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%e describe a new method for measuring oscillator strengths for transitions between excited
atomic states. The oscillator strength is determined from changes in the angular distribution or polarization of fluorescent light induced by the ac Stark effect of a laser pulse. The method can be
thought of as a variant of the hook method in which the roles of atoms and photons have been interchanged.
PACS numbers:

32. 70.CS, 32.80.—t

frequency v from the resonant frequency vo, the classical electric field of the light is E= ee '"'+ e"e'"', and
the electric dipole moment operator of the transition is
D. The sum extends over all sublevels k of the second
state. If the second state lies higher than the populated state, rather than lo~er as is assumed in Fig. 1, the
sign is changed in the right-hand side of (I) and the
amplitudes e and e' are interchanged.
The evolution
caused by the light-shift pulse is described by the unitary time-evolution operator

Oscillator strengths for optical transitions in atoms
and molecules are notoriously
difficult to determine. ' ' In this paper we describe an effective new
method to measure absolute oscillator strengths for
transitions between excited states.
The essence of the method is illustrated in Fig. l.
An atomic state (a) with electronic angular momentum J = —, is anisotropically
populated by excitation
with polarized light, as shown in Fig. 1(a). A pulse of
laser light (the light-shift pulse), off resonant by an
amount hv from the resonant frequency for transition
to a second state of interest (b), is appropriately polarized to cause virtual transitions to and from the second
state shown in Fig. 1(b) and thereby transfer atoms
between the sublevels of the populated state (a). At
the end of the laser pulse the sublevel populations
have been modified as shown in Fig. 1(c). The resulting changes in sublevel population can be monitored
by observation of changes in the angular distribution
or polarization of fluorescent light from the populated
state. The oscillator strength for transitions between
the populated and second state can thereby be determined as we discussed belo~.
The virtual transitions of Fig. I can be described
with the light-shift operator H, defined by its matrix
of the populated
elements between sublevels i and
state4 '.
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where the time integral extends over the pulse duram ) are the eigenstates
of H, i.e. ,
tion T, and
Hlm) =E(m)lm). For linearly polarized light, m is
the azimuthal quantum number for an axis along e,
and the phase angles are given by
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The oscillator strength is defined by
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where we use the convention of Corney. 7 Here E, and
Et, are the energies of the populated and second states.
The fluence I of linearly polarized fluorescent light
emitted by the atoms after the light-shift pulse has
passed is given bye

I =a [I+ap, (cosH)(T„) J],

(5)

where the constant A accounts for detector efficiency.
P2(cosH) is the second Legendre polynomial, where H
is the angle between the z axis (vertical axis) and the
polarization direction of detected linearly polarized

fluorescence. The population imbalances in the populated state are conveniently described by the mean
alignment
( T2o), where for a state with angular
'
—
', , T2o= —, J, ——
', . The final(f) alignmomentum
ment after the passage of the light-shift pulse is denoted by (T~o)&. The coefflcient8 8 in (5) equals —
2 if
fluorescence is observed for a transition from a populated state having J, = —', to a terminal state with
—
', , then 8
', .
J, = —,' . If J, = —
We assume pure alignment of the populated state

J=
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before the light-shift pulse, as shown in Fig. 1(a). The light-shift
( T») into a final alignment ( Tqo)I as follows:

pulse will then transform

the initial alignment

.

.

&
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(T20), = (T, ), Tr(», U'T») = ( T»), [1+-, si"p(3 si"p-4) (1 cos~q) i,

where the light-shift pulse is linearly polarized at an
angle P to the z axis and the phase difference is given
in terms of the phases (3) by
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Because of spatial nonuniformities of the light-shift
pulse, different atoms experience different fluences
and therefore different phase angles (3). Perhaps the
simplest fluence distribution to consider, which was
closely approximated in our experiment, is the exponential distribution with mean fluence Fo,
Here the sum extends
O'Pt~2 and

5'Py2, which significantly

'.

P (F) = (1/F, ) exp(

- F/F, ),

(9)
of a fully developed speckle pattern. 9
The spatially averaged value of the fluence-dependent
part of the signal is then easily shown to be
characteristic

(cosh, 4t)

=
P(F) 4F cosh, P
= (&F,)'/[(~F, )'+ F,'].

(6)

Although the fluence distribution measured in our experiments is similar to (9), model calculations show
that the interpretation of the parameter thFot as the
half width of a depolarization curve remains valid to
within a few percent for many plausible fluence distributions, such as broad Gaussian, square-pulse, and
triangular-pulse distributions.
A diagram of our apparatus to measure oscillator
strengths is shown in Fig. 2. A Pyrex-glass sample cell
contains a small amount of 8 Rb metal. The cell is
heated to 120'C to provide a Rb number density of
about 2x lo'3 cm . Two dye lasers are pumped by a
doubled Nd:YAG (neodymium-doped
yttrium aluminum garnet) laser at a 20-Hz repetition rate. The 4nsec output pulses are delayed with respect to each
other by about 15 nsec by path-length differences from
the lasers to the sample cell. The first pulse at 6969 A
drives a two-photon transition from the 5St~2 ground
state of Rb to the 6Dy2 excited state, which has a radiative lifetime of about 250 nsec. The propagation
direction of the exciting pulse is taken as the y axis of
a coordinate system (see Fig. 2). The laser is polarized
along the z (vertical) axis, the direction of a 14-6
magnetic field which is used to decouple the nuclear
Dye
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l

t

t

Nd

o) Before Light Shift Loser
Q

ODO

que cy

IO64QA

YAG

Laser

004M

53~OA

Doubling

g

Crystof

u 3l2

Dye

6969A

Laser

I

Light

Sensitive

t

Diode
Light Shift Lo ser Path
I

Temperature
Contr o I e r
I

1) During Light Shift Laser Pulse
Variable
Attenuotor

Filter,
Z(Vert. )
Polar l zat ion
Rotator
Gl oss

Vert

LP

~

Irts

Slide

Iris

c) Afte~ Light

Shift Loser
Acl&

Rb Cell

I

Power

Horiz
L P

Meter

Filter

6 D 3/2
Ga ted

~,
~Plll2

FIG. 1. Redistribution
els by the light-shift pulse.

of populations of Zeeman sublev-

Trigger

Channel

3 Pair
'

He lmhol t z
Coi ls

lntegrotors
'

Chonnel

H

V

]CofTlputer

FIG. 2. Experimental apparatus.

