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Lifetime measurements of rubidium nD3&z (n =6—9) states using the Hanle effect
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A Hanle experiment has been used to determine the following radiative lifetimes (in nsec) of rubidium:

76D —298+8 7,D =345+9, ~,D =586+15, and T» =638+17. These data were taken at a tem-
3/2 3/2 3/2 3/2

perature of 293 K and are not corrected for effects due to blackbody radiation. The efkct of the
hyperfine interaction on the Hanle signal is discussed in detail for an excited state of arbitrary angular
momentum.

PACS number(s): 32.70.Fw

I. INTRODUCTION

Accurate measurements of radiative lifetimes [1] can
be used to test atomic theory. Alkali-metal atoms are
especially attractive to model since all but one electron
occupies a filled electronic shell. The interaction between
the valence electron and the nucleus surrounded by the
electron core, can be approximated by a hydrogenic po-
tential [2]. This simple model has been refined [3] as a re-
sult of experiments that have revealed the effects of core
polarization [4] and blackbody radiation [5], and un-
covered small differences in the radiative lifetimes of
states of the same fine-structure multiplet [6—8]. A
comprehensive summary of theoretical and measured life-
time values has been given by Theodosiou [9]. In this pa-
per we present the measurement of the radiative lifetimes
for the nD3&z (n =6—9) states of rubidium using the
Hanle effect [10—13].

The apparatus is schematically shown in Fig. 1. The
atoms are excited by light propagating along the y direc-
tion and linearly polarized along the z axis. Low-lying
excited states can be populated using lamps and

(a) Initial Subievei Popuiations

-1/2
0OOO

]it

1/2
0000

if&

0000 OOOO $g]2

continuous-wave lasers. To populate higher states, step-
wise excitation or multiphoton excitation using pulsed
lasers is required. The excitation is governed by the
selection rule Am, =0, where m, is the azimuthal quan-
tum number measured with respect to the z axis. This is
illustrated in Fig. 2(a) where an atom having an S, rz
ground state is excited via a two-photon excitation to a
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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 (D). 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

Sv and SH, and plots it as a function of the magnetic field B.

FIG. 2. Zeeman sublevel populations during experiment.
Part (a) illustrates the population of the mJ =4

2
sublevels of

the D3/2 state produced by a two-photon excitation of the
ground state. In part (b), the atoms have been redistributed

among the sublevels as a result of the Hanle field and the

hyperfine interaction, as well as fluorescent decay to lower states
such as P&/2.
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D3/2 state. The excited state is perturbed by a magnetic
field pointing in the x direction which transfers atoms
among the Zeeman sublevels as shown in Fig. 2(b). The
relative populations of the Zeeman sublevels can be moni-
tored by detecting the fluorescence polarization when the
excited state e radiatively decays to a lower state f. In
this experiment, this time-decaying fluorescence is detect-
ed by a photomultiplier and integrated by a gated in-
tegrator. It is convenient to simultaneously monitor two
fluorescence channels sensitive to orthogonal polariza-
tions since the ratio of these two signals is independent of
the excited-state number density. A computer then plots
the ratio of the fluorescence fluences versus the magnetic
field. This so-called Hanle signal, is a Lorentzian func-
tion for atoms having a negligible hyperfine interaction.
The magnetic field width of this curve (full width at half
maximum, FWHM) is proportional to the inverse of the
excited-state lifetime. The hyperfine interaction compli-
cates the signal by broadening the Hanle signal and gen-
erating additional peaks due to level crossings at higher
magnetic fields [14]. We shall show how excited-state
lifetimes can be determined using the Hanle effect when
the hyperfine interaction is not negligible.

In this paper, Sec. II gives the theory for the general
case where the states e and f have arbitrary angular
momentum. Section III describes the apparatus and Sec.
IV compares the results of this work to lifetimes found
previously.

II. THEORY

Several accounts of the Hanle effect have been written
that deal primarily with excitation of low-lying states not
affected by the hyperfine interaction [11—13]. The fol-
lowing discussion uses the density matrix formalism that
has been shown to be convenient in magnet-field-
decoupling experiments to compute fluorescence-decay
signals [15,16]. We consider an unpolarized atom that is
excited at time t =0 to state e by light linearly polarized
along the z direction. The initial state is described by the
density matrix p, (0) which only has nonzero diagonal
elements given as

~ J,m, lp, (0)IJ,in, & =/10+ ~pin,' .

where A is a linear combination of the constants Ap and
A2.

