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We have developed a theoretical description of the evolution of ground state coherences between magnetic
sublevels in Rb vapor in the presence of a magnetic field along an arbitrary direction. This formalism uses a
rotation matrix approach to describe the evolution of coherences created by two traveling wave laser pulses
with orthogonal polarizations. The effect of a magnetic field can be described as a time-dependent rotation of
the atomic system about the quantization axis. Predictions based on this theoretical formalism for the functional form of Larmor oscillations in a magnetic field are studied using a coherent transient effect known as
magnetic grating free induction decay 共MGFID兲 using room temperature vapor and laser cooled atoms. We find
the theoretical predictions to be in excellent agreement with data. The velocity distribution of the cold sample
measured from the dephasing time of the MGFID in the absence of magnetic fields is in agreement with the
sample temperature obtained by imaging the ballistic expansion of the trapped cloud. By using rate equations
to model atomic coherences, it is also possible to predict the evolution of magnetic grating echoes 共MGE兲 in
a magnetic field. We compare these predictions with experiments from cold atoms and discuss applications of
the MGFID and MGE that relate to a precision measurement of the atomic g factor ratio using 85Rb and 87Rb
isotopes.
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I. INTRODUCTION

Properties of atomic coherences have been exploited for
interesting applications such as quantum state preparation 关1兴
and control 关2兴, nondemolition measurements 关3,4兴, entanglement 关5兴, and precision magnetometery 关6兴. Other interesting applications have related to studies of velocity
changing collisions using both radio frequency 共rf兲 关7兴 and
optical excitation 关8兴 and experiments with coherent transient
effects that involve coupling between Zeeman sublevels
关9,10兴. The behavior of atomic coherences in static magnetic
fields can also be exploited for precision measurements of
the strength of magnetic interactions such as atomic g factor
ratios and the Zeeman shift 关11–15兴.
In this paper, we describe the evolution of magnetic sublevel coherences under the influence of static magnetic fields
in rubidium vapor, and consider an application related to
achieving an improved precision measurement of the ratio of
atomic g factors in two Rb isotopes that relies on a precise
measurement of the Larmor frequency L. We use coherent
transient effects designated as magnetic grating free induction decay 共MGFID兲 and magnetic grating echoes 共MGE兲
that were originally predicted in Ref. 关16兴. These signals involve spatially periodic coherences between magnetic sublevels of ground state atoms and their basic properties were
investigated in Refs. 关17,18兴. The experimental work in Ref.
关17兴 discussed the evolution of coherences for particular orientations of magnetic fields whereas Ref. 关18兴 focused on the
effect of collisions and showed that the MGE could be observed on a time scale determined by the transit time of
atoms through the region of interaction.
In a static magnetic field, it is known that the Zeeman
shift between magnetic sublevels causes temporal oscillations within the envelopes of these signals at multiples of L
关17兴. In this work, we present an analytical calculation that
predicts the functional form of the Larmor oscillations in the
1050-2947/2008/78共3兲/033418共13兲

MGFID in arbitrary static magnetic fields for excitation
pulses with both orthogonal linear and circular polarizations.
The theoretical treatment is based on a rotation matrix approach 关19–21兴 in which the effect of the magnetic field can
be described as a time-dependent rotation of the atomic system about the quantization axis. We use data from room temperature vapor and laser cooled atoms to show that the
theory accurately describes the signals observed in the experiment. In the absence of magnetic fields, we show that the
velocity distribution of a cold sample measured using the
MGFID is in agreement with the results of an independent
technique used to measure the sample temperature. We also
use rate equations outlined in Refs. 关16,22,23兴 to understand
the properties of the MGE in a magnetic field. We show that
the results of simulations are in agreement with data from
laser cooled atoms. An interesting aspect of these studies is
that we show that the amplitude of the MGE envelope exhibits oscillations that depend on the Rabi frequencies of the
excitation pulses and the magnetic field as a function of the
time between excitation pulses. However, Rabi frequency oscillations average out due to the effect of the spatial profile
of the excitation beam allowing magnetic field dependent
oscillations to be observed. This effect can be explained in
analogy with optical Bloch equations that model a two level
atomic system.
The durations of the envelopes of the MGFID and MGE
are related to the velocity distribution of the sample 关17,18兴.
For a laser cooled sample, this duration is typically ⬃1 ms.
As a result, Larmor oscillations can be measured with high
precision on this time scale. In this paper, we discuss measurements of the atomic g factor ratio obtained by measuring
L using the MGFID in two isotopes of Rb. We show that
the time scale of the measurement can be extended by about
a factor of 2 by recording Larmor oscillations under the
MGE envelope. Since the MGE exhibits envelope amplitude
oscillations, and since it should be possible to observe the
MGE on a time scale comparable to the transit time of cold
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FIG. 1. 共a兲 Laser pulses along kជ 1 and kជ 2 excite a sample of
atoms 共laser cooled gas, or room temperature vapor兲;  ⬃ 10 mrad
共b兲 Level diagram for the experiment with kជ 1 and kជ 2 having orthogonal linear polarizations; ⌬ ⬃ 40 MHz. 共c兲 Timing diagram for
the MGE signal.

atoms through the region of interaction 共several tens of milliseconds兲, our results suggest that it should be possible to
use the MGE to achieve a significant improvement in the
precision with which the g factor ratio can be determined.
We note that the goal of previous experiments in alkali-metal
vapor magnetometry 关24兴 was to carry out measurements on
a suitably long time scale to avoid transit time signal decay
and spin relaxation due to wall collisions.
For the experiments considered in this work, the sample
of atoms is excited using two simultaneous traveling wave
laser pulses applied at t = 0 with wave vectors kជ 1 and kជ 2 at a
small angle 关 ⬃ 10 mrad, as shown in Fig. 1共a兲兴. The atomic
sample is either Rb vapor at room temperature, or a cloud of
laser cooled atoms loaded into a magneto optical trap
共MOT兲. The individual traveling waves pulses have orthogonal linear or circular polarizations and are detuned from the
excited state 共in a laser cooled sample兲. However, the pulses
are resonant with the two photon transition that couples two
magnetic sublevels of the ground state as shown in Fig. 1共b兲.
The timing diagram is shown in Fig. 1共c兲. The excitation
creates a spatially periodic superposition between the magnetic sublevels of the ground state coupled by the laser fields.
The superposition has a period of ⬃ /  where  is the
wavelength of the excitation. The grating is probed by a read
out pulse along kជ 2 and the resulting signal 共MGFID兲 is coherently scattered along kជ 1 due to conservation of momentum. The grating dephases due to thermal motion of the atoms and the time scale of the signal decay 共defined as the
decay time兲 is determined by the time taken by a typical
atom to move a distance on the order of a grating spacing
共 u 兲, where u is the most probable speed associated with the
Maxwell-Boltzmann velocity distribution.
The MGE is observed using a second set of excitation
pulse at t = T to rephase the coherence grating as in Fig. 1共c兲
关16–18兴. The second pulse modifies the time dependent coefficients that describe the coherent superposition of magnetic sublevels so that the grating reforms at t = 2T. This is

