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The hyperfine structure of the second-excited D states of VRb, 5Hb, and ~~3Cs has been
measured by the method of cascade-radio-frequency spectroscopy and cascade-level cross-
ing. The sign of themagnetic-dipole coupling constant A is determined by the method of
cascade-decoupling and cascade-radio-frequency spectroscopy with narrow-band excitation.
Lifetimes 7' of some of these states are measured by the cascade-Hanle effect. We find

for 878b ~(5 2D3/2) 14.4$ + 0.2$ MHz Q(5 2D5/)) 7.44+ 0.1.0 MHz, T (5 Ds/p) =- 205+ 40
nsec; for 5Bb, A(5 D~/2) = 4.18+0.20 MHz, A(5 D5/2) = -2.12+ 0.20 MHz; for ~ Cs,
A(6 D3/2) =16.30+0.15 MHz, A(6 Ds/2 =-3.6+1.0 MHz, 7'(6 D3/2 = 7+15 nsec.

I. INTRODUCTION

The fine-structure intervals of the D and I" states
of alkali-metal atoms are known to be anomalously
small, and they are often inverted in all of the
alkali-metal atoms except lithium. ' To the lowest
order, the hyperfine-structure intervals should
be closely related to the fine-structure intervals,
and it would be very interesting to measure the
hyperfine structures of some non-P excited states
with anomalous f ine -structure intervals. When we

began this work several years ago we could find
only two reported measurements of D-state hyper-
fine structure. Archambault et al. ' obtained A

& 0.33 MHz for the 5'D, /, state of sodium and
0.195& A. & 0.45 MHz for the 9'D, /, state of cesium.
Brix and Kopfermann' made a rough measurement
of hyperfine constant A of the 6D, /, state of Cs and
they quote a value of +0.0003 cm '. This deviates
from the precise measurement reported in this
work by VO/p.

A major obstacle to experimental studies of the
D states of alkali-metal atoms is the fact that they
cannot be produced by direct optical excitation of
the ground state. In the work reported in this pa-
per we have populated D states by cascade transi-
tions from higher-lying, optically excited P states.
Qur methods of measuring the D-state hyperfine
structures, cascade -decoupling spectroscopy, "
cascade -radio- frequency spec trosc opy, "and cas-
cade —level-crossing spectroscopy are all free of
Doppler broadening and they have a precision
which is ultimately limited only by the natural life-
time of the state.
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cited state e. In our experiments the excited state
is the third excited P state of rubidium or cesium.
The state e decays spontaneously to the branch
state b, and some of the polarization imparted to
the atom by the exciting light is carried over to
the branch state. We do not observe the infrared
fluorescence which is emitted when the atom de-
cays from e to b. In our experiments the branch
state b is the second excited D state of rubidium
or cesium. We observe the fluorescent light emit-
ted when the branch state b decays spontaneously
to the final state f, which is the lowest P state of
rubidium or cesium in our experiments. The flu-
orescence is observed as a function of the magni-
tude of an external static magnetic field. Radio-
frequency (rf) magnetic fields a.re used to induce
transitions between branch-state sublevels in
some of our work.

In any given state, the coupling between the
electronic angular momentum J, the nuclear spin
I, and the external static magnetic field II is as-
sumed to be adequately described by a Hamiltonian
of the form

II. THEORY

The basic scheme of our experiments is illus-
trated in Fig. 1. Polarized resonance light is used
to excite atoms from the ground state g to an ex-
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FIG. 1. Atomic states invo1ved in a cascade-fluoresc-
ence experiment.
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One aim of our work is to deduce the magnitudes
of the coupling constants A and B from an analysis
of the experimental data. We shall assume that
the electronic g factors are given to sufficient
accuracy by the Lande formula (g~ =2.00232)
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gg ——1+ gg —1 2J'(J'+ 1) (2)
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Here m and n label pairs of excited-state sublev-
els, j and k label pairs of branch-state sublevels,
p, labels ground-state sublevels, and v labels
final-state sublevels. The momentum operator of
the atom is p. Frequency (energy xli ') differences
are denoted by ~, and I; and I; denote the natural
decay rates of the excited and branch states. All
hfs (hyperfine-structure) energies are supposed
to be defined by Hamiltonians of the form (1).
Further discussion of (3) can be found in Ref. 5.