The excited-state density matrix at time t is given by

(r) iH—tlat (0)eiHtlhe —t/~
pe —e pe (4)

+gJp~B J . (5)

Hp represents the Coulomb and fine structure. The next
two terms are the magnetic dipole and electric quadru-
pole hyperfine interactions, whose magnitude depends on
the nuclear spin I and on the coupling constants a and b.
The final term describes the interaction of the electron
with the external magnetic field B, which points along the
x direction. pz is the Bohr magneton and gJ is the Lande
factor corresponding to the electronic angular momen-
tum J. The interaction of the magnetic field with the nu-
cleus was ignored since it is negligibly small in this exper-
iment.

The Hamiltonian mixes the populations of the excited
state Zeeman sublevels ~J,m, &. This can be monitored
by detecting the fluorescence emitted when state e radia-
tively decays to state f. A detector observes fiuorescence
linearly polarized along direction u=(0, sin8, cos8) as
shown in Fig. 3. The time-integrated fluorescent power
or fiuence is derived in Ref. [16] to be

(ilz J &(J P, (0) i&
S(8,8)=So g (6)

1+co; r

Rb
Cell

Here, ~ is the radiative lifetime of state e that we seek to
determine and H is the Hamiltonian, which is given
below.

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

Here, J, is the electronic angular momentum of state e
and m, is its azimuthal component measured along the z
direction. Ap and A2 are constants satisfying the nor-
malization condition Trp, (0)=1. We next introduce the
irreducible tensor operator [15]

TLM(J, J')= Ql Jm & &
J'm —Ml( —1)

Linear
pplari zer

U = (0, sing, cos8)

p, (0)= Too(J„J,)+ A T20(J„J,),1
(3)

XC(J,J', L;m, M —m),
where the bra and ket vectors are quantized along the z
axis and C is a Clebsch-Gordan coefficient. The initial
excited-state density matrix then becomes

Detector

FIG. 3. Detection of linearly polarized fluorescence. Light is
observed transverse to the laser propagation (y) and polariza-
tion (z) directions. The linear polarizer transmission axis is
oriented along u.



W. A. van WIJNGAARDEN AND J. SAGLE 45

xg( —1) U T (JJ) .
M

(7)

So is a constant proportional to various factors including
the excited-state number density, the finite solid angle of
the detector, and the transmission efficiency of various
optical filters and polarizers. The state Ii ) is an eigen-
state of the Hamiltonian corresponding to eigenenergy E,
and Ace, =E, —E . In general, the eigenstates must be
found numerically since no convenient set of basis states
exists that simultaneously diagonalizes the hyperfine- and
magnetic-field-interaction terms of the Hamiltonian. L is
the fluorescent light operator which is given by

X= g( —1) W(Jf,J„1,L;1,J, )

L

W(Jf, J„1,2;1,J, )x= —A [J,] 8'(Jf,J„1,0; 1,J, )
(14)

R(0)+R(B„)
R(8]yp)=

2

The excited-state lifetime may then be found using

(15)

Figure 4(a) shows a plot of R (8) that was computed us-

ing (11) for an atom, having a nucleus with spin 5/2, that
is excited to a D3/2 state as shown in Fig. 2, and radia-
tively decays to a I', /2 level with a lifetime of 350 nsec.

It is useful to define a parameter 8, /2 to be the field
where the ratioed signal given by (9) is halfway between
the zero and high-field values denoted by R (0) and
R (8„)respectively; i.e.,

8'is a Racah coefficient and Jf is the angular momentum
of state f. For detection of linearly polarized light, the
nonzero ULM are 1/2

(16)

1
Uoo= ~- *

3

sin 0
U2+2

U2+, =i cost9 sin&,

Uzo = —(1—3 cos 8) .
1

v'6

The ratio of fluorescent Auences polarized parallel and
perpendicular to the z axis is then

( )
S(8,0)

S(8,~/2)

where co, &~=co(8,&~). Hence, the excited state lifetime T'
can be determined by measuring the field half-width of
the Hanle signal. This measurement is relatively insensi-
tive to factors affecting the signal amplitude such as the
finite solid angle of the detector or the relative efficiency
of the detectors measuring vertically and horizontally po-
larized Quorescence.

