamine 6G as a dye, is
indicated on the wavelength scale, starting from
the first excited 2P levels. Thus the most con-
venient wavelength region for a cw dye laser in
the second excitation step covers a large number
of levels just above those levels which can still
be investigated by cascade rf spectroscopy using
a single conventional lamp.® In Fig. 2 the scat-
tering-cell arrangement and the observation of
light released after a two-step excitation of the
92D, ,, Cs level is illustrated. Here the laser was
tuned to the 62%P,,,-92D,,, transition. The light
was observed in the second step of the two-step
decay, as the light emitted in the first step (92D, -
7%P,,,) consists of ir photons, which cannot be
detected by ordinary photomultiplier tubes. The
two light sources are at right angles to each other
and the volume in the resonance cell where atoms
interact with both light beams is about 0.5 cm?.

In the detection beam a filter is inserted, which
selects the detection line and suppresses the laser

and the lamp lines as much as possible. However,
a direct leakage of the detection line from the rf-
lamp line spectrum can of course only be prevented
by a filter, eliminating this line from the rf-lamp
output. From the recording in the right part of
Fig. 2 it is seen that with the filters we used in
this particular case there is no direct leakage of
lamp light, whereas a substantial laser-light leak-
age into the detection channel is evident. With
proper filters, however, unwanted light can be
completely suppressed. With the laser we have
used it was possible to sit on a line without re-
tuning for 1 to 1 h. We did not use any tempera-
ture stabilization of our laser environment.

In a two-step excitation process it is essential
to produce a reasonably large population of atoms
in the intermediate level. As the lifetime of the
first 2P states in the alkali metals is only a few
tens of nanoseconds (30 nsec for Cs) a high pump-
ing rate is needed. This is of course most effi-
ciently accomplished with a tunable laser in this
step too. However, cw tunable dye lasers so far
do not operate at the wavelengths proper for the
heaviest alkali atoms. It is instead possible to
work with an rf lamp and take advantage of radia-
tion trapping of the D, and D, lines, which have an
absorption oscillator strength close to unity. At
a high atomic density, in the multiple-scattering
process, an incoming photon can excite several
ground-state atoms into a 2P state!! so that more
P -state atoms will be available for laser excita-
tion. Thus at the usual operating temperatures
(~100 °C for Cs, ~120°C for Rb) with about 103
ground-state atoms per cm? we estimate that we
have ~10° P-state atoms in the interaction volume
assuming 10® primary excitations per atom per
second and ten steps in a multiple-scattering chain.
Experimentally we detect 108-10°% photons/sec in a
solid angle of about 0.15 sr, depending on what
particular state is studied and what detection line
is used. Considering also branching ratios and the
quantum efficiency of the photomultiplier cathode
we conclude that we have in total 10'°-10'2 laser
excitations per second out of the 2P state. Because
of the mode structure of the dye laser (mode
spacing 550 MHz, mode width ~50 MHz) only about
# of the 2P -state atoms, which have Doppler dis-
tributions of half-widths close to 1000 MHz, have
the right velocity with respect to the laser-beam
direction to be excited by the laser. In multimode
operation our laser has about 50 competing modes
between which we have a very rapid mode hopping.
Thus, a large fraction of the total time the laser
is lasing on modes which do not “hit” the desired
atomic transition. However, due to the quick
mode hopping we still have a quasicontinuous ex-
citation. Regarding the above facts we conclude
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FIG. 1. Energy-level diagram for Cs, with wavelengths
relevant for two-step excitation indicated.

that at times when the laser hits the atoms we
have an excitation rate of the order of 10%-10°

per second for the atoms in the right velocity
groups. Typical decay rates for the highly excited
states investigated in this work are ~107 per sec-
ond. Thus, light-induced broadening and light
shifts in the resonances we observe should be
negligible. Experimentally this is also verified.
In testing experiments, where different light in-
tensities were used we see no significant influence
on well-resolved signals.

The excitation scheme we have employed can
conveniently be used in conjunction with conven-
tional ODR and LC techniques with continuous
photon detection. As the mode-hopping frequency
is sufficiently high the light-intensity fluctuations
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can be averaged out using a reasonably small time
constant on the lock-in amplifier. Of course the
signal-to-noise ratio is much improved if single-
mode operation is used. With a pulsed dye laser
pumped by a flash-lamp or a nitrogen laser, high
peak powers are easily obtained and saturation is
reached for the transitions. However the low duty
cycle of such systems (typically 1 part in 10°)
causes an average counting rate much inferior to
what is obtained with a low-power cw laser. In
addition, the strong peak powers at pulsed lasers
cause shifts and broadening of resonance lines so
that a continuous photon detection in ODR and LC
experiments cannot be used even if a high repeti-
tion rate is employed. Pulsed lasers are thus less
suitable for the type of experiments we have per-
formed.