analogous to the reversal of the Doppler phases of individual
atoms in a traditional two pulse photon echo experiment
关25兴. In the absence of decoherence due to collisions and
background light, the MGE amplitude should decay on a
time scale determined by the transit time of atoms through
the laser beams 关18兴.
The focus of initial experimental work using echo techniques was related to observing effects due to atomic recoil
关17,26–28兴. The MGFID and MGE were used to verify the
expected dependence of the dephasing time of the coherences on the velocity distribution of the sample 关17,18,29兴,
observing the effect of magnetic fields for particular experimental configurations 关17兴 and studying the effects of collisions 关18兴. Other applications of the MGFID include measurements of the diffusion constants 关30兴 and phase space
imaging 关31兴. Echo techniques were also used to investigate
applications related to detecting nanostructures 关32–35兴 and
depositing periodic arrays of atoms on substrates 关29,34兴.
The rest of the paper is organized as follows. In Sec. II,
we present details of the rotation matrix approach used to
calculate the MGFID in static magnetic fields and outline the
rate equations used to model the MGE. In Sec. III, we outline the details of the experiment. In Sec. IV, we show that
the decay time of the MGFID is an accurate technique for
measuring the temperature of the sample by comparing the
results to an independent technique. We show that the functional form of the Larmor oscillations in the envelope of the
MGFID in static magnetic fields agrees with the theoretical
predictions based on the rotation matrix approach. We consider the realization of a precision measurement of atomic g
factor ratios that relies on the properties of the MGFID and
possible improvements in precision using the MGE.
II. THEORETICAL CONCEPTS
A. Calculation of MGFID

The action of the rotation operator in quantum mechanics
is analogous to the effect of a magnetic field on an atomic
system. We consider the situation in which two excitation
lasers with orthogonal polarizations are used to create a spatially periodic superposition between magnetic sublevels of
the same hyperfine ground state. It is possible to excite ⌬m
= 1 and ⌬m = 2 coherences using Lin⬜ Lin and +− pulses,
respectively. The evolution of these coherences in a magnetic
field resembles the evolution of particular moments 共dipole,
quadrupole,…兲 of the atom in an irreducible tensor basis.
These moments are associated with the evolution of effects
termed as alignment and orientation, respectively.
A technique for describing the evolution of coherences
has been described in Refs. 关19,20兴 in the context of rotation
operators and by Ref. 关21兴 in the context of precision measurements of electric dipole moments. In this treatment, the
probability of the atom being in a specific coherent superposition is defined by 具F , m兩mm⬘兩F , m⬘典 where F and m refer to
the magnetic quantum numbers of the ground state sublevels
and mm⬘ is an element of the atomic density matrix. To
calculate the probability of an atom to be in a particular
atomic state in the presence of a magnetic field, we apply the
rotation operator to align the quantization axis as defined by
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the laser polarizations with the quantization axis as defined
by the magnetic field. This involves rotating the atomic coordinate system through the Euler angles 共␣ , ␤ , ␥兲 that describe rotations about each of the axes. The rotated density
matrix is given by

mm⬘共, 兲 = D−1共, ,0兲mm⬘D共, ,0兲

具m⬘兩exp关i␤Ĵz兴兩m典
=

In Eq. 共1兲,  and  represent the polar and azimuthal angles
in the new coordinate system. The application of the rotation
operator D to the atomic density matrix allows the rotation of
the quantization axis through all possible angles. The rotation generates a surface such that the distance from the origin
to a point on the surface defined by 共r ,  , 兲 is proportional
to the probability of finding the system in a particular state.
We first evaluate the rotation matrix in Eq. 共2兲 for the level
structure of interest 共specific angular momentum Ĵ兲. We apply the rotation operator D to the density matrix and evolve
the system in time using the Hamiltonian for the magnetic
interaction. The time-dependent atomic density matrix 共mm⬘兲
K
兲 usis then transformed into an irreducible tensor basis 共Q
ing the transformation

QK = 兺 兺 共− 1兲F−m⬘具F,m;F,− m⬘兩K,Q典mm⬘ ,

共3兲

m m⬘

where 具F , m ; F , −m⬘K , Q典 is a Clebsch-Gordan coefficient. It
is particularly convenient to write the atomic density matrix
in this basis since the coherence that is established by the
K
. Using
laser pulses is proportional to the tensor elements Q
this approach, it is also possible to handle a large number of
degenerate magnetic sublevels and arbitrary light polarizations as in Ref. 关22兴.
The inverse transformation allows us to predict the state
of the system in the m basis and is given by
2F

mm⬘ =

K

兺 兺 共− 1兲F−m⬘具F,m;F,− m⬘兩K,Q典QK .
K=0 Q=−K

共4兲

B. Calculation for J = 1 Õ 2 atomic system

For simplicity, we consider a system with quantum number J = 1 / 2 with the atoms optically pumped into the m
= 1 / 2 magnetic sublevel. The matrix exp关i␣Ĵz兴 is given by
具m⬘兩exp关i␣Ĵz兴兩m典 =

冉

ei␣/2
0

0
e

−i␣/2

冊

.

=

共2兲

共5兲

冢

兺
=0

冉 冋 册冊

⫻共− 1兲J−m⬘− cos

共1兲

where
D共␣, ␤, ␥兲 = exp关i␥Ĵz兴exp关i␤Ĵy兴exp关i␣Ĵz兴.

冑

J−m⬘

共J + m⬘兲!共J − m⬘兲!
共J + m兲!共J − m兲!

␤
2

冋册 冋册
冋册 冋册

␤
2
␤
sin
2

␤
2
␤
cos
2

cos

− sin

冊冉 冊
冉 冋 册冊

J+m

2+m⬘+m

sin

J−m



J − m⬘ − 



2J−2−m⬘−m

␤
2

共6兲

,

A!
and
where 共 BA 兲 is the binomial coefficient given by 共A−B兲!B!
 is a summation index. The rotation matrix in Eq. 共2兲 can
then be written as

D共, ,0兲 = D共0,0,0兲D共0, ,0兲D共,0,0兲

=

冢

冋册
冋册


2

ei/2 sin
2

ei/2 cos

冋册
冋册


2

e−i/2 cos
2

− e−i/2 sin

冣

共7兲

from which the inverse matrix D−1 can be calculated. We
substitute the matrices for D and D−1 into Eq. 共1兲 to rotate
the quantization axis of the system. Assuming that the atoms
are initially in the state mm⬘ = ␦m, 1 ␦m⬘, 1 , the expression for
2
2
mm⬘共 , 兲 in the rotated system is given by

mm⬘共, 兲 = D−1共, ,0兲

=

冢

cos2

冉 冊
1 0
0 0

冋册

2

1
− ei sin关兴
2

D共, ,0兲

1
− e−i sin关兴
2
sin2

冋册

2

冣

.