For white-light excitation by light of energy den-
sity u (ergcm 'hz ') the factor C of (3) is indepen-
dent of the subscripts m, n, and p. and is

where the constant K is

4 e j.

3 mc h'((ug, )'(2Z, +1)(2I+1)'

Occasionally it is necessary to take into account
nonwhite optical excitation. If we represent the
emission profile of the lamp by a series of Dopp-
ler-broadened lines of central frequencies v, and
of collision broadened widths y„ then

M)M„
2' 2R(T,M„+TP1,)

[Z(g„„~)-Z*(,$ .,).],

where Z($) is the plasma dispersion function, '

For white-light excitation by light of polarization
e and in the absence of any (rf) fields, it has been
shown' that the intensity 4I of fluorescent light of
polarization u emitted into a small solid angle &0
is

2v
2It (M„T, +M, T„)

x[(1/5)(E E„--kv, ) +i(I'„+y, +y„)]. (8)

The gas constant is denoted by A. Also, A is the
mean wavelength of the exciting light, M, and M„
are the atomic weights of the atoms in the lamp
and in the vapor, respectively, T, and T„are the
effective temperatures of atoms in lamp and in the
vapor, y, and y„are collision broadening rates for
the optical lines in the lamp and in the vapor, and
E and E~ denote energies (including the optical
excitation energy) of the excited-state sublevel m

and the ground-state sublevel p, . The natural de-
cay rates of the atoms in the lamp and the atoms
in the vapor are I; and I'„, respectively (I"„=I;in
our case). The total intensity (erg cm ') of the
lamp line l is U, .

Equation (3) describes the fluorescent light in-
tensity if no rf fields are present. However, in
some of our work we use rf fields to induce tran-
sitions between excited-state sublevels. Then a
sharp change of the fluorescent intensity is ob-
served when the quasistatic external magnetic
field tunes the energy splittings of the atoms into
resonance with the radio frequency. Under the
conditions of our work, the static field is large
enough to ensure that the energy eigenstates of
the excited P- and D-state atoms are very nearly
uncoupled states. Then m~ and ml, the azimuthal
electronic and nuclear angular momenta, are very
nearly good quantum numbers. Under those con-
ditions, a rf resonance will be observed for each
value of m, for a rf transition between states m~
and m~ —1 at a frequency given by

v =gg(gs/Il)II+Aml

hA2
+ [(I'+I- m,') + m, (2m~- 1)]+~ ~ ~

2' p,~H

38 [I(I+1)—3m~'] (1 —2m~)
4 J(2J —l)I (2I —1) (9)

In most of our experiments the magnetic field is
sufficiently large and the quadrupole coupling con-
stant B is sufficiently small that all transitions
corresponding to a given value of m, in (9) are
driven at once and no trace of a dependence on m~
remains. If the excited state polarization is not
too complicated, we will then observe an average
frequency [the average of (9) for mz -—J, J' —1, . . . ,
-J+ ll
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p(m~) =g~(ps/h)H +Am~ +2 (I'+I m-~) .
2gr p

(10)
The resonance line shape is a linear combination
of a Bloch line shape and a Brossel-Bitter line
shape, as discussed by Qupta et al.' Since both
line shapes are symmetric and of similar form
for low rf powers, we do not attempt to make a
careful study of the resonance line shapes when
we analyze our experimental data, and we simply
assume that the measured values of II and v at
the center of an rf resonance are related to each
other by Eq. (10).

III. METHOD

A. Decoupling

In a decoupling experiment" the atoms are ex-
cited by polarized resonance light and polarized
fluorescent light is observed. The polarization of
the fluorescent light is found to be a function of
the external magnetic field and by analyzing the
variation in polarization as a function of the mag-
netic field one can deduce the hyperfine structure
of the excited states. Such decoupling experiments
rely on changes in the longitudinal atomic polari-
zation, in contrast to Hanle-effect or level-cross-
ing" experiments, which rely on changes in the
transver se atomic polarization. Although the de-
coupling method is not very precise, it has the ad-
vantage that it is sensitive to the signs of the hy-
perf inc coupling constants.