III. THEORETICAL COMMENTS ON hfs
DETERMINATIONS

The hfs of an atomic energy level in the presence
of a homogeneous external magnetic field H is ade-
quately described by the Hamiltonian®

3(1-JP+21-F 1@ +1PEI +1)
21 (21 -1 (2J ~1)
+8,;upHI, — g/ ugHI, . 1)

H=ahl-J +bh

Here the first term describes the magnetic dipole
interaction between the nucleus of spin angular mo-
mentum I and the electronic shell with a total an-
gular momentum J. The dipole interaction con-
stant a gives the characteristic strength of the
interaction. Similarly, the second term repre-
sents the electric quadrupole interaction between
the nucleus and the electronic shell, and the quad-
rupole interaction constant b gives the strength of
the coupling. The third and fourth terms describe
the direct interaction between the magnetic field
and the electronic and nuclear magnetic moment,
respectively. The strength of the coupling is pro-
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FIG. 2. Left: Scattering-cell arrangement with the different light beams indicated. Center: Energy-level diagram
illustrating the two-step excitation of the 92D/, level in Cs. The fluorescent light is detected in the second step of the
two-step decay back to the ground state. Right: Recording of the detector output for the situation shown in the center
of this figure. Various excitation combinations are shown to illustrate the two-step excitation process.
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portional to the electronic g, factor and the nuclear
g factor, respectively. For a system with one
electron outside completely closed shells the
Landeé g, factor is given by

JE+1) =1 +1)+s(s +1) 1
2j (j +1) ’
Here the quantum numbers have their usual mean-
ing, and we have g,=2.002 32. The Schwinger cor-
rection factor has been applied to g;. For alkali-
metal atom S and P states, Eq. (2) has proved to
be valid to a high accuracy (better than 0.2%).*®
For D states, (2) yields g; (®D,/,)=0.7995 and
8r (2D5/2) =1.2005.

Corresponding to the Hamiltonian (1) the energy-
level diagram for the hfs of an electronic level is
obtained by diagonalization of the corresponding
energy matrix. In Fig. 3 a level diagram for a
2D,,, state in ®'Rb is shown as an example. Here
dimensionless units have been used for energy and
magnetic field. The goal of ODR and LC experi-

gr=(g-1) (2)

J

ments is to determine the values for, or relations
between the characteristic constants a, b, £,
and g; by observing energy-level crossovers or
rf resonances between magnetic sublevels. We
have used the LC method for the study of the hfs
of the highly excited 2D, ,, states in ®'Rb and '3Cs,
whereas the ODR method proved to be more use-
ful for the corresponding 2D, ,, states.

In Fig. 3 four crossing points between levels with
magnetic quantum numbers m differing by 2 units
(A m =2 crossings) are indicated. In a resonance
scattering experiment, in which a coherent excita-
tion of magnetic sublevels and a likewise coherent
detection is made, the high-field level crossings,
like the zero-field crossing (Hanle effect), are
observed as a change in the intensity and polariza-
tion distribution of the fluorescence light. The .
details of a scattering process involving an initial
state ¢, an excited state e, and a final state f are
given by the Breit-Franken formula for the scat-
tered intensity R(&, w)'e;

RG-C, T T (nle-plpw)Cule-pln){n'| u-plvXviu-plw 3)

R T, +iw,,
Here ¢ and # are the polarization vectors for the
exciting and detected light, respectively, and p is
the momentum operator of the atom. C, is a pro-
portionality constant. The summation is made over
pairs of magnetic sublevels # and #»’ in the excited
state e and over magnetic sublevels p and v in the
initial state ¢ and the final state f, respectively.
T', is the spontaneous decay rate of the excited state
(T"'=1/7, where T is the natural lifetime). The en-
ergy difference between a pair of excited state sub-
levels n# and »n’ is Zw,,». The intra-atomic inter-
ference effect leading to the crossing signal takes
place only in the region of mutual level overlap
within the natural radiative width T, /27=1/277,.
In order to obtain a well-resolved signal struc-
ture the ratio between the hfs and the radiative
width should be appreciable. For a/(T'/27)=10
nicely resolved signals are generally obtained. By
choosing a proper geometrical arrangement, to be
described later, the level-crossing signals can be
detected with Lorentzian line shapes in a good
resolution case.

From the Hamiltonian (1) and Fig. 3 it is evident
that by measuring the positions of the crossings
only the ratios a/g; and b/g; can be determined.
In practice, the g,- independent ratio b/a is
determined from the relative positions of the
crossings. With b/a given, the a value is obtained
from the actual crossing field values using an ex-
perimental g; factor or by utilizing (2).

Equation (3) is derived under the assumption of
equal populations for all the sublevels of the initial

state and excitation with light with a “white” fre-
quency distribution. An analysis of level-crossing
data using (3) in cases when a/(I'/27) is small

2
D3/2

0 1 2 3 4 5
9, Mg B
ha

FIG. 3. Energy-level diagram for the hyperfine struc-
ture of a 2Dy, level in 8'Rb (nuclear spin I=J). Dimen-
sionless units are used for energy and magnetic field.
The Am =2 level crossings are indicated using the sym-
bol F,mp; F',mg), specifying the quantum numbers for
the participating levels.
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depends critically on the experimental fulfillment
of these assumptions. In our case the starting
level for the coherent scattering process is a
short-lived 2P state, produced by unpolarized light
irradiated in the direction of the magnetic field

(o light). Clearly, the different sublevels get dif-
ferent populations in the primary excitation. In
the multiple-scattering process, however, the
light has an isotropic nature and the populations
level out efficiently. A nonwhite laser excitation
is not disturbing as long as individual level-cross-
ing signals can be identified. As unpolarized light
in the direction of the magnetic field is used in the
first excitation step there is no coherence transfer
from the first to the second step.