PHYSICAAL REVIEW LETTERS

VoLUME 56 N UMBER 19
'

'

o arizations
and electro nic spin pool

12 MAY 1986

excitedd
in the exc't
bstantially
'

e

y

6Dar2

(2) dur-

ig t-shlf t p u lse. The

-

s an initial po
on excitation
lo n s 1 m 1 lar t, o that of Fig. 1 a).
sublevels with
i
an
ansition
cann only pop u 1ate the su
of
u
ivcly small po pulation
irectly an
'
—, sublevels, , w
which we alwa
ways observe in our exrasitic lasin g
ents, is probabl
u
s rong transi
Some 15 nsec later a pulse of 6206--A light
ransitions 1'
in
e y axis
'
-s
This light- h'fi t pulse
=54.7' to th
gic angle" p=5
maximize tth e fluence-d- ependent term in
t

—

"xx xxx

0.8

0.0

R

Fluoresceentt 1 ight w as detected along the x axis as
lg. 2. In ea
thr

0

terference filter (20
nto a photoomultiplier. T
nnels after th
e two charm
with
e or 400
erne is
Il a slg11als
1 to horizontal
and accuin u ated as a
nce or eachh ase shot. By takin
'
- o e iminate t he effect of s h ot-toa ions (a bo
20%)
-s
pu se with a

e to pass thr
one on each s'

11F

cai1'b rated

~

it1

y

reon is
aser w

1

is

o

x

0o

o

O

O

D(l/X, ) cm

'

.2

o

I8. 5
si-

Bt2

1

ig t-shift laaser beams
circular irisc

5/2
I

th

0.4

0.0

0 20
etuni

xx

2.4
5.2
RGY (millijoules)
PULSE ENERGY
oo Oo

0

5. 6

xx

pressurizin
F
. To detero Freon.
etween r
'
o thee cavity. . T he
e
y counting
y an etalon

0.8
IFT P

1.2

Y

s

shift lase r wavelen g

s

m'll

po

g

ae ' dic
oi
o i lines, wh
ra
ransitions are
ar represente d by wiggly

ines.

ical curve

(8) to the e

p

11

termined

half

g

t e

t

r the
n

transiti

ic

cent lig

Lorentzian c

tw

n

2026

a or strengths
P3~2

states

aanalogous
transition
e engths o
ere inte rc h anged are

well represe
dieted by (IQ
0, the slgils
e opposite , in accor111 (5) . U sing
S111 the
&/2

arameters, we fit th e theoret-

II,

in accordanc e with the
p e is show
ransitions in rubidium
'
- pproxirnation
'on
u omb-a
in
the
li
iterature.
y

rements for
ared in Table
an to val
as review
osr schemes to
cillator sst rengths b y the dynam ic Stark shif
s itortheo-per-Townes
the method
g
o the samee physical
enon, as evldeeenced by our use oof the lighte analysis
ination of 1ight-shift

PHYSICAL REVIEW LETTERS

VomME 56, NUMam 19

12 MA+ 1986

TABLE I. Oscillator strengths of rubidium.
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FIG. 4. Comparison of theory (solid line) from
experimental data. We have set Ib FOI equal to the
curves similar to those in Fig. 3 obtained for the
transitions. The sign of AFO was chosen to agree
predicted by (8).

effects with perturbed angular correlations.

(9) with
widths of
7D3~2-SP
with that

The atoms

"integrate" the light shift and respond to the pulsed
laser fluence in much the same way that a ballistic galvanometer responds to the total charge of a current
pulse. The temporal substructure of the laser pulse is
not important. Unlike methods based on absorption or
curves of growth, where the relative amounts of
Doppler, collisional, and natural broadening are crucial, this method uses light which is detuned so far off
resonance that details of the line shape are not important. %ith this method it is possible to measure directly oscillator strengths of transitions out of any state for
which radiative lifetimes can be determined by pulsed
laser excitation and fluorescent monitoring.
There is
no need to measure branching
ratios. Oscillator
strengths can be determined for transitions to lower or
higher states, including autoionizing states.
In conclusion we point out a close connection
between this method and the classical hook method'
for measuring
oscillator strengths.
In the hook
method an interferometer is used to measure the optical phase-retardation
angle @„produced by an atomic
vapor of number density N and length l The phase r. etardations of the vapor and reference paths in the conventional hook method correspond to the 2J, + 1
atomic phase angles of (3). The hook phase shift is related to the atomic phase shifts of (3) by

(F/h u) y„= W@,
where the mean atomic phase shift is

y=(2J. +1)-'g y(m).
The quantity M is the atomic column density (atoms
per unit area) and the quantity F/hv is the photon
column density (photons per unit area). In short, our
method is basically an inverse hook method where we

Reference 12.

have interchanged the role of atoms and photons. We
do this because pulsed lasers provide adequate and
easily measured photon column densities (i.e. , fluences). Only enough excited atoms are needed to give
a good fluorescent signai. It is often impossible to obtain adequate excited-atom
column densities and,
more importantly, to measure such densities to permit
absolute oscillator strengths to be determined by the
conventional hook method.
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