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Magnetic-field decoupling of an alkali-metal excited-state hyperfine structure
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The theory of how excited-state hyperfine structure can be determined using a magnetic field to
decouple the nuclear and electronic angular momentum is presented. The initial excited state is as-

sumed to have an anisotropic Zeeman sublevel population distribution, which can be conveniently
created by a laser-induced multiphoton excitation of an unpolarized atom. The Zeeman sublevel

populations are subsequently mixed by the hyperfine interaction. The degree of mixing is controlled

by a magnetic field applied along the quantization axis. The relative Zeeman sublevel populations
can be monitored by detecting the polarization of Auorescence emitted when the excited state radia-
tively decays. It is convenient to take the ratio of two time-integrated Auorescent signals measured
for orthogonal linear polarizations, since this is independent of the excited-state number density.
The plot of this ratio versus magnetic field is very well approximated by a Lorentzian curve whose
half-width is proportional to the magnetic dipole hyperfine coupling constant. This method was

used to determine the magnitude of the magnetic dipole constant of the cesium 8D3/2 state to be
3.92+0. 10 MHz, which is in excellent agreement with previous results.

I. INTRE)DUCTION

The hyperfine structure of the lowest alkali-metal ex-
cited states has been investigated using lamps and
continuous-wave lasers to excite the ground state. To
populate higher states, stepwise excitation or multipho-
ton excitation using pulsed lasers is required. The work
to date has focused on measuring the hyperfine structure
of the lower excited states as is discussed in the review
paper of Arimondo et al. In this paper, we show how
the hyperfine structure of excited states populated by a
multiphoton excitation of the ground state can be deter-
mined using a magnetic field to decouple the nuclear and
electronic angular momenta.

The apparatus is schematically shown in Fig. 1. A
1aser pulse, linearly polarized along the quantization
direction z, populates an excited state. Hence, only Zee-
man sublevels obeying the selection rule Am =0 are pop-
ulated. This is illustrated in Fig. 2(a) where an atom hav-
ing an S& &2 ground state is excited via a two-photon exci-
tation to a D3/2 state. The Zeeman sublevels are not
eigenstates of the hyperfine Hamiltonian. The hyperfine
interaction mixes the sublevel populations as shown in
Fig. 2(b). The amount of mixing depends on the strength
of the hyperfine interaction and the size of the magnetic
field applied along the z direction. The magnetic field
deco uples the nuclear and electronic spins, thereby
hindering the transfer of atoms among the excited-state
sublevels. The relative populations of the Zeeman sublev-
els can be monitored by detecting the fluorescence polar-
ization when the excited state e radiatively decays to a
lower state f. In our experiment, this time decaying
Auorescence is detected and integrated by a boxcar in-
tegrator. It is convenient to simultaneously monitor two
Auorescence channels sensitive to orthogonal polariza-
tions since the ratio of these two signals is independent of
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FIG. 1. Schematic experimental arrangement: The atoms are
excited by a laser polarized along the z or vertical direction.
Vertical (VP) and horizontal (HP) polarized fluorescence are
detected by two detectors (0). The fluorescent signals are sent
to gated integrators (GI) whose outputs are in turn input to a
computer. The computer determines the ratio of the two signals
SI, and S&, and plots it as a function of the magnetic field 8.

the excited-state number density. A computer then plots
the ratio of the integrated Auorescence intensities versus
the magnetic field. This so-called decoupling curve can
be very closely approximated by a Lorentzian curve, hav-

ing a magnetic-field half-width proportional to the mag-
nitude of the hyperfine interaction.

In this paper, we sha11 first give a detailed presentation
of the theory for the general case where the states e and f
have arbitrary angular momentum. We considered the
case where the electric quadrupole hyperfine interaction
is negligible compared to the magnetic dipole interaction.
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(a) initiai Sublevel Popuiations state. Finally, Sec. IV compares this result to those
found with level crossing and quantum-beat experiments.
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II. THEORY

We shall consider an excited state e having angular
momentum J, . This state is populated by a laser, which
is linearly polarized along the quantization direction z, at
time t =0. The populations of the excited-state Zeeman
sublevels, 1abeled by azimuthal quantum number I&, are
assumed to be given by the following:

0000 oaao $»&

(b) Sub)eve) Populations after Excitation
—3/2 —1/2 1/2 3/2

0 0 0 Q o 0

(J,m lp, (0)~J,m )=C+Dm'.
Here p, (0) is the initial excited-state density matrix while
C and D are constants satisfying the normalization condi-
tion Trp, (0)=1. We also assume that p, (0) has no off-
diagonal matrix elements between the basis states

~ J,mj ). Such a distribution of purely aligned atoms is
created when linearly polarized light excites an unpolar-
ized state. Other initial states can also be generated. For
example, circularly polarized light can be used to orient
the atoms in the excited state. In this paper, we consider
the common case of pure alignment given by (1). The
analysis for other initial states proceeds similarly.

We next introduce the irreducible tensor operator

0000 oooo $g)2 X C(J,J',L; m, M —m ) (2)

FIG. 2. Zeernan sublevel populations during experiment: (a)
illustrates the population of the mJ =+1/2 sublevels of the D3/2
state produced by a two-photon excitation of the ground state.
In (b), the atoms have been redistributed among the sublevels as
a result of the hyperfine interaction and fluorescent decay to
lower states such as P

~ /&.

The electric quadrupole moment is zero for nuclei having
spin less than one and is known to be small for other nu-
clei such as ' Cs which has spin 7/2. Section III de-
scribes a decoupling experiment which determined the
magnetic dipole hyperfine constant of the cesium 8D3/p

where the bra and ket vectors are understood to be quan-
tized along the z axis and C is a Clebsch-Gordan
coeKcient. The initial excited-state density matrix can
then be rewritten as follows:

p (0)=[AOTOO(J J )+A2T2O(J J )]Too(I I) (3)

where 3o and 32 are linear combinations of the con-
stants C and D. In writing (3), we have added the opera-
tor Too(I, I) since the nucleus of spin I is assumed to be
unpolarized. Equation (3) expresses the initial density
matrix in terms of the basis set [~JmJImI ) I. An alter-
nate basis set is [ JIFmF ) I where F=J+I is the sum of
the electronic and nuclear angular momentum and mF is
the azimuthal component of F. The initial density matrix
can then be expressed as follows:

p, (0)=,l2, +~2 g ([F][F']) W(I, FJ„2;J„F')Tqo(FF')
~o

(4)

where [I]=2I+ 1 is the statistical weight.
The excited-state density matrix at time t is given by

(t) — IHtl'0 (()) IHfle t/7
Pe —e Pe

where ~ is the radiative lifetime of state e. The Hamil-
tonian H is given below:

3(I.J) +—,'(I J)—(I.I)(J.J)
2I(2I —1)J(2J—1)

+gJpg 8 I+glp+8 I e

IIo represents the Coulomb and fine structure. The next
two terms are the magnetic dipole and electric quadru-
pole hyperfine interactions, whose magnitude depends on
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the coupling constants a and b. The final two terms de-
scribe the interaction of the electron and nucleus with an
external magnetic field B. pz and p& are the Bohr and
nuclear magnetons, respectively, while gJ and gI are the
Lande g factors corresponding to the electronic angular
momentum J and nuclear angular momentum I. The in-
teraction of the nucleus with an external magnetic field
can be ignored at the low fields needed to decouple
excited-state hyperfine structure, since p~ ))pz. We
shall consider the case where the electric quadrupole
strength b is negligible. The magnetic-field half-width of
the decoupling curve then depends only on the magnetic
dipole constant a rather than on a linear combination of
the coupling constants a and b.

The effect of the Hamiltonian on the excited state is
determined by detecting the fluorescence emitted when
the excited state e radiatively decays to state f. The
fiuorescent power P (t) reaching the detector is given by

P(t) =N, Tr[Xp, (t) ]

where X, is a constant proportional to the excited-state
number density, the solid angle of the detector, and the
transmission e%ciency of various optical filters and polar-
izers. For the case where the detector is unable to resolve
the hyperfine components of the Auorescence, the Auores-
cent light operator X is defined by

X=+(—1) W(Jf, J„1,L;1,J, )
I.

Using (5), one finds

P(t)=X,e ' 'ge " &i ~X~j &&j ~ p, ( 0)~i) (12)

where Am; =E, —E . Integrating the fluorescent power
for a time much larger than the radiative lifetime ~, we
obtain the signal.