If the observation of light is not performed di-
rectly in the decay of the excited state but in the
second step of a two-step decay over a branching
state b, the scattering process is described by
a formula given by Gupta, Chang, and Happer.®
Thus

RE,w)=C, 3 3 S (kBlmyn'|BlE)

v’ kR pV
(R uBlv)(vlu-Bl k)
x(nl e Bl w)(pl é-Bln’)
X (T 41 Wny e JTHIy + 2wy )7, (4)

where the summation is over pairs of sublevels

n, n' and k, R’ in the excited state ¢ and the branch
state b, respectively, and over sublevels . and v
in the initial state ¢ and in the final state f. C, is
a proportionality constant. The other symbols
have the meaning defined in the context of Eq. (3).
Equation (4) contains the product of two resonance
denominators, one for level.crossings in the ex-
cited state and one for level crossings in the
branch state. Thus it is difficult to observe high
field level crossings in cascade experiments un-
less the crossings in the excited and branch states
occur in the same fields within the natural radia-
tive widths. On the other hand the Hanle effect

in a cascading process is easily observable.

In ODR experiments rf transitions between dif-
ferently populated sublevels are detected by a
change in the intensity and polarization distribu-
tion. ODR experiments are particularly simple to
analyze in zero-field-, Zeeman-, or Paschen-
Back-region experiments. We performed our ODR
experiments in the Paschen-Back region. Using
first-order perturbation theory and neglecting the
small quadrupole interaction term we obtain for
the energy E of a sublevel with quantum numbers
m, and m,,

E=g;ugHm; -g/ ugHm, +ahm,m, . (5)

With the selection rules for magnetic dipole transi-
tions Am,; =+1, A m =0 we obtain, for the
Paschen-Back region, rf resonances Vg »

Vony =g ;ugH/h +ahm, . 6)

Thus we obtain 2/ +1 resonances symmetrically
spread around the center of gravity corresponding
to the particular g; factor. Like for the LC signals
the width of ODR signals are essentially deter-
mined by the radiative width of the participating
levels. However, a resolved ODR signal broadens
with increasing rf amplitude H,. Thus for the mea-
sured full half-width Av we have

OV = e [ 1K (H 7Y 4w ], ™

Here K is a constant.

The positions of the signals in ODR and LC ex-
periments are the same for normal and inverted
hfs. Therefore only the absolute values and the
relative signs of a and b can be determined in
measurements of the kind we have performed. A
number of methods can be used for determining
the absolute signs. For example, by observing
the signs of dispersion-shaped level-crossing sig-
nals a judgement between normal and inverted
hfs can be made.'” The sign of the interaction con-
stants can also be determined by decoupling spec-
troscopy.*' ¢ '® Another method is to perform LC
or ODR experiments in parallel magnetic and elec-
tric fields. In such experiments the relative signs
of the interaction constants a and & and the elec-
tronic tensor polarizability @, is obtained,'® and
the sign of @, can in many cases be calculated with
confidence. As a matter of fact the last method
has been used for the sign detérminations of the
states studied in this work. These Stark-effect
measurements are described in detail in a dif-
ferent paper 2°

In performing experiments on the highly excited
alkali states it is very valuable to have estimates
on absorption oscillator strengths, natural life-
times, and branching ratios. For the alkali-metal—
atom P states the Coulomb approximation method
of Bates and Damgaard®' has proved to be very
reliable and an agreement within 10%, between ex-
perimental and theoretical lifetimes has generally
been obtained. Thus this method should be reliable
in predicting the radiative properties of highly ex-
cited P and non-P states. We have made extensive
computer calculations for the alkali-metal atoms
using the Bates and Damgaard method.

IV. EXPERIMENTAL ARRANGEMENT

Our experimental arrangement is based on the
apparatus described in Ref. 6. However, a number
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of modifications were made and therefore we give
a brief description of the setup we have employed.
A schematic diagram of our apparatus is shown in
Fig. 4.

The generation of light, released after the two-
step excitation process, was accomplished in the
resonance cell. In most of the experiments we
used quartz cells, 15X 20X 65 mm with small flat
parallel windows, through which the laser beam
passed. The cell was placed in a combined rf
cavity and oven. The cells had a stem which could
be cooled by compressed air. In this way it be-
came the coolest part of the cell, thus preventing
the accumulation of metal on the small windows,
which especially in the LC experiments, was in-
tolerable due to the difficulty of adequately elimi-
nating the laser background light with filters. The
cells were prepared with a small amount of natu-
ral 13%Cs or isotopically enriched 8’Rb (99.3%).

For the generation of the D, and D, lines used in
the first excitation step, a powerful rf lamp was
constructed. An alkali-metal lamp cylinder 80
X 30 mm was placed in an electrically heated oven
and was excited in the six-turn coil of a push-pull
oscillator. The oscillator operated at about 30
MHz and at a power level of about 150 W. No fill-
ing of inert gas was used in the lamp cylinders.