共8兲

We now subject the system to a magnetic field interaction
ជ · Jជ . We consider
described by the Hamiltonian Ĥ = −gJBB
the specific case in which the magnetic field is at an angle
 / 2 with respect to the z axis 共quantization direction兲 so that
the Hamiltonian becomes Ĥ = xĴx + yĴy. Here, k
= gJBBk / ប is the Larmor frequency due each component of
the field. The resultant Larmor frequency is given by L
= 共gJB / ប兲冑B2x + B2y . The time dependence of the density matrix in Eq. 共8兲 is given by
1 ˆ
˙ mm⬘共, ,t兲 = 关H̃, mm⬘共, ,t兲兴,
i

共9兲

ˆ
where H̃ = Ĥ / ប. The solution to Eq. 共9兲 is given by
˜ˆ

The expression for exp关i␥Ĵz兴 can be obtained by replacing ␣
with ␥ in Eq. 共5兲. The matrix exp关i␤Ĵz兴 is given by Ref. 关20兴
as

冣

冉

˜ˆ

mm⬘共, ,t兲 = e−iHtm⬘m共, ,t = 0兲eiHt .

共10兲

Using the Hamiltonian for the magnetic interaction and Eq.
共8兲, it can be shown that
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mm⬘共, ,t兲 =

冉

冊

sin关Lt兴cos关兴 + sin关兴共cos关Lt兴cos关兴 − i sin关兴兲
1 1 + cos关Lt兴cos关兴 − sin关Lt兴sin关兴cos关兴
.
2 sin关Lt兴cos关兴 + sin关兴共cos关Lt兴cos关兴 + i sin关兴兲 1 − cos关Lt兴cos关兴 + sin关Lt兴sin关兴cos关兴
共11兲

The surface at t = 0 obtained from the first matrix element in
Eq. 共11兲 is spherical and is shown in Figs. 2共a兲. The time
evolution of the surface in Figs. 2共a兲–2共d兲 obtained using Eq.
共10兲 is given by the first element of the matrix in Eq. 共11兲.
From this surface, we obtain the time-dependent atomic density matrix for all possible directions of the magnetic field
with respect to the atomic quantization axis. The solution for
the case when the magnetic field 共along ŷ兲 is perpendicular to
the quantization axis of the atomic system 共along ẑ兲 is obtained by substituting  = 0 and  = 0 into Eq. 共11兲. For a
different direction of the field, the Hamiltonian remains unchanged and only the orientation of the quantization axes has
to be specified through the angles  and .
The time evolution of the first element of the matrix in
Eq. 共11兲 is shown in Fig. 3. As the surface rotates, the distance to the surface along the quantization axis changes in a
periodic manner. The vertical axis in Fig. 3 represents this
distance. The time evolution of 共 ,  , t兲 corresponds to a
precession of the dipole around the direction of the field.
C. Calculation for F = 3 atomic system

We use the same technique described in Sec. II B to obK
关defined by Eq. 共3兲兴 as a function of time for the F
tain Q
= 3 manifold in 85Rb for the case in which the ground states
are coupled by the traveling waves kជ 1 and kជ 2. For Lin⬜ Lin
excitation, the tensor element that is excited by the fields is

QK = ␦K,1␦Q,1. Correspondingly, for this atomic system, the
time dependence of the MGFID in a magnetic field is proportional to 11. This can be calculated using Eq. 共9兲 to be
11共t兲 ⬀ cos关Lt兴 + sin关兴 + i cos关兴sin关Lt兴.

共12兲

Here, we use  to specify the angle between the magnetic
field and the quantization axis of the atoms as defined by the
laser polarizations. For +− excitation the relevant tensor
K
= ␦K,2␦Q,2, and the time dependence in a magelement is Q
netic field is given by

22共t兲 ⬀ e−2i共Lt+兲关i共1 − e−i兲 + eiLt + ei共Lt+兲兴4 .

共13兲

If the magnetic field is along the direction of polarization of
one of the excitation pulses 共 = 0兲, then the form of the
oscillations are simple sinusoidal functions. If  ⫽ 0, then the
time-dependent coherences predicted by these equations
have multiple frequency components. In Sec. IV, we compare the predictions of Eq. 共12兲 and 共13兲 to results from
signals obtained from a room temperature vapor cell as well
as a sample of laser cooled atoms.
The results from experiment are compared to predictions
by including the effect of signal decay due to Doppler
dephasing, an effect that is not considered in the theoretical
description. A formal derivation of the signal measured in
response to a read out pulse is described in Ref. 关16兴.
D. Calculation of MGE

In this section, we model effects associated with the MGE
from trapped atoms that impact precision measurements of
L. We first discuss Larmor oscillations inside the MGE envelope. We then describe oscillations of the MGE envelope
at t = 2T which are analogous to Rabi oscillations in a two
1.0

Ρ12,12

0.8
0.6
0.4
0.2
0.0
0.0

FIG. 2. We consider the situation in which the quantization axis
is along ẑ 共solid black line兲 and the magnetic field is along ŷ 共dotted
1
line兲 for an atomic system with J = 2 . 共a兲 Surface 1/2,1/2共 ,  , t兲 for
1
1
t = 0. 共b兲 1/2,1/2共 ,  , t兲 for t = 4 TL 共c兲 1/2,1/2共 ,  , t兲 for t = 2 TL 共d兲
3
1/2,1/2共 ,  , t兲 for t = 4 TL. Here, TL = 2 / L. The surface rotates
around the direction of the magnetic field with frequency L as a
function of time.

0.5

1.0

1.5
2.0
Time Μs

2.5

3.0

FIG. 3. Time evolution of a point on the surface shown in Fig. 2
with 共 , 兲 = 共0 , 0兲. The time evolution is calculated using Eq. 共10兲
for the surface shown in Fig. 2. The solution for 1/2,1/2共 ,  , t兲 is
given by the first element in Eq. 共11兲. The magnetic field is in the ŷ
direction.
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level system. These oscillations depend on the Rabi frequency and the magnetic field, but only the magnetic field
induced oscillations are important on the time scale for
which the signal is observed. Finally, we discuss the effects
of magnetic field gradients on these oscillations.
The rotation matrix approach is clearly well suited to describe the MGFID in the tensor basis since it gives analytical
expressions for arbitrary magnetic field directions. In contrast, the evolution of the MGE is more complicated. It requires knowledge of the evolution of the magnetic sublevel
populations and coherences during both excitation pulses as
well as the evolution of the Doppler and Larmor phases during the experiment.
As a result, we use numerical simulations to model the
system of rate equations and calculate the MGE. The simulations solve for mm⬘ in the presence of a magnetic field
关16兴. This system of rate equations 关16,22兴 can be applied to
a multilevel atomic system excited by light fields with specific polarizations to calculate the envelope of the MGE signal shown in Fig. 1共c兲. Each excitation laser is detuned by
⌬FF⬘ from the F → F⬘ transition and effect of the two photon
coupling is described by the parameter 2 / ⌬. Here, 2 is the
product of the one photon Rabi frequencies 1 and 2 associated with the excitation pulses. The two laser fields with
wave vectors kជ 1 and kជ 2 interact with an atom with velocity
vz. The angle between the wave vectors 共兲 is small such that
兩⌬kជ 兩 ⯝ k. We consider the particular case in which laser
fields have orthogonal linear polarizations which couple adjacent magnetic sublevels. It is assumed that ⌬ Ⰷ ⌫, where
⌫ = 3.7⫻ 107 s−1 is the radiative rate of the excited state. We
also use excitation pulse widths with spectral bandwidths
that are small compared to ⌬. Under these conditions, the
equations involving excited state populations and coherences
can be neglected 共a more comprehensive treatment including
excited state coherences for arbitrary polarizations and magnetic field configurations is given in 关22兴兲. The Schrödinger
equation for the ground state amplitudes gm are
iបġm = 兺 Umm⬘gm⬘

共14兲

m⬘

where the matrix U for the F = 3 ground state in 85Rb is given
by

2
U=ប
⌬

冢

1
e

eikz

−ikz

0

1
e

0
e

−ikz

ikz

1
−ikz

e

0

0

0

0

0

0

0

0

0

0

0

ikz

ikz

0

0

0

0

0

0

0

e−ikz

1

eikz

0

0

0

0

0

e−ikz

1

eikz

0

0

0

0

0

e−ikz

1

e

1

e

冣

.