S(B,O)= f P(t)dt .
0

(13)

This integrated Auorescent power has been written as a
function of the magnetic-field strength B and the Auores-
cence polarization angle O. Next we substitute (11) into
(13) and use the symmetry property of the density matrix
given in (3) [i e., &j ~ p, (0) ~i ) = &i ~p, (0)

~j ) ] to get the fol-
lowin:g

&i[Z(g &&J/p, (0)IE &

S(B,O) =2', Q
1 + c0,~1

In practice, it is convenient to compute the ratio of in-
tegrated fluorescent powers polarized parallel and per-
pendicular to the z axis. This ratioed signal given by

Hamiltonian. Using the basis set of eigenstates I ~i ) I

such that H~i ) =F.; i ), the expression for fiuorescent
power becomes

P(t) =&,g&~ l&~j ) & jlp, (t)Ii & .

Xg( —1) U T (J„J,) .
M

W is a Racah coe%cient and the tensor UL~ is defined as
follows:

ULM=+u (u —M)*( —1) 'C(1, 1,L;m, M —m) .

)
S(B,O)

S(B,77/2)
(15)

Here u is the spherical vector component of the vector
describing the polarization of detected fluorescence.
When linearly polarized light is detected,
u =(O, sinO, cosO) where O is the angle between the z
direction and the polarized axis of the detected Auores-
cence (i.e., O=O for vertically polarized light and O=rt/2
for horizontally polarized light). The only nonzero U~M
then are the following:

1
Uoo= ~-

3

sin 0
2+2

(10)
02+& =i cosOsinO,

U~o= —(1 —3 cos O) .
1

6

To compute the Auorescent intensity, we need to evalu-
ate matrix elements of p, (t) and X. This must in general
be done numerically, since no convenient basis of eigen-
states exists that simultaneously diagonalizes the
hype rfin and magnetic-field interaction terms of the
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FIG. 3. Lorentzian fit to computed signal ratio: The solid
line is the signal ratio A computed for the D3/2 state illustrated
in Fig. 2. The D3/2 state was assumed to have a magnetic dipole
constant a=4.00 MHz and a radiative lifetime of 1SO nsec. The
dashed line is a Lorentzian function that was fit to the exact sig-
nal as is described in the text.
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depends on the lifetime ~, but is independent of the
excited-state number density which can be difficult to
determine reliably. Figure 3 shows a plot of R(B) that
was computed for the case shown in Fig. 2. The D3&z
state was specified to have a lifetime of 150 nsec and
hyperfine constant a=4.00 MHz. At zero magnetic field,
the orbital angular momentum J and nuclear angular
momentum I are coupled to produce the vector F whose
magnitude and component along the z axis are conserved
quantum numbers. At strong magnetic fields, J and I
precess about the magnetic field and are completely
decoupled from each other. Hence the plot shown in Fig.

I

3 is called a decoupling curve. We shall show how the
magnetic dipole constant is determined from the field
half-width of the decoupling curve. Hence it is relatively
insensitive to factors affecting the signal amplitude such
as the finite solid angle of the detector.

The zero and high field values of the ratio R (B) shall
now be evaluated. For the case of zero magnetic field,
the eigenstates of the Hamiltonian are ~JIFmF ) corre-
sponding to eigenenergy EF = (a /2) [F(F + 1)
—J(J + 1) I (I -+—1)]. The integrated fiuorescence
power is then given by the following:

U U (9)
S(0,8) =2rlV, Ao, W(Jf, J„1,0; 1,J, )+A~, W( Jf,J„1,2; 1,J, )

[J ]i/2 f' ' ' ' ' [I]I/

IF][F l W (I, Ft J„2iJ, t F )
X 2 g +g[F] W (I,F,J„2;J„F)

F (F' 1 + coFF~T F

(16)

The term summed over I' and I' ' can be neglected in the
limiting case of a strong hyperfine interaction defined by
OFF.~-—2wa&))1. The quantity ~FF ~ is the number of
quantum beats occurring in the temporal decay of the
Auorescence signal during the lifetime of the excited
state. It therefore measures how much the excited-state
sublevel populations are mixed by the hyperfine interac-
tion. The condition 2~a~))1 is valid for many excited
states, and will therefore be assumed to hold in the
remainder of this paper. The zero field signal ratio R(0)

is then independent of the lifetime ~. This is illustrated in
Fig. 4 which shows a plot of R (0) which was computed
for atoms excited to the D3/p as shown in Fig. 2.