The light for the second excitation step was pro-
duced by a tunable dye laser, operating with rho-
damine 6G in a methanol solution. We used a
Spectra-Physics model 370 dye laser, which was
pumped by the 5145-A line or the all line output of
a Spectra-Physics model 165-03 argon-ion laser.
The dye laser covered the wavelength region
5550-6300 A. In multimode operation an output of
up to 300 mW is obtained at the peak of the fluo-
rescence curve of rhodamine 6G (~5900 7\), when

147 MHz CAVITY  POLARIZATION

S. SVANBERG AND P. TSEKERIS

11

2 W in the 5145-A line of the argon-ion laser is
used for the pumping. We calibrated the wave-
length scale of the laser by observing with the eye
the fluorescence in the D, and D, lines of a heated
Na cell. In the measurements we also frequently
used a well-calibrated grating monochromator to
set the laser within 1 or 2 A from the wanted line.
The fine tuning was always done by observing the
fluorescence light released after the two-step ex-
citation. The dye laser had an output band width
of about 0.3 A (~25 GHz). The output consists of
several modes as discussed before. The mode
spacing corresponding to a cavity length of 28 cm
is ~550 MHz. With an intracavity etalon assembly,
consisting of an uncoated 3-mm quartz disk and

a 1-mm microscope slide, which could be tilted
independently, operation in a few or even a single
mode could be achieved with a substantial loss of
output power. The studies of the mode structure
were made with a piezoelectrically scanned Fabry-
Perot interferometer. Several of our measure-
ments were performed with a narrow-band opera-
tion.

The output of the dye laser is vertically polar-
ized. To be able to vary the polarization of the
laser with respect to the magnetic field direction,
thus allowing for 7 or o transitions, we used a
broad-band polarization rotator. The laser beam
had a diameter of about 3 mm as it traversed the
resonance cell and the beam was finally dumped
on a beam stopper or power meter head. In the
figure an alternative laser-beam route is shown.
This route was used in measurements where cir-
cularly polarized light was employed. A small
“Cassegrain” mirror was used to direct the laser
beam in the ccatlcr of the converging rf-lamp beam
without obstructing the first-step excitation light
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COIL SYSTEMS , STOVE
¢ LASER
ROTATING !
POLARIZER / @@—g—x /4 PLATE
PM I
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FIG. 4.  Experimental
arrangement in the two-
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step excitation experiments.
The setup for level-cross-
ing measurements is shown
in solid lines, whereas the

LA i modifications shown in
@é—— RF LAMP dashed lines were made for
TOCK=IN some of the optical-double-
AMPLIFIER |- 5 [Q] VBORLI-IFJ%(?{E resonance measurements.
l < mA
N\
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appreciably. In the rf-lamp beam and the detected
beam we used various interference and color glass
filters for selecting the detection line and sup-
pressing background light due to the two light
sources. In the rf-lamp beam it was generally
sufficient to use a Schott RG10 color glass filter
which passes more than 90% of the Rb and Cs D,
and D, lines but blocks all non-ir lines. In the
detection beam we generally used a 2 in.X2 in. in-
terference filter with a 50-A bandpass together
with a Schott color glass filter to further reduce
the unwanted light. The fluorescent light was
detected by an RCA C31000 F photomultiplier tube
which could be placed away from the region of
strong magnetic fields by using a light pipe.

In our measurements we used lock-~in techniques
for obtaining a good signal-to-noise ratio. In the
LC measurements a rotating linear polarizer was
used in the detection beam to provide the modula-
tion. A reference signal was taken out from the
rotating polarizer and fed to the lock-in amplifier.
In the ODR measurements we modulated the rf
oscillator with a square wave of low frequency and
thus detected the change in the fluorescent light
due to the rf transitions. The lock-in signal was
stored in a PDP-8/S computer, which also con-
trolled a linear magnetic field sweep. The accu-
mulated signal could be displayed on an oscillo-
scope and read out on a teletype.

The magnetic field necessary in these measure-
ments was produced in two systems of Helmholtz
coils. One system provided a steady field pro-
portional to the voltage reading of a voltage bridge
connected over a precision resistor. The other
system was used for sweeping the field through
the studied signals repetitively in the signal aver-
aging process. The Helmholtz coil systems were

INTENSITY
(ARB. UNITS)
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FIG. 5. Level-crossing signals for the 6 and 72Dy,
states in 8'Rb. The sampling time for each of the curves
is about 1.5 h. The solid lines were drawn for the guid-
ance of the eye and are not theoretical fits.

calibrated by optical pumping in ®*Rb on several
occasions during the run of these experiments.
Very consistent results were obtained. For low
fields (<20 G) the main field calibration was ac-
curate to 0.2% and for high fields it was consid-
erably better. The nonlinearity of our sweep field
was below 1%. The components of Earth’s mag-
netic field perpendicular to the main field direc-
tion were compensated by two additional Helmholtz-
coil systems.

For the ODR measurements a 147-MHz cavity
was used. The cavity was fed by a General Radio
unit oscillator followed by an rf amplification sys-
tem. The frequency was measured by a digital
frequency meter.