The apparatus we used to measure the polariza-
tion of the fluorescent radiation as a function of
the magnetic field is shown schematically in Fig.
2. Resonance light from a microwave-powered
lamp after a selection for frequency and circular

polarization, excites atoms in a Pyrex cell con-
taining Rb or Cs to aP state. The D state that we
are investigating is populated by spontaneous de-
cay of P states. The intensity of this D-state
fluorescence radiation is modulated by a rotating
quarter-wave plate together with a fixed linear
analyzer. The modulated light is detected by a
photomultiplier tube, whose output is fed to a lock-
in amplifier for synchronous detection. The alkali
vapor cell is at the center of a pair of Helmholtz
coils. By sweeping the magnetic field, we can ob-
serve the decoupling curve. The operating temp-
eratures of the cells were about 125'C for the 5D
state of rubidium and 115 C for the 6D state of
cesium.

The polarized fluorescence intensity and the total
fluorescence intensity are recorded simultaneously
on a dual-channel strip-chart recorder or in the
memory of a PDP8/S computer. The integration
time is from 1 to 10 min at each magnetic field.
The fluorescence polarization, i.e., the ratio of
the polarized fluorescence to the total fluores-
cence, is our raw data.

We fit the curve of fluorescence polarization
versus magnetic field by Eq. (3) by varying A, a, ,
and 6 to minimize

where P(g) is our experimental result, H is the
magnetic field, Y~(H, , A) is the calculated polari-
zation for cascades through different channels
suc-h as through P,i, or P3&, states, the a~'s are
parameters corresponding to the relative inten-
sity of the fluorescence through different channels,
and b represents an overall background level.
Equation (3) is so complicated that the theoretical
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FIG. 5. Cascade-decoupling data for the 5D~2 state
of Rb with circularly polarized light. The points are
experimental data. The solid lines are calculated from
the hyperfine-structure parameters indicated in the
figure. These data determine the sign and the approxi-
mate magnitude of the D-state A value.
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FIG. 3. Cascade-decoupling data for the 5D states of
Rb. The solid lines are calculated from the hyperfine

parameters and lifetimes indicated in Table III. The
points are experimental data. These data determine the
signs and the approximate magnitudes of the D-state

A values.
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FIG. 4. Decoupling of I~Rb 5D&2 state with exciting
light linearly polarized in the direction of magnetic
field.

values of F~(@,A) = (4I/bQ)(H„&) had to be evalu-
ated numerically with an electronic computer pro-
gram.

In fitting the experimental decoupling curves we
usually used theoretical curves for B=0. We also
investigated the influence of nonzero values of B
on our fits and we found that the accuracy of our
data was insufficient to distinguish between B= 0

and small positive or negative values of B.
Some typical decoupling data are shown in Figs.

3-8. The decoupling data are not too sensitive to
the magnitudes of &, which are determined, for
the most part, by rf spectroscopy (see Sec. III C).
Also, the decoupling method is not too sensitive to
the lifetimes of the excited states, but decoupling
data do clearly determine the signs of the coupling
constants &. The decoupling curves in Fig. 3 mere
taken with circularly polarized exciting and de-
tected light, and they show very clearly that the
sign of & is positive for the 5'D3~2 state of Rb'
but negative for the 5'D, &, state. Similar decou-
pling data for linearly polarized light are shown
in Fig. 4, and again it is clear that the sign of &
is negative for the 5'D, ~, state of Rb. In this
case a magnitude IXI = "l.5 MHz fits the data slightly
better than 8.0 MHz, which gave the best fit-to the
data of Fig. 3. The uncertainity in the actual mag-
nitude of the coupling constants as deduced from
theoretical fits to the decoupling curves is proba-
bly largely owing to uncertainties in our knowledge
of the spectral profile of the exciting light, and for
this reason we have deduced the magnitudes for A
from rf data if possible.

Decoupling data for the 5'D, ~, state of "Rb are
shown in Fig. 6. Again we conclude that A. is neg-
ative. The data in Fig. 6 were obtained with cir-
cularly polarized light.