In the limit where the magnetic field interaction with
the electron dominates the Hamiltonian, the eigenstates
are

~
Jm JIml ) corresponding to eigenenergy

EJ =gjp&8mJ. The integrated fIuorescence power then
becomes
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FIG, 4. R(0) is the zero field signal ratio computed for the

D3~~ state shown in Fig. 2. This graph shows that R (0) is in-

dependent of the excited-state lifetime ~ when 2~a T)& 1.

FIG. 5. Plot of magnetic dipole hyperfine constant a vs

magnetic-field half-width B,~, : The half-widths of decoupling
curves such as shown in Fig. 3 were computed and are plotted
above. The decoupling curves were found for atoms initially ex-
cited in the D3/p state shown in Fig. 2.
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S(B,O) =2', Ao, W( Jf,J„1,0;1,J, )
Uoo

]i /2
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+ A q U20(0) W(Jf, J„1,2;1,J, ) (17}
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C l
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R(Bi~7)= R (0)+R (B )
(18)

The high field signal ratio R (B) is then independent of
the excited-state lifetime ~. Hence the decoupling curve
is completely independent of the excited-state lifetime
when 2+a~)) 1.

It is useful to define a parameter B»2 which is the field
where the ratioed signal given by (15) is halfway between
the zero and high field values denoted by R (0) and
R (B ), respectively; i.e.,

CompUter = Boxcar
lnteg
rator

60&2-A Filter
~~ Photomultiplier

The exact signal can be approximated by a Lorentzian
function as is shown in Fig. 3. The Lorentzian curve was
chosen to have the same half-width as determined by (18)
for the exact signal, and to have zero and high field
values found by substituting Eqs. (16) and (17) in (15).
Given the very close agreement between the exact signal
and the fitted curve, data analysis can be expedited by
fitting a Lorentzian function to the experimentally mea-
sured data points. We estimate the error in equating
B»2 to the half-width at half maximum (HWHM) of the
Lorentzian curve to be a few percent.

The magnetic-field half-width B,/2 resulting from a
given magnetic dipole constant a can be numerically
computed using (18}. Figure 5 shows a plot of a versus
B»2 computed for atoms excited to the D3/2 state shown
in Fig. 2. The magnetic dipole constant corresponding to
an experimentally determined field half-width is found
from this graph.

III. EXPERIMENT

A. Apparatus and procedure

A diagram of the apparatus is shown in Fig. 6. A fre-
quency doubled Nd: YAG (where YAG denotes yttrium
aluminum garnet) laser pumped a dye laser at a 10 Hz re-
petition rate. The dye laser was tuned to 7191 A to excite
the cesium 6S&/z ground state to the 8D3/2 state via a
two-photon excitation. The laser was linearly polarized
along the the vertical or z axis.

The cesium atoms were contained in a cylindrical
Pyrex cell having a length of 10 in. and a diameter of 1

in. Before the cell was filled with cesium, it was simul-
taneously evacuated by a diffusion pump and baked over-
night at several hundred degrees centigrade to remove
impurities. The cesium cell was located in an oven heat-
ed by jets of hot air. A feedback circuit stabilized the
temperature to +0. 1 'C.

Fluorescent light was detected in the direction perpen-
dicular to both the laser propagation and polarization
directions as shown in Fig. 6. The detected light first

FIG. 6. A diagram of the apparatus.

passed through a linear polarizer whose transmission axis
was along either the vertical (0=0) or horizontal direc-
tion (H=ir/2). The light was next collimated by a lens
onto an interference filter. The filter had maximum

0
transmission at 6012 A which is the wavelength of light
emitted when the cesium 8D3/2 state radiatively decays
to the 6P&/2 level. The full width at half maximum
(FWHM) bandwidth of the filter was only 10 A. Finally,
the light was focused onto a photomultiplier (Hamamatsu
model R928). The photomultiplier was located in a mu-
metal housing to shield it from magnetic fields. It was
operated at suKciently low voltages to avoid saturation.
The time decaying electronic photomultiplier signal was
sent to a boxcar which integrated the signal over several
lifetimes. The boxcar (Stanford Research Systems 250)
was triggered by a fast photodiode that detects the output
of the YAG laser. The output of the boxcar was then
sent to a computer.