V. LEVEL CROSSING AND OPTICAL DOUBLE-
RESONANCE MEASUREMENTS

A. Level-crossing measurements on the 6 and 7
’D,, levels in *'Rb

The LC method was chosen for measuring the
hyperfine coupling constants a and 6 for the 6 and
72D, ,, states in ®Rb. As it is very difficult to ob-
serve high-field level crossings in a cascade pro-
cess, the detection of the fluorescent light has to
be made directly following excitation of the 2D,,
level. Thus we induce ¢ transitions from one of
the 52%P levels and detect the light released in the
decay down to the other of the two 52P levels. It
is not possible to detect the decay to the same 2P
level because of the stray-light from the strong
laser beam passing through the cell walls. Even
the detection of the decay down to the other fine-
structure level is not quite problem free as the
wavelength difference between the laser light and
the detected light is only about 80 A. The inter-
ference filters we used were not narrow enough to
suppress the laser light completely. By painting
big parts of the cell and the interior of the appa-
ratus black, the stray light could be reduced but
still it frequently had the same intensity as the
fluorescent light., However, the stray light was
not very detrimental to the signal-to-noise ratio
as the laser light intensity averaged over all
modes was quite stable, whereas the intensity of
the mode(s) hitting the atomic transition was fluc-
tuating as discussed above. The detection line as
well as all other visible and uv lines were elimi-
nated from the rf-lamp output by a RG 10 color
glass filter.

The level diagram for the 2D, ,, states in 3’Rb
has already been shown in Fig. 3. Out of the four
A m=2 level crossings only the first three are
suitable for detection. In Fig. 5 experimental
curves for the 6 and 72D,,, levels are displayed.
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In order to obtain accurate values for the hfs
coupling constants we made several runs where
the magnetic field sweep only covered a small
region over the first crossing or over the second
and third crossings. The direction of the steady
field was also shifted with respect to Earth’s field
whereas the direction of the sweep field remained
the same. By taking averages over complimentary
runs the effects of Earth’s field, time constants,
and uncertainties in the sweep could be virtually
eliminated. Before each series of measurements
the phase of the lock-in amplifier was carefully
adjusted so that for the Hanle signal a completely
symmetric curve was obtained. In this way any
dispersion-type signal contributions, caused by
the geometrical arrangement, could be eliminated.
Because of the slight variation of the matrix ele-
ments of Eq. (3) over the half-width of a crossing,
a very slight admixture of dispersion curve to the
Lorentzian-shaped crossing curve is obtained even
for a perfect geometrical arrangement. The sec-
ond and third crossings in both states slightly
overlap and we calculate corrections to obtain the
undisturbed crossing positions. We obtain for the
first three crossings the field values listed in
Table I. The quoted errors comprise two standard
deviations of the statistical data, a 0.2% magnetic
field uncertainty and estimated errors in the over-
lap corrections as well as the uncertainty due to

a small dispersion-type admixture. For the ana-
lysis of our LC results we assume the theoretical
value g,(2D,,,) =0.7995, which should be accurate
for the precision we obtain. With three measured
crossing positions for each state the a and b fac-
tors are overdetermined. However, the consis-
tency of the results is very good and further in-
dicates that our results are not influenced by light
shifts or other systematic effects. Our results
for the two studied states are

a(62D,,, ®™Rb)| =7.84(5) MHz
| a(6*Dy/s ( \(b/a>0
| 5(6°D,,, *"Rb)| =0.53(6) MHz
and
a(72D.,, 8"Rb)| =4.53(3) MHz
[ ( 3/2 l ( lb 250

| b(72D,,, *'Rb)| =0.26(4) MHz }

TABLE I. Positions of level-crossing signals in 2Dy,
states in 8'Rb (magnetic fields in gauss). The crossings
are identified by the quantum numbers of the participat-
ing levels using the symbol (F,mp; F’ mg).

First crossing Second crossing Third crossing
State  (2,-2;1,0) (3,-2;2,0) (3,-3;2,-1)

62Dy,  9.280 (30)
7%Dg;y  5.392 (25)

15.516 (105)
8.980 (55)

17.712 (105)
10.179 (70)

The b factors are obtained with an uncertainty of
about 15% and represent the first alkali-metal
quadrupole coupling constants obtained for non-P
states.

87Rb was preferred to the other stable rubidium
isotope %5Rb in this investigation because the for-
mer isotope has an about three times larger hfs
than the latter which means that a better resolu-
tion between the level-crossing signals is ob-
tained. For comparison we also made LC mea-
surements on the 62D,,, state of ®*Rb. In this
case the first crossing is isolated, whereas the
second and third crossings overlap into one signal.
The structure closely corresponds to the one ex-
pected for the coupling constants calculated from
the 8'Rb results.