In the case of 6'D, &, state of '"Cs, there is an
accidental coincidence between the cesium 6'S, &,- 8'P, &, transition frequency and the strong helium
line at 3888.65 A. Heavy alkali metals are known
to have anomalously small oscillator strengths
for ground state to n'P, &, state transitions. " This
anomaly increases with increasing n. Therefore
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it is extremely difficult to acheive enough popula-
tion of the 6'D3&, state by cesium-resonance-line
excitation. However, the helium 3888.65-A line
is sufficiently strong that a good signal-to-noise
ratio can be obtained using this method of excita-
tion. An interesting feature of excitation by helium
light is that it excites atoms to the O'P, &, state
mainly out of the I' =4 hyperfine sublevel of the
ground state. " Decoupling curves for the 6'D3/2
state of ' 'Cs are shown in Fig. t. In this case
the theoretical curves are calculated from the
comprehensive version of Eq. (3), which takes
the spectral profile of the exciting light into ac-
count according to Eq. (6). It is absolutely essen-
tial to take the spectral profile of the exciting light
into account in this case since the excitation by0
3888 A helium light is not even approximately
"white. " A more detailed description of the theory
of cascade-decoupling experiment for nonwhite
excitation is contained in the dissertation of Tai."

Decoupling data for the 6 D,&2 state of "'Cs are
shown in Fig. 8. Here natural resonance light
from a cesium lamp was used to excite the atoms,
and the spectral profile was sufficiently "white" to
allow us to use Eq. (3) along with Eqs. (4) and (5)
to fit the data. We should point out that the A. value
of the 6'D, &, state of cesium is obtained from the
decoupling experiment alone. This is because the.

0
wavelength of the fluorescent light, 9173 A, is too
long to give a good quantum efficiency for our
photomultiplier tube. Consequently, the signal-to-
noise ratios are poor and the rf resonance experi-
ment is extremely difficult. The decoupling ex-
periment is relatively easy because the polariza-
tion of the fluorescent light nearly doubles when
the field increases from 0 to 80 6, while the rf
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FIG. 7. Cascade-decoupling data for the 6D3~2 state of
~33Cs excited with circularly polarized light from a
helium lamp, The lines are calculated from the hyper-
fine-structure parameters as shown, and the lifetime
equal to 65 nsec.

resonance signal is only about 5' of the polarized
fluorescence. Besides, unlike the rf resonance
experiment, the thickness of the alkali-metal cell
is not limited by the danger of an rf discharge.
Thus we can use a thick cell to get a large signal.

B. Level crossing

Level-crossing effects can be observed in cas-
cade experiments, as well as in more conventional
experiments where cascading steps do not inter-
vene. From (3) we see that when the levels m and
n of the excited state cross, co „passes through
zero and there will be a resonant increase in the
terms involving m and n in (3). However, from
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FIG. 6. Cascade-decoupling data for the 5D5~2 state of
Rb. The points are experimental data. The solid lines

are calculated using the value of A indicated in the
figure. These data determine the sign and the approxi-
mate magnitude of the D-state A value.

6 D5/2

LJJ

C)

C)
I-
IM /

/
I

CO
I

28.6 57. 2 85.8
MAGNETIC FIELD (gauss) ~
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The lines are calculated from the hyperfine-structure
parameters as shown, and the lifetime equal to 65 nsec.
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the selection rules for electric dipole transitions,
we see that if M(i) denotes the total azimuthal
quantum number of the state i, then the terms la-
beled by m, n, j, and k in (3) will be identically
zero unless

M(m) -iIf(n) =iIf(j) -iIf(&).

The azimuthal quantum numbers of the states m

and n cannot be the same if the energies E(m) and

E(n) cross. Consequently, we conclude that j e k

for those values of j and k which contribute to a
level crossing signal between the states m and n.

At high magnetic fields where the frequency
differences ~ „and a&» in (3}are much bigger than

I; and I"~, respectively, the "off-diagonal" terms
with m 0 n or j W k will normally be much smaller
than the diagonal terms with m =n or j = k because
of the large energy denominators in the off-diago-
nal case. In general, when ~ „=0 for a pair of
excited state sublevels m and n, there will be no

branch-state sublevels for which e»= 0 and vice
versa. Consequently, although level crossings in

the excited or branch states will l.ead to a resonant
change in (3), the magnitude of the change will be
so small compared to the diagonal terms that it
will be hard to detect. The one exception to this
type of behavior is at zero magnetic field where
many sublevels of both the excited and branch
states cross simultaneously. Thus we expect to
see excellent zero-field-level crossing signals
(i.e., Hanle-effect" signals) but very small high-
field crossing signals.