We alternately detected vertical and horizontal polar-
ized fluorescence as follows. The computer averaged the
boxcar signals for typically 300 laser shots. The linear
polarizer orientation was then switched and the measure-
ment was repeated. The computer then calculated the ra-
tio of the two averaged signals and stored it as a function
of the magnetic field. (Ideally, two detectors are used to
simultaneously detect vertical and horizontal polarized
fluorescence. The ratio of the two signals could then be
computed after each laser shot. This would better nor-
malize the signal to any variation in excited-state number
density, as well as doubling the speed of data collection. )

The ratio error was determined using the standard devia-
tions found for each of the two data sets produced by 300
laser shots. The magnetic field was generated by a pair of
Helmholtz coils surrounding the cesium cell. The field
was measured to an accuracy of 1% using a Hall effect
Gaussmeter.
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B. Data analysis

A sample measured decoupling curve is shown in Fig.
7. The data were not corrected for the finite solid angle
of the light detection system since this was small and did

not affect the magnetic field half-width of the decoupling
signal. A Lorentzian function was fit to the data using a
least-squares algorithm that varied the half-width to ob-
tain the optimum fit. The initial excited-state electronic
density matrix was assumed to be given by the following:

p, (0)= (~l3/2 & & 3/21+
I

1 /2 & & 1/2I+
I

—1/2 & &
—1/21+~

I

—3/2 & &
—3/21) .

1

2(1+a) (19)

The parameter a is zero for the case of a two-photon ex-
citation from an S&/z to a D3/p state generated by a laser
linearly polarized along the quantization axis. The
theoretical zero field decoupling curve value R(0) is
found using (15) and (16) to be 1.37 and agrees well with
the experimental result. The observed high field value,
however, is substantially lower than the predicted value
of 4.0. The ratio R(B) measures the amount of vertical
polarized Auorescence produced by AmJ =0 transitions
relative to the amount of horizontal polarized Auores-
cence produced by Am& =+1 transitions. Hence the ob-
servation that the ratio is lower than prediced means
there are more Am&=+1 decays than expected. This
could happen if the mJ=+3/2 sublevels of the 8D3/p
state are somehow initially populated. Several mecha-
nisms that could do this will now be discussed.

The +3/2 Zeeman sublevels can be populated directly
from the ground state if the laser linewidth is less than
the hyperfine splitting of the ground state. Such an exci-
tation generates an initial state having nuclear as well as

electronic polarization. The ground-state hyperfine split-
ting was studied by scanning the laser wavelength across
the two-photon absorption resonance, while monitoring
the fluorescence produced by the 8D3/z~6P, /z transi-
tion. Two partially resolved peaks corresponding to the
F=3 and 4 hyperfine levels of the ground state were ob-
served. No measurable difference in field half-width was
observed when the laser wavelength was tuned to either
of these two peaks. The data shown in Fig. 7 were taken
with the laser wavelength tuned to maximize the fluores-
cence signal.

The +3/2 Zeeman sublevels can also be populated by
collisions which transfer atoms from the +1/2 sublevels
of the excited state. However, at the cell temperature of
100 C, the cesium number density' is only 10' cm
and the mean time between collisions greatly exceeds the
= 150-nsec radiative lifetime of the 8D3/p state.
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FICz. 7. Sample of experimental data: A Lorentzian function
was fit to the data using a least-squares program that varied the
field half-width B,/~ to find the optimum fit.