B. Measurements on the 8, 9, and 10 2D3/2 levels in '**Cs

The 8, 9, and 102D, ,, levels in **Cs were stud-
ied in very much the same way as were the Rb?D,/,
states. The energy level diagram for the ?D,,,
states in *3Cs (nuclear spin/ =%) is shown in Fig.
6. The second and third crossings are very close
to each other and cannot be expected to be re-
solved. As the detection line and the laser excita-
tion line are about 200 A apart, the suppression of
the laser light was much simpler than for Rb. In
Fig. 7 experimental curves are shown. For ob-

w

I 1hal /
1= 7/2
L bjg =012

——ET— ‘
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L (47 4;3-D)

I
8 ¥
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FIG. 6. Energy-level diagram for the hyperfine struc-
ture of a 2Dy, state in 1*Cs (nuclear spin I=1). The
Am =2 crossings are indicated.
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taining a good precision short regions over the
signals were covered with the sweep in the aver-
aging process as described above. For the ana-
lysis of the data we assume a vanishing b-coupling
constant, which is well justified considering the
small value of the quadrupole moment of **Cs(Q
=-3 mb). Even for the 2P,,, states, which should
have a higher b/a ratio than the 2D, , states, and
which have a considerably better resolution, the

b factor could in no case be determined to a better
accuracy than 30% as the quadrupole moment is
so small. As the second and third crossings over-
lap into a structureless curve we replace the two
crossings by an “effective” signal, which can be
estimated from the theoretical relative signal
strengths and half-widths. A detailed analysis
was not performed as a high-precision measure-
ment was never attempted since significant quad-
rupole interaction constants can never be obtained
anyway. For the dipole coupling constants we ob-
tain an accuracy of about 2%.

The 2D, ,, states can also be studied with ODR in
the Paschen-Back region for the hfs. As an ex-
ample the signal structure obtained for the 9°D,,,
state in '*3Cs is shown in Fig. 8. According to
Eq. (6) eight signals of approximately equal in-
tensity are expected around the center of gravity
(c.g.) corresponding to g, =0.8. The structure ob-
tained is unresolved with a total width closely
agreeing with the one inferred from the more ac-
curate LC results. From Fig. 8 it is also seen
that the Landé factor calculated from Eq. (2) is

INTENSITY
(ARB.UNITS)
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0 5 10 115 20
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FIG. 7. Experimental curves for L.C measurements on
the 8, 9, and 10 2Dy, states in 1**Cs. Total sampling
time for each curve is about 1 h.

valid to the accuracy needed in our experiments.
Similar experiments were done for the 82D, ,, state.
At the end of this paragraph we present the results
obtained for the studied 2D,,, states in '*3Cs:

| a(82D,,, 1**Cs)| =3.98(8) MHz ,
| a(92D,,, '**Cs)| =2.37(3) MHz ,
| a(102D,,, '33Cs)| =1.52(3) MHz .

C. Optical double-resonance measurements on the 8,9,
and 10 205/2 levels in '*°Cs

As the transition between a 2D, /, state and a
%P, ,, state is forbidden and the laser transition
cannot be used for the detection due to the stray
light, a different detection scheme had to be used
for the measurements of the highly excited 2D,
states in 13Cs. No other direct transition from
the 2D, , states falls within the wavelength region
for which ordinary photomultiplier tubes can be
used. Thus, the fluorescent light released in the
second step of a cascading process has to be stud-
ied. The highly excited 2D, states in Cs decay
with a branching ratio of about 15% into the second
excited 2P, ,, level (72P,,,) and the wavelength for
the transition from this state to the ground state
is 4555 A and can be well isolated from both ex-
citing lines. The diagram in the center of Fig. 2
is an example of this two-step fluorescence
scheme. Schott BG12 and BG18 color glass filters
were useful in further suppressing the background
light. As the LC method is not very applicable in

0DR 92Dy, Cs'33

0% O oo oo v =146.80 MHz
o
° 0% ©°°
° o °° °
° o
0%
o
°
16.6 gauss °
o~ -
o
° o
L]
° o° %o
% o
co o 4 bt 44 % %4 -
o T T T T -
° 120 130 140gauss
C.G.(gJ= 0.8)

FIG. 8. Optical-double-resonance signal structure ob-
tained in the Paschen-Back region for the hyperfine
structure of the 92D, /, state in !3Cs. The theoretical
center of gravity for a 2Dy, state is shown as well as
the expected signal positions calculated from LC data.
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this case for reasons already discussed we used
the ODR technique. Various polarization schemes
were used in these measurements. In early test
runs we used circularly polarized light for the
first excitation step and analyzed the degree of
circular polarization of the fluorescent light. The
laser light was incident on the cell at right angles
to the magnetic field and either 7 or ¢ excitation
was used. Thus the fluorescent light obtains a
circular polarization only because of the orienta-
tion produced in the intermediate P state (62P,,,).
With this arrangement it was very simple to study
the multiple-scattering process occurring at higher
temperature. Thus it is observed that as the flu-
orescent light intensity increases with rising vapor
pressure the polarization strongly declines due to
the isotropic nature of the multiple scattering.
Thus although ODR signals can be observed as a
decrease in the polarization no improvement in the
signal-to-noise ratio is obtained using the multiple-
scattering process. Instead it is more suitable to
induce the wanted polarization in the second excita-
tion step. Circularly polarized or more conve-
niently 7 or ¢ laser light of linear polarization
can be used. The rf fed to the 147-MHz cavity was
100% amplitude modulated for lock-in detection.
We detected the intensity of the o light (¢* and ¢~)
scattered in the direction of the magnetic field. It
was observed, that 7 excitation resulted in a much
stronger resonance signal than did o excitation.
The transfer of rf signals through a branch state
can be calculated using Eq. (4). The process was
theoretically studied by Gupta, Happer, Lam, and
Svanberg.®