Nevertheless, we have succeeded in observing a
high-field level-crossing signal in the 6'D, &, state
of ' 'Cs. Some typical data are shown in Fig. 9.
The low-field Hanle-effect signal is large and

symmetric, while the high-field level-crossing
signals are very small and antisymmetric. The
change in symmetry is brought about by the addi-
tional factor of i in (3) for the out-of-resonance

denominator for a high-field level crossing.
We were able to succeed in performing a high-

field cascade-level-crossing experiment in the
6'D, ~, state of "'Cs because of a lucky accident
of nature. The very bright 3888-A line of helium
very nearly coincides with the third resonance
line of cesium. Our experimental arrangement
was essentially the same as that of the cascade-
decoupling experiment, except that there is no

quarter-wave plate used in the level-crossing ex-
periment. The helium lamp we used is a quartz
cell 1 cm in diameter and about 2.5 cm long, with
about 4-5 Torr of helium. It is placed inside a
microwave cavity, and a commerical diathermy
unit is used as the source of microwave power.
The exciting light is linearly polarized in a direc-
tion perpendicular to the magnetic field. A rotat-
ing HN-7 linear polarizer is used to modulate the
fluorescent beam. The same lock-in amplifier is
used to read the ac signal. The output of the lock-
in amplifier is sent to the PDP8/S computer and
a sweeping coil is used to sweep the magnetic field.
Since the level-crossing signal is extremely small
(about 4 x 10 ' of dc signal), we integrated for
about 20 h for each of several 15-6 intervals to
get the composite level-crossing curve. The level-
crossing experiment gives A =16.5+ 0.5 MHz, in
good agreement with the value obtained from the
rf resonance experiment.

This is the first successful cascade-level-cross-
ing experiment at high fields that we know of . Al-
though it is not a very promising technique, in
general, because of the poor signal-to-noise ratio,
it is interesting to see that the phenomenon does
exist, as predicted by (3}. In this special case
the signal yields a value of 4 for the 6'D, &, state
of cesium which is about as precise as the value
from rf spectroscopy (see Sec. C).

C. Radio-frequency spectroscopy

The apparatus for the rf spectroscopy is essen-
tially the same as for the decoupling experiment
shown schematically in Fig. 2, except for the re-
placement of the alkali cell and oven with a new

cell and an rf half-wave resonator, the addition
of a rf power supply, and the signal averager.

As shown in Fig. 10 the resonance box used for
our experiment is a copper half-wave resonance
box designed for 404 MHz. It is tunable from 400
to 415 MHz through a capacitor. Since the reso-
nance frequency is determined mainly by the length
of the central bar, further adjustment can be
achieved by changing the size of the bar. It is de-
signed in this way so that the resonance cell sits
at the position of a maximum rf magnetic field
and a minimum rf electric field to prevent dis-
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FIG, 10. Schematic diagram of the rf resonance box.
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FIG. 12. rf resonances in Rb 5D~2 state.

charging. ' & "Bird" model 7000 "High-power rf
source" is used to feed the box through a coupling
loop. With this box and a thin cell, we can easily
feed 70 W of rf power at a cell temperature of
120'C without causing a discharge. Two cartridge
heaters are used to heat the cell.

Since the fluorescent polarization at the rf reso-
nance changes by only a fraction of the total polar-
ization (typically about 5%%uo), we have to integrate
the signal for a long time to get a good signal-to-
noise ratio. This signal averaging is achieved with
a PDP8/S computer.

A signal-averaging program is used to make the
computer sweep the longitudinal magnetic field
repetitively. At each step, it adds the output of the
lock-in amplifier, which is proportional to the
intensity of polarized fluorescence, to the pre-
vious total for that field. The sweeping magnetic
field, which provides a change of up to 60 0, is
produced by a second pair of Helmholtz coils.
The field of the main coils is kept fixed, near the
expected resonance field.