FIG. 8. Effect of initial state on signal ratio: The decoupling
signal was computed for the state described by (19). The param-
eter n measures the fraction of atoms initially excited into the
+3/2 sublevels of a D3/p state. The D3/p state was specified to
have a magnetic dipole constant a=4.0 MHz and to radiatively
decay to a P l /& state.
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Immediately after the two-photon excitation of the
ground state, a population inversion exists between the
8D3/p state and lower excited states. This can result in
lasing action. An atom in the +1/2 sublevel can be
stimulated to emit a photon. Subsequently, it may absorb
a photon and populate the +3/2 sublevels of the 8D3/2
state. This process should be most significant at high
laser pulse energies which create the largest population
inversion. The stimulated emission cross section o-,f can
be estimated using the dipole sum rule

o,&(v )d v= err, cf&, (20)

where r, is the classical electron radius, c is the speed
light, and fI, is the absorption oscillator strength for the
transition f +e. Assu—ming a Lorentzian line shape, one
finds the stimulated emission cross section at the transi-
tion frequency to be given by

(21)
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FICx. 9. Effect of initial state on magnetic-field half-width:
The magnetic-field half-widths B», of the decoupling curves
shown in Fig. 8 were determined and plotted vs o..

where I is the transition linewidth. For the
8D3/z~9P&/2 transition, a Coulomb-approximation cal-
culation" has found f&, =0.64 and r= 10 MHz. ' The
stimulated emission cross section then equals 3X10
cm . Unfortunately, direct observation of these lasing
transitions was not possible since their wavelengths (=57
pm) exceed the transmission limit of the Pyrex cell wall.

In this experiment, decoupling curves were generated
using laser pulse energies between 1 and 10 mJ. The high
field value of R was approximately 3 for laser energies of

1 mJ but was 2 at laser energies of 10 mJ. This behavior
is compatible with the lasing hypothesis and agrees with
observations that have been made using rubidium. ' We
wish to emphasize, however, that no dependence of the
decoupling curve magnetic field half-width on the laser
pulse energy was observed. The data shown in Fig. 7
were taken using an average laser pulse energy of 3.5 mJ.

The decoupling curves resulting from the density ma-
trix described in (19) were computed and are shown in
Fig. 8. The signal amplitude decreases rapidly as n in-
creases. The signal reduces to zero when all the sublevels
are equally populated. (i.e. , cL=1) The field half-width
changes slowly with increasing a as is shown in Fig. 9.
Hence the decoupling experiment is relatively insensitive
to the precise composition of the initial state. Therefore
u was set to zero when analyzing the data. The field
half-width of the fitted Lorentzian function shown in Fig.
7, corrected for the vertical component of the earth' s
field, is 34.8+1.0 G. The quoted error is due to the un-
certainty with which the ratio could be determined at
high fields due to scatter of the data, and to approximat-
ing the field half-width by the HWHM of the fitted
Lorentzian function. The magnitude of the magnetic di-
pole hyperfine constant of the cesium 8D3/2 state was
determined to be 3.92+0.10 MHz using Fig. 5.

IV. CONCLUSION

This result agrees well with the values of 3.92+0.07
MHz obtained by a quantum-beats experiment' and
3.98+0.12 MHz found using level-crossing spectroscopy. '

Both experiments assumed the cesium electric quadru-
pole moment to be negligible. The advantage of this
decoupling experiment is its simplicity. The Zeeman sub-
levels of the excited state must initially be populated an-
isotropically. This is readily done using a polarized laser
to excite an unpolarized atom. Fluorescence resulting
from the decay of the excited state is detected by a pho-
tomultiplier and integrated by a boxcar integrator. Fast
and relatively expensive transient digitizers required by
quantum-beats experiments are not needed. Finally, the
data analysis is much easier than that for a level-crossing
experiment, since the decoupling curve is very well ap-
proximated by a Lorentzian function, rather than a com-
plicated numerically computed signal.

In this experiment, the magnetic dipole constant was
determined from the plot of a ratio of two integrated
Auorescent intensities versus the magnetic field. For
many states, this decoupling curve does not depend on
the state lifetime. Moreover, the signal ratio is indepen-
dent of the excited-state number density which is difFicult
to determine. This is of special importance for a state
populated by multiphoton absorption from the ground
state since any shot to shot fluctuation of the laser energy
can cause substantial variation of the excited-state popu-
lation. Finally, we wish to emphasize that the magnetic
dipole constant is determined by the half-width rather
than the amplitude of a Lorentzian signal. Hence, it is
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relatively insensitive to the precise composition of the ini-
tial state or to atomic collisions that strongly change the
signal amplitude. Hence, we conclude that the decou-
pling method is simple and useful for measuring
hyperfine structure especially of states accessible using
multiphoton excitation of the ground state.
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