The 8, 9, and 102D, levels in 3°Cs all turn
out to have a very small hfs. In the Paschen-Back
region an unresolved signal structure is observed.
Experimental curves are shown in Fig. 9. As in
the 2D, ,, states, eight signals contribute, corre-
sponding to the different values of m,. The signals
should be symmetrically distributed around the
center of gravity corresponding to the g, factor
for the state. The expected position according to
Eq. (2) is indicated in the figure and obviously the
observed positions vindicate the use of this equa-
tion. At the left of each curve the half-width of an
individual signal component as calculated from the
lifetime predicted by the Coulomb-approximation
calculation is shown. The spacing between the
signal components is in frequency units equal to
the magnetic dipole coupling constant a. The in-
tensity of the signal components should be very
closely equal as the used fields decouple the 2D/,
state completely and the 72P,,, state to a very
high extent. From Fig. 9 it is evident that a has
a nonzero value for all states. In order to obtain
information about the hfs we made measuring

series in which we extrapolated the signal struc-
ture half-width to zero rf power. This is very
important as the signal contributions broaden
according to Eq. (7). We also investigated that
we did not have collisional broadening. We found
for the extrapolated half-widths the values 4.5(4),
2.7(4), and 2.3(4) G for the 8, 9, and 102D,
levels, respectively.

In order to relate the experimental half-widths
to the hfs we calculated on a computer the width
of the total signal structure as a function of the a
factor. In Fig. 10 the result is shown for the
92D, ,, state. Three different lifetime values
were chosen, of which the intermediate one (183
nsec) is the prediction of our theoretical calculation,
The experimental half-width is also indicated and
for the a factor an absolute value close to 0.5 MHz
is inferred. The 8 and 102D, , states were treat-
ed in the same way. With a conservative estima-
tion of error, also allowing for possible systemat-
ic errors, we obtain the following results:

| a(82D,,, *°Cs)| =0.9(4) MHz ,
|a(92D,,, 1*°Cs)| =0.5(2) MHz ,
| a(102D,,, 133Cs)| =0.4(2) MHz .
In these experiments resonances in the 72P,,
state should also be obtained, as the oberved light

would be depolarized by population equalization
between pairs of sublevels also in the interme-

v =147.1MHz

o %00

i H

90 95 qauss
2

C.G.(“Dgyp)

FIG. 9. Optical-double-resonance signals for the 8,
9, and 102D;, states in 133Cs. The theoretical center
of gravity for a %D;/, state is indicated. To the left of
each curve the theoretical width for each of the eight
closely spaced signal contributions, making up the
signal structure, is shown.
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diate state.® However, as the hfs is much larger
for this state (¢ =16.61 MHz) the hfs is not com-
pletely decoupled and a large number of reso-
nances correspondingly weak are possible. Fur-
ther, this state has a shorter lifetime (1 =131

nsec) which further decreases the signal strengths.

Consequently, compared to the 2D, ,, signal the
2P, ,, resonances were very weak and were not ob-
served in our experiments.

D. Optical double-resonance measurements on the
6 and 7 205/2 levels in *’Rb

The 6 and 72D, ,, in *'Rb were studied with ODR
in very much the same way as the 2D, states in
133Cg, The investigated rubidium states have a
branching ratio into the second excited 2P, , state
(62P,,,) of about 7%. In the Paschen-Back region
for the hfs four signals are obtained. In Fig. 11
experimental curves and level diagrams, showing
the two-step excitation and the two-step decay are
displayed. A more favorable ratio between the
hfs and the radiative widths is obtained for Rb.
Thus the four resonances in the 62D,,, state give
rise to a partly resolved structure. As in the case
of Cs we do not observe resonances in the 6%P,/,
state of 2'Rb. From an analysis of curves like the
ones in Fig. 11 we obtain the following absolute
values for the dipole interaction constant a:

FULL HALF WIDTH (gauss)

0 0.2 0.4 0.6
a (MHz)

FIG. 10. Diagram for evaluating the dipole interaction
constant a for the 92D;, state is 1%3Cs. Theoretical
curves for the half-width of the ODR signal structure
is shown as a function of a for different lifetime values
7. The experimentally found half-width is compatible
with an a factor of absolute value close to 0.5 MHz.

| a(62D,,, *'Rb)| =3.6(7) MHz ,
| a(72D, ;, ®'Rb)| =2.2(5) MHz .

VI. ANALYSIS

As already mentioned the signs of the dipole in-
teraction constants, measured to absolute value in
this work, have been determined in subsequent
Stark-effect measurements.?® All 2D, ,, states
were found to have positive ¢ factors, whereas the
D, ,, states all have a negative a factor. Theneg-
ative sign, which has been found earlier for lower
D, ,, states, is a striking feature, illuminating
the strong perturbations present for the D states.
In Table II the experimental dipole interaction
constants for 2D states in ®’Rb and '3°Cs are col-
lected. Data for lower-lying states previously in-
vestigated have been included for completeness.
The 2D, , states studied in this work have also been
investigated by level-crossing spectroscopy on an
atomic beam.?® The a values for the 2D, ,, states
given in Table II are mean values from the ODR
and LLC measurements.