共15兲

The elements of the atomic density matrix are given by
mm⬘ = gmgm* where gm* is the complex conjugate of gm. The
⬘
rate equations for the density matrix in the m basis is given
by 关16兴

iប

冉



mm⬘共z,t兲 + vz mm⬘共z,t兲
z
t

冊

*
= 兺 Umm⬙m⬙m⬘共z,t兲 − 兺 Um
m⬙

m⬙

⬘m⬙

mm⬙共z,t兲.

共16兲

For magnetic sublevels of an F = 1 atomic system coupled by
lasers with orthogonal circular polarizations, Eq. 共16兲 reduces to Eq. 共10兲 of Ref. 关16兴 for a two level atom. The
equations in Ref. 关16兴 resemble the optical Bloch equations
for a two level system driven by an off resonant traveling
wave laser field 关36兴.
The effect of the magnetic interaction is described by V
ជ ·B
ជ / ប where g is the effective Lande g factor and
= g F BF
F
B is the Bohr magneton. Since the experiment considers
applications relating to weak magnetic fields, we include the
effect of a magnetic field by adding a term to the diagonal
elements of Eq. 共15兲 given by

␦Umm =

g F BB
m.
ប

共17兲

The initial conditions for the differential equations 关Eq.
共16兲兴 depend on how the initial population is distributed
among the ground state sublevels at time t = 0 and whether
there are any initial coherences. The role of optical pumping
in these experiments has been pointed out in 关16,22兴. Experiments in trapped atoms involve excitation pulses with detunings that are large compared to the Doppler width of the
sample. As a result, the effect of optical pumping during the
excitation pulses is reduced. However, the strength of the
MGFID and MGE can be increased by optically pumping
into a particular magnetic sublevel 关17兴. Optical pumping
into the high 兩m兩 sublevels can also occur when the sample is
cooled in an optical molasses 关37兴.
Equations 共14兲–共16兲 ignore the effect of the pulse bandwidth that can result in excitation of only a fraction of the
velocity distribution. In the simulations, the initial conditions
assume that the atoms are optically pumped into the F = 3,
mF = 3 magnetic sublevel of 85Rb and that there are no initial
coherences. Since the coherence established by the excitation
pulses is spatially modulated, we assume periodic boundary
conditions on the spatial variable z for the various mm⬘ and
solve Eq. 共16兲 numerically for all mm⬘. The coherences
evolve due to the interaction with the first pulse and the state
of the system at t = T defines the initial conditions for the
interaction with the second pulse. Each mm⬘共t兲 is then averaged over the Maxwell-Boltzmann velocity distribution to
give the MGE amplitude.
The simulations show that magnetic field induced oscillations occur within the envelope of the MGE 关the envelope is
shown in Fig. 1共c兲兴. For a given polarization of the excitation
pulses and a fixed magnetic field, we find that the form of the
Larmor oscillations in the MGE envelope has the same functional form as the Larmor oscillations in the MGFID. Figure
4 shows the results with Lin⬜ Lin excitation pulses that
couple magnetic sublevels with ⌬m = 1. In this case, Fig. 4
shows 11 as a function of t. The magnetic field was applied
along the polarization direction of kជ 1. In the context of measuring Larmor oscillations over long time scales, the MGE
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FIG. 4. Numerical solution to Eq. 共16兲 using Lin⬜ Lin excitation for T = 521.1 s showing the time-dependent evolution of 11
assuming that atoms in the F = 3 ground state are optically pumped
into the mF = 3 sublevel. The MGFID due to each of the excitation
pulses and the corresponding MGE are shown. The pulse widths of
the first and second excitation pulses are 1 s and 300 ns, respectively. The angle between excitation pulses is 25 mrad. The static
magnetic field is 0.08 G along the polarization direction of kជ 1. The
sample temperature was assumed to be 100 K.
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envelope can provide an enhancement in the observation
time by about a factor of 2.
In the presence of a static magnetic field, it can be shown
on the basis of Ref. 关38兴 that the MGE envelope is always a
maximum at t = 2T if the pulse separation T is changed, a
result that has been verified on the basis of simulations.
We now discuss the amplitude oscillations of the entire
echo envelope. Figure 5 shows simulations for laser cooled
atoms for the same conditions as in Fig. 4. The simulations
were carried out for values of T that are long compared to the
decay time of the MGFID. The amplitude of the MGE oscillates as a function of T with a characteristic frequency
冑共 ⌬2 兲2 + L2 . This expression has the same form as the generalized Rabi frequency for a laser field interacting with a two
2
level atom. The term ⌬ characterizes the two photon interaction and replaces the one photon Rabi frequency. The two
photon detuning L due to the Zeeman shifted magnetic sublevels levels replaces the one photon detuning.
Simulations have also confirmed that the relative amplitudes between the primary and secondary peaks as well as
the overall shape in Fig. 5 are modified by varying the length

of the second excitation pulse. This is consistent with the
expectation that an increase in the pulse area would result in
couplings between adjacent magnetic sublevels across the
entire F = 3 manifold. We note that 11 in Fig. 5 is a weighted
sum of such couplings.
The simulations ignore the spatial variation in the Rabi
frequency  due to the laser beam profile. In the experiments
described in Sec. IV, the excitation beams have a Gaussian
spatial profile. This causes the component of the oscillation
2
at frequency  = ⌬ to wash out on a time scale of ⬃1 / 
共⬃100 ns兲. As a result, it can be expected that the frequency
of the T-dependent oscillations will be L if the signal is
observed on a typical time scale of several milliseconds.
Simulations have confirmed that the amplitude of the envelope of the MGFID due to the second excitation also exhibits
similar oscillations that are  / 2 out of phase with the MGE
envelope oscillations 共when the MGE is a maximum, the
MGFID is a minimum兲. The simulations are consistent with
expectations based on more formal considerations since Eq.
共A43兲 of Ref. 关16兴, derived in the limit  Ⰶ ␦ where ␦ is the
two photon detuning, shows that the echo envelope oscillates
as a function of T with frequency ␦.
The envelope oscillations can be exploited to observe Larmor oscillations on a much longer time scale 共of order T兲
which can be comparable to the transit time for cold atoms
through the region of interaction. This enhancement in the
time scale can significantly improve the precision with which
L can be determined compared to a measurement based on
recording the Larmor oscillations within the envelope of the
MGFID and MGE.
The time scale on which magnetic field induced oscillations in the amplitude of the echo envelope can be observed
will be limited by the presence of magnetic field gradients. In
the presence of a gradient, all the atoms that contribute to the
signal have slightly different Larmor frequencies, depending
on their spatial locations. As T increases, the oscillations
from individual atoms get out of phase and cancel out. To
model this effect, we assume a functional form for the MGE
amplitude to be

where  = ku2 is the width of the echo
g  B共x兲
= F Bប
is the spatially dependent Larmor