The operating temperature is the same as that

in the decoupling experiment. Since decoupling
experiments give us a fairly accurate value for
the hyperfine interval, we can locate the excited-
state resonances without: undue difficulty. Gen-
erally, at first we cover a large range of magnetic
field by changing the sweeping-field range. Thus
we are able to see all the P- and D-state reso-
nances, and we can be sure that they are true
signals with the correct width, number of reso-
nances, and relative position. Then we take more
extensive data for the D resonances to obtain good
signal-to-noise ratios. The P resonances can be
used to check the calibration of the magnetic field.
The hyperfine constant is calculated from the sep-
aration of these D-state resonances, in accordance
with Eq. (10).

Some typical rf resonances are shown in Figs.
11—16. In all of these data circularly polarized
exciting and detected light were used. In the data
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FIG. 11. Observed rf resonances in YRb 5D3/2 state
with Rb lamp. The resonance at highest field is a
SPf/2 resonance. Radiofrequency is 403 MHz.
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FIG. 13. rf resonances in Rb SD&2 state. Radio-
frequency is 403 MHz.
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FIG. 14. Observed rf resonances in Rb 5D@2 state.
Radiofrequency is 403 MHz.

D. Determination of the sign of A by narrow-line optical

excitation and radiofrequency spectroscopy

Although the sign of A. can be determined from
decoupling experiments, it is useful to have an
independent determination of the sign. In the case
of the 6'D, &, state of cesium we may determine
the sign of A by making use of the nonwhite char-
acter of the optical excitation by the 3888-A line
of helium. As we have indicated in Fig. 17, the
3888-A line of helium excites mainly out of the
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FIG. 15. rf resonances in ~Rb-5D states with 85Rb

lamp. A, B, C, and D refer to rf resonances in the
V&3/2, 5D5/2, 5D3/2, and H g/2 states, respectively.

of Figs. 15 and 16 we deliberately used nonwhite
exciting light and we scanned a large enough range
of magnetic field to sample magnetic resonance
transitions in the ~P feeder states as well as in
the D states of interest. As we shall explain in
Sec. III D, one can determine the signs of the D-
state A values by simple inspection of the data in
Figs. 15 and 16.

E =4 hyperfine sublevel of the 6'S, &, ground state
of cesium, because the helium line does not over-
lap the cesium absorption line perfectly. We op-
erate at a field at which I' and m~ are still quite
good quantum numbers for the ground state while

mr and m~ are fairly good quantum numbers for
the excited state. Such a regime is possible be-
cause the ground-state hyperfine structure is
much larger than the excited-state hyperfine
structure. Under these conditions 0+ light, as
indicated in Fig. 17, will excite only those excited-
state sublevels with m~ =+ —,'. Furthermore, the
states with different values of m~ will be excited
at different rates, and one can use the selection
rules for electric dipole transitions to show that
the populations n(~, mz) of sublevels with quantum
numbers m~ and m~ mill be

n(m„m~) = Cx (I m, +1)— (12)
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FIG. 16. rf resonances in ~ Cs. The symbols o. and

P refer to rf resonances in the 8P~/2 and 6D3/2 states,
respectively. Cs atoms were excited by helium 3888-"
light in this case.

where C is a constant of proportionality.
If rf transitions are induced between the sub-

levels, the resonance signals corresponding to
sublevels with different ml will have different
amplitude. If we sweep the rf frequency while
keeping the magnetic field fixed, we will get a res-
onance pattern as shown in Fig. 17. The relative
amplitude will identify the resonances. In the
case of cascade excitation, since the nuclear
polarization is not changed at all by spontaneous
decay at high field, the nuclear polarization will
be the same throughout the cascade process. In
Fig. 17, we have considered a S,~, branch state
rather than a D, &, or D, &, state for the sake of
simplicity. In this example, the 'lS,

&2 state will
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magnetic dipole coupling
constants A for the excited
and the branch states.
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have the same nuclear polarization as the 8P, /,
state and the resonance signals induced between
the hyperfine sublevels will still have amplitudes
proportional to I—m~+ 1. In the example sketched
in Fig. 17, one would observe a series of eight
resonances (2I+1=8 for '"Cs) with amplitudes
which decrease in order of increasing magnetic
resonance frequency if the sign of A is positive
for the 7S state. However, if the sign of A were
negative for the 7S state the amplitudes of the rf
resonances would increase in order of increasing
magnetic resonance frequency, because now the
states with the largest population differences
(those with mz &0) are also further apart at a given
magnetic field. It is not even necessary to know
whether the exciting light has a or o polariza-
tion, since this is determined by the trend of the
resonance amplitudes for the BP,/, state. The
low-frequency resonances are stronger for o,
excitation, the high-frequency resonances are
stronger for o excitation. By comparing the
trends of the observed resonances for the excited
state (the 8P, ~, state) and the branch state (the
78,&, state) which it feeds it is possible to deter-
mine the relative signs of A for the two states. If
the trends are the same, the A values for the two
states have the same signs; if the trends are
opposite the A. values have opposite signs.