In a general treatment of the magnetic-dipole
interaction the following effective Hamiltonian is
obtained?®?:

Hy, =203 g/ [1(r™9, -V10 E-C@H®
X (773) 4 +8(r ), 1.1 . (8)

Here 1,8+ C @)1 and § are the orbital, spin-
dipole, and Fermi contact operators, respectively.
Using this operator for 2D states one can show that
the resulting magnetic dipole interaction constants
a(®D,;,) and a(®Dy,,) can be expressed as

2 2B 81 a0 pmy c2( ) _1(r %))
a(Ds/z)— (5<lr :?1+5<7 >sd s\7 >sy

h
(92)
o
v=146.68 MHz
>
=
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2 7205,
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FIG. 11. Optical-double-resonance signal structures
for the 6 and 72D;, states in 8’Rb. The theoretical
center of gravity as well as the positions of the four
signals making up the observed signal structure are
shown.
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a(zDslz) = i‘%& (%(7-3>l_§%5<7-3>sd + é‘ <7_3>s ).
(9D)

The parameters ( #~3) can be determined if
a(D,,,) and a(®D,,,) are measured, and if one more
independent relationship between the parameters
(7~3) is known from experiment. This can be
found by making measurements in magnetic fields
strong enough to decouple the spin and angular mo-
menta of the electron. Actually, such high-field
measurements have been performed for the 42D
state in rubidium by Liao et al.?® It was found that
(r=3), and (") 4 have opposite signs and the pa-
rameter (¥~3), is very large. In his recent per-
turbative calculations for 2D states in rubidium,
Lindgren®* obtains similar results also for the
higher members of the D sequence. High-field
experiments for these states are in preparation in
Goteborg. For cesium no experimental or theo-
retical results for the individual (#»~3) parameters
are available.

The quadrupole interaction constant b is related
to the nuclear quadrupole moment by the equa-
tion

& 2j-1
o 2j+2

b= Q(r 2, , 10)

TABLE II. Experimental magnetic dipole interaction
constants for 2D levels in 8’Rb and 3Cs.

: Qexpt bexpt
Element State (MHz) (MHz)
*"Rb 42Dy, 25.1(9)2
4Dy, -16.9(6) 2
52Dy, 14.43 12)®
5Dy, - 744 (6)®
62Dy, 7.84 (5) © 0.53 (6) ©
6Ds/, - 34 (°
7Dy, 4.53 ) © 0.26 (4)°©
7Dy, - 2.0 @3¢
BCs 62Dy, 16.38 (5) ¢
62Dy, - 3.0 (1.0)¢
82Dy, 3.98 (18) ©
8Dy, — 0.85(20) ¢
92Dy, 2.37(3) °
9Dy, — 0.45 (10) ©
102Dy, 1.52@)°
102D, - 0.35(10) ¢

2Reference 23.

YReference 5.

°This work and Ref. 20.

dc. Tai, thesis (Columbia University, 1974)unpub-
lished).

where (¥™%), is the radial parameter for the quad-
rupole interaction. For P states (¥~%), can be ob-
tained from {(7~%), using the correction factors
calculated by Sternheimer.?® Sternheimer has also
calculated corresponding correction factors for D
states.?® These factors are, however, hard to ap-
ply for the strongly perturbed D states in rubidium
as discussed by Lindgren.?*

It seems that the hyperfine structure of the D
states of the rubidium can be calculated to some
reliability only by elaborate ab inifio calculations,
e.g., of the many-body perturbation type. Some
first results have been obtained by Lindgren,*
who lists the (#~3) parameters for the 4-82D
states with the effect of second-order polarization
included. In Table III the experimental a and b
factors for the 6 and 72D states of ®'Rb are listed
together with a factors, calculated by Eqs. (92)
and (9b) and using Lindgren’s (¥~%) parameters.
The table also contains the values of the quad-
rupole moment deduced from the experimental &
factors using Eq. (10). @, are the calculated
values using Lindgren’s ("%  parameter, where-
as @, are values obtained in a semiempirical pro-
cedure, utilizing the experimental magnetic hfs to
correct the (7~%), parameter.** The calculated @
values are to be compared with @ =0.13 b, the
value obtained from the comparatively undisturbed
2p,,, states of ®'Rb. Although the theoretical a
factors are a factor of about 2 too small, the cor-
rect signs and the correct ratios are obtained. A
reasonable value for the quadrupole moment is
also obtained. Clearly, the calculations must be
performed to higher order including also correla-
tion effects before a more detailed agreement can
be expected. However, the results obtained so far
seem to encourage further work, theoretically as
well as experimentally.

TABLE III. Comparison between experimental values
for 3"Rb and values calculated using Lindgren’s para-
meters (Ref. 24). Calculated values for the quadrupole
moment are from D-state data.

@theor @expt bexpt Qa Q b
State (MHz) (MHz) (MHz) (b) (b)

62D,y 3.26 7.84(5) 0.53(6) 0.21  0.17
62D/, —-1.52 —-3.4 (5)
72Dy, 2.00 453(3) 0.26(4) 0.18 0.15
7D/, —0.88 -2.0 (3)

@ correct"=0.13
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