0.03
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0.01
0.00
520.0 520.2 520.4 520.6 520.8 521.0 521.2
T Μs

FIG. 5. Simulated MGE amplitude 共at t = 2T兲 using Lin⬜ Lin
excitation as a function of T for a laser cooled sample at a temperature of 100 K. The magnetic field of 0.08 G was applied along
one of the polarization directions. The first and second excitation
pulses were 1 s and 0.3 s in duration.  = 0.3⌫ and ⌬ = 7⌫

envelope, L共x兲
frequency and d
is an offset. Here, the exponential factor models the Gaussian
envelope with magnetic field induced oscillations, and the
second factor models the T dependent amplitude of the signal
envelope. Figure 6 shows the amplitude of the MGE envelope in a cold sample at t = 2T in the presence of a magnetic
field gradient of 0.01 G / cm. Since the atoms in the sample
have a Gaussian spatial distribution, the echo amplitude in
Fig. 6 is obtained by weighting equation 共18兲 by a Gaussian
function and integrating over x. The results show that the
oscillations in the MGE envelope die out on a time scale of
⬃500 s.
In Sec. IV C, we present evidence for magnetic field induced oscillations, within the MGE envelope, and T depen-
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FIG. 6. Simulated MGE amplitude at t = 2T as a function of T in
a magnetic field gradient of 0.01 G / cm. The magnetic field varies
across the sample that is assumed to have a Gaussian spatial profile.
The signal amplitude has contributions from atoms in a range of
magnetic fields. For a T of ⬃500 s, the oscillations are completely
washed out.

dent oscillations of the amplitude of the MGE envelope and
discuss improvements in the precision of g factor ratio experiments that can be realized using the echo technique.
III. EXPERIMENTAL DETAILS

The repump light resonant with the F = 2 → F⬘ = 3 transition in 85Rb is derived from a grating stabilized diode laser.
The excitation pulses and atom trapping beams are derived
from a Ti:Sapphire ring laser locked to the F = 3 → F⬘ = 4
transition using saturated absorption. The saturated absorption spectrometer contains an acousto optic modulator
共AOM兲 used as a tuning element. The AOM ensures that the
portion of the laser beam going to the experiment is frequency shifted above the F = 3 → F⬘ = 4 atomic resonance by
140 MHz. A dual pass AOM operating at ⬃75 MHz is used
to generate the light frequency shifted ⬃12 MHz below
resonance that is used for atom trapping. The portion of light
140 MHz above resonance is frequency up shifted by
150 MHz using another AOM operating in dual pass configuration. The light from this AOM is split into two orthogonal linear polarizations. The amplitude of these beams are
controlled by two independent AOMs 关AOM 共a兲 and AOM
共b兲兴 that impose a frequency down shift of 250 MHz as
shown in Fig. 7. The 250 MHz driving frequency is generated by a voltage controlled oscillator that is phase locked to
a stable 10 MHz signal from a Rb clock. Thus the excitation
beams are ⬃40 MHz above resonance. The excitation beam
radii were ⬃5 mm for all experiments. The same arrangement can be used to trap and excite 87Rb atoms by tuning the
repump laser to the F = 1 → F⬘ = 2 transition and the
Ti:Saphirre laser to the F = 2 → F⬘ = 3 transition.
The sample is excited by pulses from AOMs 共a兲 and 共b兲
共defined as kᠬ1 and kᠬ2, respectively兲. These pulses are aligned
at an angle of  ⬃ 10 mrad. As a result, the MGFID and
MGE signals are sensitive to the atomic velocity distribution
in the direction kជ2 − kជ1 ⬃ k. By using the dual pass AOM to
control the envelope of the pulses going into AOMs 共a兲 and
共b兲, we ensure that the on and/or off ratio for light intensity is

FIG. 7. Experimental setup. The AOMs are driven by a
250 MHz rf oscillator controlled by a phase locked loop 共PLL兲. The
local oscillator 共L.O.兲 from the kជ 1 AOM is combined with the signal
共MGFID, MGE兲 on a fast photodiode 共P.D.兲 to produce a 250 MHz
beat note which is then split into two channels. A portion of the rf at
250 MHz used to drive the AOMs is also split into two channels,
with one arm  / 2 out of phase with the other. The rf is mixed down
to dc with the signal from the photodiode to generate the in phase
and quadrature components of the signal.