For electrons cascading to the 6&3/, state, al-
though the distribution of the population of elec-
trons among different m~ sublevels is more com-
plicated, the distribution among different ml sub-
levels is still proportional to I —ml +1. This re-

c/)
I-

CO

«f

Rb 6D3/2 STATE

DATA F ITTE D

210ns

O „22
22 O -O P P

0 5
MAGNETIC FIELD (gauss)

FIG. 18. Hanle-effect data for the 5 De&& state of TRb.
The solid line is the least-squares-fitted curve.

lation holds for further cascade and is very useful
in the determination of the sign of the hyperfine
constant &.

To further illustrate this point, Rb vapor was
excited by resonance light from a ~sRb lamp.
Since the hfs of the ground state of "Rb is 6.8 GHz
while for 'Rb it is only 3.3 GHz, the ' Hb atoms
are excited mainly out of E =2 hyperfine sublevel
of the ground state. The rf results are shown in
Fig. 15. An inspection of the data of Fig. 15 shows
that & is negative for the 5D, /, state of "Rb, and
positive for the 5D3/, state, in agreement with the
conclusion drawn in Sec. III' from the decoupling
data. Similarly, we see from inspection of the
data of Fig. 16 that & is positive for the 6D3/Q
state of '"Cs.
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Cs 6Pus
HANLE EFFECT

Sec. IV). This is because the final values listed
in Table II are the best values deduced from many
repeated runs of the type shown in Figs. 18 and
19.

~0t&+ ~~ ~ «~~ ~ a
~ Ow

2

MAGNETIC F I E L p (g a u ss j

FIG. 19. Least-squares-fitted Hanle-effect curve for
the 6 2D3/2 state of Cs.

E. Cascade Hanle effect

In order to measure the lifetimes of the D states,
cascade-Hanle-effect experiments were performed
with essentially the same apparatus as that used to
measure decoupling curves. The only difference
was that both the exciting and detected light were
polarized in such a way as to couple to the trans-
verse atomic coherence. The cascade Hanle effect
is also described by Eq. (3) and we deduced D-
state lifetimes by using computer-generated solu-
tions of (3) to fit our data, as described in Sec.
III'.. Of course the lifetime of the feeding P states
must be known to analyze the Hanle-effect data,
and the curves also depend somewhat on the hyper-
fine structures of the excited and branch states.
The Hanle-effect signals also depend very strong-
ly on the spectral profile of the exciting light.
Although we tried to account for all of these fac-
tors, the uncertainties were such that our lifetime
measurements are not very precise. Typical data
and fits are shown in Figs. 18 and 19. The fitted
values of lifetimes in Figs. 18 and 19 are slightly
different from the values shown in Table II (see

IV. RESULTS AND DISCUSSION

A. Results

A compilation of the experimental results of the
+ value ls sho%'n in Table I. The rf resonance re-
sults were obtained from several repeated mea-
surements, and the quoted error bars represent
three standard deviations in the statistical spread
of the results plus an allowance for any systematic
errors, such as errors in the magnetic field cali-
bration, etc. Table I also shows some upper lim-
its on the electric quadrupole coupling constants
B. These upper limits have been obtained by an
inspection of the widths of the rf resonances shown
in Figs. 11-16. As we pointed out in Sec. II in
connection with Eq. (9), the B values are so small
for all the states we have investigated that we do
not observe resolved transitions corresponding to
different values of m~. Therefore, an accurate
determination of B values is not possible in our
experiments. It should be possible to obtain better
estimate~i of the B values than those given in Ta-
ble I by q

careful analysis of the resonance line-
widths, hand the values given in Table I should only
be regarded as gross upper limits. The true val-
ues may be substantially smaller. The lifetimes
of D states measured in this work are given in
Table II. In Table III we have listed the P state
hyperfine structure and lifetimes that we have
used to calculate theoretical curves from Eq. (3).