The hyperfine interaction perturbs the Hanle signal
most significantly when the magnetic field is zero. The
Hamiltonian eigenstates are then I JIFm~ ), where
F=J+I and mF is the corresponding azimuthal quantum
number. The signal ratio is then given by

4.0
The ratio R, unlike the integrated signal S, is independent
of the excited-state number density, which is difficult to
measure. An analytic expression for R can be derived for
an atom having negligible hyperfine interaction. The
eigenstates of the Hamiltonian are then given by the Zee-
man sublevels quantized along the magnetic field direc-
tion x, denoted by IJ,m„]. The sublevels quantized
along the x and z directions are related by

30-

2.0-

1.0

1.6-

(a) 2rar=o

IJm„j = gd (7r/2)IJm, ), (10) 14-
(b}2 xa r = i

where d is the rotation matrix element [17]. One then
obtains the following result for the signal ratio,

RoR(8)=1+
1+(nor/e)

where co=gjp&B/fi is the Larmor frequency. R (8) is a
Lorentzian function having amplitude Ro and angular
half-width 8 which are given by

1.2-
lg
C
p

1 0--
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(c)2+a 7.=~

3xRo=
&2—x

(12) 1.0-
0 2

e(G)
4

where

1/2
&2—x

4&2+2x
(13)

FIG. 4. EfFect of hyperfine interaction aI.J on signal ratio.
The signals are computed for atoms, having a nucleus of spin
5/2, that are excited to a D3/p state as shown in Fig. 2, and radi-
atively decay to a Pl /& level with a lifetime of 350 nsec.
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where

1++2xy
1 —xy /&2

(17)

1 [F][F']W (I,F,J„2;J„F')
y= 2g[I] F &F 1+CUFF T

+ g [F) 8' (I,F,J„2;J„F)
F

(18)

When the hyperfine interaction is negligible, the factor y
is unity and the signal ratio given by (17) agrees with that
predicted by Eqs. (11) and (12). Figure 4 illustrates the
efFect of the hyperfine interaction on the signal ratio for
the simple case where only the magnetic-dipole term con-
tributes to the hyperfine interaction. The strength of the
hyperfine interaction is then characterized by a dimen-
sionless constant that equals the product of the hyperfine
frequency OFF.=2+a times the excited-state lifetime ~.
The factor y reduces the Hanle signal amplitude, and
thereby increases the field halfwidth 8&&2. When 2~a7
equals unity, additional peaks appear due to high-field
level crossings [14]. The level-crossing peaks move out to
higher magnetic fields as the magnetic dipole constant in-
creases further and become well separated from the so-
called zero field or Hanle signal as is illustrated in Fig.
4(c). The dependence of the parameter 8 on the
hyperfine interaction is shown in Fig. 5. This graph was
generated by first determining 8&&2 from Fig. 4 and then
using Eq. (16). When 2mar=cozz. r(1, 8 is especially
sensitive to the hyperfine interaction.

In this experiment, the lifetime was determined as fol-
lows. First, the known values of the magnetic dipole and
electric quadrupole hyperfine constants a and b were used
to generate a table listing r versus computed 8 or 8&&2
values. For the states considered in this experiment
copy 7 ) 3 and 8 could be evaluated to an accuracy of 1%.
The lifetime was then found using the value of 8&&z mea-

sured from the experimental data.
The zero-field level crossing or Hanle signal can be ap-

proximated by a Lorentzian function as is shown in Fig.
6. The Lorentzian curve was chosen to have the same
halfwidth as determined by (15) for the computed signal,
and have zero- and high-field values found using (17) and
(11). Very close agreement between the exact and fitted
curves is obtained if the high-field level-crossing peaks
are mell separated from the zero-field or Hanle signal. In
our experiment, data analysis was expedited by fitting a
Lorentzian function to the experimentally measured data
points. We estimate the error in equating 8«z to the
half-width at half maximum of the Lorentzian curve to
be about 2%.