greater than 106. In experiments with trapped atoms, the
excitation pulse bandwidths 共⬃1 MHz兲 are larger than both
the one photon Doppler width 共⬃ku兲 and two photon Doppler width 共⬃ku兲. Here, k = 2 /  where  is the optical
wavelength and u is the most probable speed. For experiments in room temperature vapor, the excitation pulse bandwidths are ⬃10 MHz, which is larger than the two photon
Doppler width and smaller than the one photon Doppler
width. Thus a relatively narrow portion of the velocity distribution under the Doppler width of the one photon transition is excited along the direction of propagation of the excitation beams. However, all atoms moving in the transverse
direction are resonant with the excitation pulses. In all experiments, the excitation pulse intensities were ⬃10 Isat,
where Isat is the saturation intensity 共assuming equally populated magnetic sublevels, Isat = 7.56 mW/ cm2 in 85Rb and
Isat = 6.94 mW/ cm2 in 87Rb兲.
To detect the signal, we turn on a read out pulse along kᠬ2
and detect the signal along the direction kᠬ1. This involves
beating the signal with an optical local oscillator 关undiffracted beam from AOM 共a兲兴 on a fast photodiode and detecting a beat note at 250 MHz. The heterodyne signal can be
mixed down to dc to produce the in phase and quadrature
components of the signal. Some of the studies relating to the
MGE from trapped atoms were carried out using counterpropagating excitation pulses. In this case, the signal intensity was measured using a gated photomultiplier tube 共PMT兲
that was turned on just before the readout pulse.
We use a vapor cell loaded magneto optical trap 关39,40兴 in
which ⬃108 atoms are loaded in ⬃100 ms. The atom number is inferred from fluorescence measurements using a calibrated PMT. After loading the trap, the gradient coils are
turned off in ⬃500 s. The trapping beams are turned off in
less than 100 ns and the sample temperature under these conditions is ⬃100 K. For studies of the MGFID and MGE in
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magnetic fields, the sample is further cooled in a optical
molasses to temperatures below 50 K. This involves
changing the frequency of the trapping beams abruptly from
a detuning of ⬃12 MHz below resonance to ⬃30 MHz below resonance. The excitation pulses are turned on after turning off the trapping beams.
For experiments carried out in room temperature vapor,
the beams were aligned through a Rb cell of length 5 cm.
We record the MGFID and MGE signal envelopes using
either a short 共100 ns兲, strong 共I Ⰷ Isat兲 read out pulse, or a
relatively weak 共I Ⰷ Isat兲 read out pulse with a duration comparable to the signal decay time. For the case of the strong
read out pulse, the grating decays in ⬃100 ns due to spontaneous emission during the read out pulse. The delay of the
read out pulse with respect to the excitation pulse is varied to
record the MGFID and the MGE.
For heterodyne detection with a strong read out pulse, the
sum of the squares of the in phase and quadrature components of the signal is integrated over the duration of the signal. The square root of this quantity is proportional to the
electric field and defined as the signal amplitude. For PMT
detection using an intense readout pulse, the signal intensity
is obtained by integrating over the signal envelope.
If a weak read out pulse is used to probe the sample, the
entire signal envelope is recorded on a single shot and averaged.
Two charge-coupled device 共CCD兲 cameras are used to
image the ballistic expansion of the cloud along the axial and
radial directions with respect to the symmetry axis of the
gradient coils 关41兴. The radial direction corresponds to the
direction kជ 1 − kជ 2 defined by the excitation pulses. Thus it is
possible to compare the temperature of the cloud using the
decay time of the MGFID and the ballistic expansion of the
cloud. For these temperature comparisons, the MGFID was
recorded with the atoms optically pumped into the F = 3 mF
= 3 ground state 关42兴. Optical pumping was accomplished by
using circularly polarized pulses resonant with the F = 3
→ F⬘ = 3 and F = 2 → F⬘ = 3 transitions in the presence of a
⬃1 G quantizing field. After the atoms are pumped into the
mF = 3 level, the system cannot absorb light from the pumping beams due to quantum mechanical selection rules. As a
result, the fluorescence from the pumping beam should go to
zero when the sample is optically pumped. We estimate that
we were able to pump ⬃95% of the atoms into the mF = 3
level by recording the absorption spectrum of a circularly
polarized probe beam resonant with the F = 3 → F⬘ = 4 transition. The pumping efficiency was presumably limited by the
angle between the optical pumping beams and the quantizing
magnetic field.
All studies of Larmor oscillations in the MGFID and
MGE were carried out using static magnetic fields applied
using a pair of Helmholtz coils without specific efforts to
optically pump the system. For experiments in trapped atoms, partial optical pumping to the high 兩m兩 sublevels occurred during the molasses cooling phase 关37兴. In room temperature vapor, any population imbalances were presumably
the result of spontaneous emission during the excitation
pulses.

IV. RESULTS AND DISCUSSION
A. Temperature measurements

To understand the dephasing time of the MGFID, we have
carried out the experiment in the absence of magnetic fields.
After atoms were loaded into the trap, the sample was optically pumped into a single magnetic sublevel following the
procedure described in Sec. III. After optical pumping, all
magnetic fields were turned off, and the sample was excited
using Lin⬜ Lin pulses applied at a small angle as shown in
Fig. 1. Figure 8共a兲 shows the envelope of the decay obtained
using a short intense read out pulse with a variable delay
with respect to the excitation pulse.
The signal decay is fit to a Gaussian form predicted by
theory 关16兴 and consistent with the simulations presented in
Fig. 4 and with previous observations 关17,18兴. The time constant of the decay  and the angle between the excitation
beams are used to extract the most probable speed 共and temperature兲 associated with the Maxwell-Boltzmann distribution of the cloud along the direction kជ 1 − kជ 2. Figure 8共b兲
shows the cloud radius as a function of delay time measured
with respect to the turn off of the trapping lasers. The data
are fit to a hyperbola and the temperature can be extracted
from the knowledge of the cloud size and the delay time. A
comparison of the temperature measurements using these

FIG. 8. 共a兲 Decay of the MGFID 共filled circles兲 as a function of
time for an angle  = 6.6 mrad. The decay time extracted by fitting
2
the data to the equation Ae−共t / 兲 + C 共solid line兲 gives  = 221 s.
The most probable speed u given by u = 2 / 共k兲 is 0.17 m / s. The
corresponding temperature is 149.2 K. 共b兲 Ballistic expansion of
the cloud as a function of time 共filled circles兲. u is extracted by
fitting the cloud radius R共t兲 to a hyperbola R共t兲 = 冑R20 + u2t2 共solid
line兲 where R0 is the initial cloud radius. 共c兲 Temperature of the
cloud measured by the CCD camera 共gray scale points兲 and the
temperature measured from the decay time of the MGFID 共black
filled circles兲 as a function of total trap laser intensity. Straight line
fits are represented by the dashed line with equation 1.3I
+ 82.6 K and solid line with equation 1.2I + 73.3 K, respectively.
Here I is the trapping laser intensity in mw/ cm2.

033418-8

PHYSICAL REVIEW A 78, 033418 共2008兲

PROPERTIES OF MAGNETIC SUBLEVEL COHERENCES…

FIG. 9. Evolution of the in phase component of the MGFID in
room temperature vapor. The data are shown as dots and the solid
lines fits based on Eqs. 共12兲 and 共13兲 for Lin⬜ Lin and +− excitation, respectively. 共a兲 The excitation pulses have orthogonal linear
polarizations and the magnetic field is directed along the polarization of kជ 1; B = 24.6 G; L = 12.13共2兲 MHz from the fit. 共b兲 The excitation pulses have opposite circular polarizations with the direction of the magnetic field along kជ 1; B = 12 G; and the oscillation
frequency of 13.081共8兲 MHz is 2L, consistent with expectations.
For both 共a兲 and 共b兲, the excitation pulse widths were 100 ns, and
the one photon detuning was 40 MHz. The cell length is 5 cm.

two techniques is shown in Fig. 8共c兲. The temperature was
varied by changing the total trap laser intensity. It is clear
that the temperature measurements show good agreement
within experimental error. Both methods establish the linear
dependence of temperature on trap laser intensity which is a
signature of polarization gradient cooling 关41,43兴.
B. Evolution of MGFID in magnetic fields

In a uniform static magnetic field, the MGFID is probed
using a long weak read out pulse to record the entire decay in
a single shot. Figure 9共a兲 shows an average over 256 repetitions of the MGFID in a room temperature vapor cell when a
magnetic field is applied along the direction of polarization
of kជ 1 for Lin⬜ Lin excitation. The Doppler dephasing time is
⬃1 s which is consistent with the room temperature velocity distribution. For this geometry, the MGFID is proportional to the irreducible tensor element 11. Setting  = 0 in
Eq. 共12兲 gives 11 ⬀ eiLt. The functional form of the in phase
and quadrature components of the signal are predicted to
have a sinusoidal dependence with oscillation frequency L.
For +− excitation, and a magnetic field along kជ 1, Eq. 共13兲
with  = 0 reduces to 22 ⬀ ei2Lt. In this case, the MGFID
oscillation frequency is predicted to be 2L. The data in Fig.
9 shows that fits based on these theoretical expressions accurately model the signal shapes of the in phase component
of the signal 共the quadrature component which is phase
shifted by  / 2 is not shown兲. The data also confirms the
predicted oscillation frequency.
Figure 10 shows the MGFID with the magnetic field at an
angle  =  / 4 in room temperature vapor. Both the in phase
and quadrature components of the signal are shown for
Lin⬜ Lin and +− excitation and show that the evolution
exhibits more Fourier components. For Lin⬜ Lin excitation,
Eq. 共12兲 reduces to 11 ⬀ i兵2 cos关Lt兴 + 冑2共1 + i sin关Lt兴兲其
whereas for +− excitation, Eq. 共13兲 reduces to 22 ⬀ 3