B. Comparison with theory

A simple one-particle theoretical estimate of
the A value can be obtained from the following

TABLE I. Hyperfine coupling constants A and B measured in this work. The methods used
are (i) rf resonance and decoupling, (ii) level. crossing and decoupling, and (iii) decoupling. A
is the magnetic dipole coupling constant and B is the electric quadrupole coupling constant.

Element State Method
Measured A

(MHE)
Calculated A

(MHz)
Measured B

(Mr-rz)

85Rb

5 2D3/2

5'D5/2

5 2D3/2

5'D5/2

6 2D3/~

6 D3/

6'Ds/2

14.43+ 0.23

-7.44+ 0.10

4.18+ 0.20

-2.12+ 0,20

16.5+ 0.5

16.30+ 0.15

-3.6+ 1.0

13.57

5.81

4.00

1.71

9 4

9 4

4.0

& 3.5

&5

&8
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TABLE II. Radiative lifetimes measured in this work.

Element State
Calculated

v (nsec)
Measured

7'(nsec)

"Rb
133C

5D)/
6D3/

241
64.5

205+40
57+15

'O. S. Heavens, J. Opt. Soc. Am. 51, 1058 (1961).

equation":

' g,', ~„„(1-5)(I-')(r-'),2p~', I(I+ I)
'~ ~+1 (13)

where gl'= pz/g~I (nuclear g factor), l is the orbital
angular momentum quantum number, 6 and e are
corrections for the spatial extent of the charge and
the magnetic dipole distribution of the nucleus,
I"„,. is a relativistic correction of the order of 1,
and (r ') is the expectation value of r ', where r
is the distance between the nucleus and the valence
e lee tron.

In order to estimate the hfs constant A, it is
necessary to know (r '). However, the calculation
of the wave function of the valence electron is dif-
ficult and does not yield very reliable values of
(r '). Therefore, the fine-structure splitting,
which also depends on (r '), is normally used to
find (r ') In o.ur case, however, the fine struc-
ture is anomalous. Thus, to calculate A,. we esti-
mate (r ') by the Lande formula"

gg'2r-3)
n*'I(l+ 1)(l+-')r~" (14)

apart from the relativistic correction of order 1.
With l=2, A», /A, ~, =,"=2.33, while our measured
values give A, ~, /A, ~, = —1.92 and —4.5, respect-

where n* is the effective quantum number„z' is the
effective charge that the electron sees, and r~ is
the Bohr radius.

Our calculated values are given in Table I to-
gether with the measured values. We can see
from this table that there is a big disagreement.
Moreover, from Eq. (13), we should have the re-
lation

3A, ~/2 l+q
1

TABLE III. P-state parameters that were used in
analyzing some of our data.

Atom I pr State A (MHz) a (MHz)
Lifetime

(nsec)

"Bb
2 1.3527 7 P i/2

7 P3/2
2

Bb 2 2.7506 7 P&/2

7 P3/2

3Cs
2 2.579 8 2P

8 P3/

17.65(2) ' 255 b

3.71{1) 3.68 (10) 240+ 20

59,92(9)

12.57(1) 1.768(8)

42.97{10)

7.626(5) g -0.049(42) &

255

233(1O) '
330+30

31O(15)"

ively, for rubidium and cesium. We see that for
the states investigated in this work there is a
gross disagreement between the measurements
and the predictions of a single-particle model of
the alkali atom's hyperfine structure.

Liao et al."have recently measured the con-
stants of the complete magnetic dipole hyperfine
Hamiltonian of the 4D state of rubidium, and they
have shown that in this state most of the interac-
tion originates from a term proportional to S I
and that the effective values of (r ') for the orbital
and spin-dipole parts of the hfs Hamiltonian are
not the same. In fact, (r ') was found to be neg-
ative for the spin-dipole interaction. Unfortu-
nately, in our work we obtained only two measured
quantities (A.,~, and ~,~,), while three independent
measurements would be necessary to evaluate the
three independent constants of the magnetic dipole
hfs Hamiltonian. It would be very interesting if
high-field measurements could be carried out on
some of these states to provide the missing infor-
mation.
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