III. EXPERIMENT

A. Apparatus and procedure

We shall present a brief description of the apparatus
emphasizing aspects relevant to lifetime measurements.
Detailed discussions about laser excitation of atoms
stored in a cell and about fluorescence detection are given
elsewhere [16]. Rubidium atoms were contained in a cy-
lindrical pyrex cell having a length of 10 in. and a diame-
ter of 1 in. The cell was evacuated by a difFusion pump to
a pressure of 1X10 Torr before it was filled with rubi-
dium. Simultaneously, it was baked overnight at a tem-
perature of several hundred degrees centigrade to remove
impurities. The cell was located in an oven heated by jets
of hot air to a temperature of 120'C. This corresponds to
a rubidium number density of 2.0X10' atoms/cm [18].
Hence, the probability of a collision between an excited
rubidium atom and either a background gas molecule or
with the cell wall is negligible.

The magnetic field was controlled using three pairs of
orthogonal Helmholtz coils centered about the cell. The
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FIG. 5. Effect of hyperfine interaction on e.

10
FIG. 6. Lorentzian fit to computed signal ratio. The solid

line is the same signal ratio R as appears in Fig. 4(c). The
dashed curve is a Lorentzian function that was fit to the exact
signal as is described in the text.
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Hanle field in the x direction was determined using a
Hall-effect gaussmeter to an accuracy of 1%. This uncer-
tainty greatly exceeded the field inhomogeneity over the
region of the cell from which fluorescence was detected.
The field components along the y and z axes were mea-
sured to be less than 5 mG.

A pulsed dye laser excited the 5S, /2 rubidium ground
state to the nD3/2 n =(6—9) state via a two-photon exci-
tation. Typical laser-pulse energies were between 1 and
10 mJ. Fluorescence produced by the decay of the D3/2
state to the 5P, /2 level was detected using a narrow-band
interference filter (FWHM of 10 A) and a photomultiplier
(Hamamatsu R928). The time decaying photomultiplier
signal was integrated (Stanford Research Systems 250)
and sent to a computer. The ratio of signals obtained
with the polarizer in front of the detector oriented along
the vertical and horizontal directions was then evaluated
and plotted versus the magnetic field.

B. Data analysis

A measured Hanle signal is shown in Fig. 7, for the
case where the 6D3/2 state was excited. The following
Lorentzian function was fit to the data,

Fo
F(B)=1+

1+[(B—Bo ) /B, i2 ]
(19)

where Fo, Bo, and B,/2 were varied using a least-squares
algorithm to find the best fit. BI/2 was then set equal to
the average of the best-fit half-width values obtained for
the separate runs. The uncertainty in BI/2 is set equal to
one standard deviation of the best-fit halfwidths about
their average value. The Lorentzian is offset from the

I

1+ 3

2 4

8 (G)

FIG. 7. Sample of experimental data. A Lorentzian function
was fit to the data using a least-square Stting program.

origin by Bo, which cancels the component of the Earth' s
field along the x direction. Bo was found to be 0.10 G.
The observed signal amplitude value, Fo=0.32, is lower
than the value 0.40 which is predicted using (17) and (18)
for the nD3&2 (n =6—9) states of Rb . This means that
more horizontal polarized fluorescence was detected than
expected. It has been previously suggested that this
might occur if the +3/2 Zeeman sublevels are initially
populated [16]. We therefore studied how different initial
states described by the following density matrix affect the
Hanle signal.

p, (0)= (izl3/» & 3/21+ I 1/2) (1/21+ I

—1/2& &
—1/2I+rzl —3/2) ( —3/2I) .1

2(1+a) (20)

The parameter e is zero for the case of a two-photon ex-
citation from an S»2 to a D3/2 state generated by a laser
linearly polarized along the quantization axis. The Hanle
curves were computed and are shown in Fig. 8. The sig-
nal amplitude decreases rapidly as a increases. It equals
zero when all the sublevels are equally populated (i.e.,
a=1). However, the field half-width shown in Fig. 9
changes less than 1% as u increases from 0.0 to 0.4.

I

Therefore, the magnetic field width of the Hanle signal is
relatively insensitive to the precise composition of the ini-
tial state and a was set to zero when analyzing the data.