FIG. 10. Evolution of the in phase and quadrature parts of the
MGFID in room temperature vapor. The data are shown as dots and
the solid lines fits based on Eqs. 共12兲 and 共13兲 for Lin⬜ Lin and
+− excitation, respectively. 共a兲 The excitation pulses have orthogonal linear polarizations and the magnetic field is directed at an

angle of 4 with respect to the polarization of kជ 1. 共b兲 The excitation
pulses have opposite circular polarizations with the direction of the

magnetic field at an angle of 4 to the direction of kជ 1. In both cases
the excitation pulse widths were 100 ns, and the detuning was
40 MHz. The cell length is 5 cm.

共1 + 34 冑2 cos关Lt兴 + cos关2Lt兴兲 + 2i共2 sin关Lt兴 + 冑2 sin关2Lt兴兲.
Data shown in Fig. 10 agree with the fits based on the theoretical prediction for 11 and 22. The overall signal shapes are
consistent with predictions. The discrepancy for t ⬎ 1 s is
attributed to the presence of magnetic field gradients.
In laser cooled atoms, the effect of a magnetic field gradient is expected to be highly suppressed due to the compact
dimensions of the sample 共a few millimeters兲 and the magnetic field is more uniform. However, the effect of the gradient can become more pronounced over long time scales.
The complicated evolution of the coherences can be observed clearly as illustrated in Fig. 11 which shows the MGFID from trapped atoms for the same magnetic field configuration as in Fig. 10 for both Lin⬜ Lin and +− excitation.
The Larmor oscillations can be recorded over time scales
that are ⬃100 times larger than in room temperature vapor
because of the narrow Doppler width. As a result, the experiment is suitable for precision measurements.
C. Applications to precision measurements of g factor ratios

The relatively long decay time of the MGFID and the
ability to apply a uniform magnetic field across a compact
sample suggests that this technique may be suitable for precision measurements of magnetic interactions such as atomic
g factor ratios and Zeeman shifts. It is interesting to note that
the most precise examples of such measurements 共at the
level of a few parts per 106兲 were carried out several decades
ago 关12,13兴 using rf spectroscopy and optical pumping and
measuring line shapes in atomic vapor in the presence of
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12共a兲 shows the overall signal decay on a time scale of over
1 ms using a sample cooled to ⬃50 K. Figure 12共b兲 shows
the geometry of the experiment. For this configuration, the
evolution of the MGFID is purely sinusoidal as shown in
Fig. 12共c兲.
To determine the oscillation frequency, the data is fit to a
function based on Eq. 共12兲 with  = 0. The fit yields a L
= 0.1506880共6兲 MHz 关⬃4 parts per 106 共ppm兲兴 where, L
= L / 共2兲. After recording this data, the frequency of the
trapping lasers were switched to trap 87Rb. The laser frequencies were switched within ⬃1 minute, and the MGFID
experiment was repeated with comparable precision using
the F = 2 → F⬘ = 3 resonance in 87Rb. Thus it was possible to
measure the ratio of Larmor frequencies. From the measuregF

ments in the two isotopes, the g factor ratio gF87 , which is the
85
ratio of Larmor frequencies, was determined to a precision of
⬃10 ppm. Here, gF is the effective Landé g factor given by
FIG. 11. Evolution of the in phase and quadrature parts of the
MGFID in a sample of cold atoms. 共a兲 The excitation pulses have
orthogonal linear polarizations and the magnetic field is directed at

an angle of 4 with respect to the polarization of kជ 1. 共b兲 The excitation pulses have opposite circular polarizations with the direction

of the magnetic field at an angle of 4 to the direction of kជ 1. In both
cases the excitation pulse widths were 2 s, and the detuning was
40 MHz. The data are shown as dots and the solid lines fits based
on Eqs. 共12兲 and 共13兲.

static magnetic fields. In this section, we discuss the possibility of improving the precision associated with the measurement of atomic g factor ratios using the behavior of the
MGFID and MGE in magnetic fields 关14,15兴.
Figure 12 shows the MGFID from trapped 85Rb atoms
averaged over 256 repetitions on a time scale of ⬃1 minute.
Lin⬜ Lin excitation pulses at an angle of a few milliradians
and a static magnetic field of ⬃0.3 G were used. Figure

FIG. 12. In phase component of the MGFID with Lin⬜ Lin.
excitation in a weak magnetic field of ⬃0.3 G and a detuning of
⌬ = 40 MHz above the F = 3 → F⬘ = 4 resonance. 共a兲 Entire signal
envelope. 共b兲 Excitation geometry showing the magnetic field to be
along one of the polarization directions. 共c兲 Expanded view of the
signal in 共a兲 show data 共dots兲 and fit 共solid line兲. From a fit to a
decaying sine wave, the frequency is L = 0.150 688 0共6兲 MHz. The
fit is based on Eq. 共12兲.

gF = gJ

F共F + 1兲 + J共J + 1兲 − I共I + 1兲
2F共F + 1兲

− gI

F共F + 1兲 + I共I + 1兲 − J共J + 1兲
,
2F共F + 1兲

共19兲

where gJ contains the electron g factor, and gI is the nuclear
g factor. The absolute value of the measured g factor ratio is
not stated since the accuracy is affected by time varying
magnetic fields. It is therefore crucial to ensure that variations in the magnetic field are eliminated during the time in
which the Larmor frequency measurements are recorded for
the two isotopes.
Measurements that are in progress are investigating systematic effects by using active field cancelation to limit the
fluctuations in the magnetic field, and magnetic shielding to
reduce magnetic field gradients. In these experiments, the
rotation matrix approach developed in this work plays an
important role in correcting the effects of small changes in
the direction of the magnetic field on the observed signal
shape. Improvements in precision can be achieved using
smaller angles between excitation pulses so that the signal
decays on a longer time scale. Our results suggest that a
precision of ⬃500 parts per 109 共ppb兲 may be attainable using this technique.
We now discuss the possibility of further increasing the
precision using the MGE. This raises the exciting prospect of
testing relativistic effects that have been predicted at the
level of 100 ppb by Ref. 关11兴. Following the discussion in
Sec. II D, we first discuss the improvement related to observing oscillations within the echo envelope, and then discuss
the much more significant improvement 共about a factor of
10兲 that can be realized by observing T dependent oscillations in the amplitude of the echo envelope.
Figure 13 shows Larmor oscillations in the MGE for T
= 700 s for the same configuration as in Fig. 12. The MGFID due to the second excitation pulse and the echo in the
vicinity of t = 2T are shown. Both the MGFID and the MGE
are probed by a weak 共I Ⰶ Isat兲 read out pulse whose duration
extends from the end of the second excitation to well beyond
the duration of the MGE envelope. Magnetic field oscilla-
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FIG. 13. Data showing Larmor oscillations in the MGFID due to
the second excitation pulse at T = 700 s and Larmor oscillations in
the echo envelope at t = 2T 共1400 s兲. The excitation pulses had
orthogonal linear polarizations and the magnetic field was ⬃0.1 G.
The lengths of the first and second pulses were 2 s and 300 ns,
respectively. The inset shows and expanded view of the Larmor
oscillations in the echo envelope. A fit based on Eq. 共12兲 gives L
= 0.051 62共4兲 MHz. Both the MGFID and MGE exhibit Larmor oscillations with the same functional form. The results are consistent
with simulations in Fig. 4.

tions in the echo envelope are also shown in the inset. A
Gaussian fit to the echo envelope confirms that its decay time
is comparable to the decay time of the MGFID. The data
confirms the theoretical prediction in Fig. 4 based on the rate
Eqs. 共14兲–共16兲 and shows that the magnetic field oscillations
in the MGFID and the MGE have the same functional form.
A fit to the data in the inset shows that the precision in L is
improved by a factor of 1.5 in comparison to the fit to the
MGFID. It could be expected that the increase in precision
should be proportional to the increase in time scale 共⬃2兲.
However, the signal to noise is reduced if the MGE is recorded by a weak read out pulse. This effect can be avoided
by using an intense read out pulse as in the figures related to
the following discussion.
Figure 14 shows the amplitude of the MGE at t = 2T as a
function of T from trapped atoms with the excitation pulses
detuned by 19 MHz with respect to the excited state. This
data was obtained using a strong short read out pulse. To
record MGE signals for small values of T, we used counterpropagating excitation pulses 共kជ 1 ⬇ −kជ 2兲 so that durations of
the MGFID and MGE envelopes are ⬃1 s. As a result, the
MGE amplitude could be recorded within a few microseconds after the excitation pulses.
As shown in Fig. 14, the time scale over which the magnetic field induced amplitude oscillations of the MGE envelope could be observed was limited by the presence of magnetic field gradients of ⬃0.01 G / cm due to the magnetized
walls of the stainless steel vacuum chamber 关44兴.
For this geometry, the effect of atomic recoil is significant. A full fledged calculation of the signal is very different
from the calculations of the MGFID and MGE carried out in
this work as well as in Ref. 关16兴 and beyond the scope of this
paper. For this reason, the results can only be compared
qualitatively with the simulations presented in Fig. 5. The
signal amplitude in Fig. 14 shows the expected modulation at

FIG. 14. MGE signal intensity measured with a PMT 共dots兲
using counter-propagating Lin⬜ Lin excitation pulses in a laser
cooled sample. A magnetic field of B ⬃ 0.25 G is directed along the
polarization direction of kជ 1. The first and second excitation pulses
are 680 ns and 70 ns in duration, respectively. In addition to the
T-dependent magnetic field oscillations, the signal is modulated at
the atomic recoil frequency 关r = 0.096 95共4兲 MHz兴. The data are fit
to the functional form of Eq. 共26兲 in Ref. 关28兴 with an additional
cos4关LT兴 term to account for the magnetic field oscillations 共solid
line兲. The extracted value of L is consistent with the expected
value.
共⌬k兲
the atomic recoil frequency r = ប2M
where ប⌬k = ប兩kជ 1
Rb
ជ
− k2兩 is the momentum transfer to the atoms from the laser
fields and M Rb is the atomic mass. The corresponding value
of Trecoil shown in Fig. 14 is ⬃32 s 共Trecoil =  / r兲. L was
determined to be 0.110 395共15兲 MHz 共⬃100 ppm兲 from a fit
based on Eq. 共26兲 in Ref. 关28兴 with an additional cos4关LT兴
term to account for the magnetic field oscillations. The value
of L was consistent with expectations based on the applied
magnetic field. Both r and L were obtained from a single
multiparameter fit to the data in Figs. 14共a兲 and 14共b兲.
Figure 14共b兲 shows that the Larmor oscillations in the
amplitude of the echo envelope cancel out for T ⬃ 500 s
although the overall decay time of the signal is several milliseconds. The effect of the magnetic gradient is consistent
with the expectations based on Fig. 6. The gradient can be
greatly reduced by carrying out the experiment in a magnetically shielded glass chamber. Gradients are also known to
limit the overall lifetime of the MGE 共the time T in which
the signal amplitude reduces to half its initial value兲. For
these experiments, the lifetime was ⬃2.4 ms, whereas the
lifetime can be as large as the transit time of cold atoms
through the region of interaction defined by the excitation
pulses 关45兴. As a result, it is clear that further improvements
in the precision of the g factor ratio can be expected by
utilizing the MGE. For a sample temperature of ⬃50 K and
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an excitation beam diameter of a few centimeters, the expected lifetime is ⬃100 ms with the excitation beams
aligned along the vertical. If these excitation beams are
aligned along the horizontal, the time scale on which atoms
would leave the interaction region due to gravity is ⬃45 ms.
The experiments in Refs. 关46,47兴 are recent examples in
which the Larmor frequency has been measured using the
Faraday effect and in these experiments, the effect of gravity
was avoided by using dipole force traps and optical lattices.
Another approach for reducing transit time losses due to
gravity involves aligning the excitation beams along the vertical. The small angle between the beams ensures a large
region of overlap. Under these conditions, we estimate that
the MGE oscillation frequency can be measured to a precision of ⬃50 ppb by recording temporally separated Larmor
oscillations. The time to acquire this data is expected to be
⬃1 hour.
V. CONCLUSIONS

servations 关17兴. Data in Fig. 11 suggests that the effect of
magnetic field gradients can be reduced by using a compact
sample. We have established that Larmor oscillations in the
MGFID could be used for a precise determination of the
atomic g factor ratio.
Simulations of the MGE show that a magnetic field produces Larmor oscillations under the envelope that have the
same functional form as the oscillations in the MGFID.
These oscillations are predicted to have the same frequency
as the oscillations in the amplitude of the MGE envelope as
a function of T. The experimental results have confirmed
these predictions and established that the MGE can potentially be exploited for achieving a significantly improved
measurement of the atomic g factor ratio. Future work associated with the MGFID and the MGE could also include
independent measurements of the Zeeman shift using a calibrated sensor that can be placed at the location of the trapped
atomic cloud. Results of this work could be applied to observe nonlinear spectroscopic signatures predicted in 关23兴.

We have shown that the MGFID can be used for accurate
measurements of the velocity distribution. Such measurements have applications for phase space imaging 关31,48兴. We
have developed a general theoretical frame work for predicting the evolution of magnetic sublevel coherences in arbitrary static magnetic fields. The theoretical predications are
consistent with experiments that investigated the properties
of the MGFID in room temperature vapor and laser cooled
samples. For particular configurations of excitation pulses
and magnetic fields, the results also agree with previous ob-
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