IV. RESULTS

The lifetimes found for the nD3&~ (n =6—9) states of
rubidium are listed in Table I, along with the respective

TABLE I. Measured lifetimes.

State a (MHzl b (MHz)

Hyperfine constants
This work

393 K
Ref. [24]

350 K Ref. [25]

Lifetimes (nsec)
Ref. [26]

520 K
Refs. [19 and 20]

393 K

6D
7D3/2
8D3/2
9D3n

2.32+0.06'
1.415+0.03
0.84+0.01'

0.55

1.62+0.06'
0.31+0.06

0.0
0.0

298+8
345+9
586+15
638+17

285+16
388+25
515+30

294+12
370+25

565+120

254+27
346+25

'Reference [19].
bReference [20].
'Reference [21].
Reference [22].
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2.0 FIG. 9. Effect of initial state on magnetic-field half-width.
The magnetic field half-widths 8&/& of the Hanle signals shown
in Fig. 8 were determined and plotted vs a.

FIG. 8. Effect of initial state on signal ratio. The Hanle sig-
nals were computed for an initial state described by (20). a
measures the fraction of atoms initially excited into the k3/2
sublevels of a D3/g state. The curve computed when a=0.0 is
the same as that shown in Fig. 4(c).

magnetic dipole and electric quadrupole constants [19-
22]. The hyperfine constants were determined by quan-
tum beats and level-crossing experiments which have
been described by Arimondo et al. [23]. The quoted life-
time error is determined by the uncertainty in 8 &/z.

Table I includes other measurements of the D3/2 life-
times, showing reasonable agreement with those obtained
using the Hanle method [19,20,24-27]. The other experi-
ments all determined the lifetime from the temporal
dependence of the fluorescent intensity emitted when the
excited-state radiatively decays. The temperatures at
which the data were taken are also given, since none of
the lifetimes have been corrected for blackbody radiation.
This effect can cause significant depletion of high-lying-
excited-state populations at room temperature [5].

Theoretical values for the lifetimes are listed in Table
II. Decay rates have been computed using a Coulomb
approximation as was first done by Bates and Damgaard
[2]. We show the results of Gruzdev and Denisov [28],
who accounted for the contribution of the polarized core
to the transition dipole operator as is described by Curtis

[4). Lifetimes have also been computed using a numeri-
cal Coulomb approximation introduced by Lindgard and
Nielsen [29]. The values found by the above authors are
in close agreement. Neither Gruzdev and Denisov nor
Lindgard and Nielsen take into account the spin-orbit in-
teraction or blackbody radiation. This has been carefully
done by Theodosiou [9], who computed lifetimes at the
temperatures shown in Table I. At 0 K, his results are
about 15%%uo lower than those computed by the other two
groups. The measured lifetimes exceed the values found
by Theodosiou by a similar amount.

A comparison of the Hanle method to that measuring
the exponential decay of fluorescence intensity has been
made by Bulos et al. [13]. The Hanle method uses a box-
car integrator rather than a relatively expensive transient
digitizer. The magnetic fields needed to measure lifetimes
as short as 1 ns are readily obtained using air-cooled
Helmholtz coils. For both methods, data analysis is
straightforward since either a Lorentzian or an exponen-
tial function is fit to the data. However, extraction of the
lifetime from t. Hanle signal requires accurate values of
the hyperfine constants of the excited state. Fortunately,
for many excited states these constants have been mea-
sured to accuracies of better than 1% [23]. In con-

TABLE II. Theoretical lifetimes (nsec).

State

6D3/2
7D3/2

8D3/2
9D3/2

0 K

253.62
331.08
455.48
625.98

Theodosiou [Ref. 9]

350 K

251.32
323.65
438.01
591.42

450 K

248.60
318.01
427.86
574.65

Lindgard
and Nielsen

[Ref. 29]

295.1

386.5
532.4
722.8

Gruzdev
and Denisov

[Ref. 28]

300
400
560
750
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elusion, we believe the Hanle method is a useful tool for
accurately measuring radiative lifetimes. Lifetimes were
determined for the nD3/z (n =6—9) states of rubidium
and were found to be in reasonable agreement with those
calculated using a Coulomb approximation that takes
into account polarization of the core electrons.
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