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Properties of magnetic sublevel coherences for precision measurements
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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 func-
tional form of Larmor oscillations in a magnetic field are studied using a coherent transient effect known as
magnetic grating free induction decay (MGFID) 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 (MGE) 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 Rb and ¥Rb

isotopes.
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I. INTRODUCTION

Properties of atomic coherences have been exploited for
interesting applications such as quantum state preparation [1]
and control [2], nondemolition measurements [3,4], en-
tanglement [5], and precision magnetometery [6]. Other in-
teresting applications have related to studies of velocity
changing collisions using both radio frequency (rf) [7] and
optical excitation [8] and experiments with coherent transient
effects that involve coupling between Zeeman sublevels
[9,10]. 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 [11-15].

In this paper, we describe the evolution of magnetic sub-
level 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 w;. We use coherent
transient effects designated as magnetic grating free induc-
tion decay (MGFID) and magnetic grating echoes (MGE)
that were originally predicted in Ref. [16]. These signals in-
volve spatially periodic coherences between magnetic sub-
levels of ground state atoms and their basic properties were
investigated in Refs. [17,18]. The experimental work in Ref.
[17] discussed the evolution of coherences for particular ori-
entations of magnetic fields whereas Ref. [ 18] focused on the
effect of collisions and showed that the MGE could be ob-
served 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 oscilla-
tions within the envelopes of these signals at multiples of w;,
[17]. In this work, we present an analytical calculation that
predicts the functional form of the Larmor oscillations in the
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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 ap-
proach [19-21] in which the effect of the magnetic field can
be described as a time-dependent rotation of the atomic sys-
tem about the quantization axis. We use data from room tem-
perature vapor and laser cooled atoms to show that the
theory accurately describes the signals observed in the ex-
periment. 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. [16,22,23] 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 ex-
hibits 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 os-
cillations 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 [17,18].
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 mea-
surements of the atomic g factor ratio obtained by measuring
w; 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. (a) Laser pulses along Kk, and k, excite a sample of
atoms (laser cooled gas, or room temperature vapor); 6~ 10 mrad
(b) Level diagram for the experiment with El and Ez having or-
thogonal linear polarizations; A ~40 MHz. (c) Timing diagram for
the MGE signal.

atoms through the region of interaction (several tens of mil-
liseconds), 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 [24] 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 =0 with wave vectors El and Ez ata
small angle [ #~ 10 mrad, as shown in Fig. 1(a)]. The atomic
sample is either Rb vapor at room temperature, or a cloud of
laser cooled atoms loaded into a magneto optical trap
(MOT). The individual traveling waves pulses have orthogo-
nal linear or circular polarizations and are detuned from the
excited state (in a laser cooled sample). However, the pulses
are resonant with the two photon transition that couples two
magnetic sublevels of the ground state as shown in Fig. 1(b).
The timing diagram is shown in Fig. 1(c). The excitation
creates a spatially periodic superposition between the mag-
netic sublevels of the ground state coupled by the laser fields.
The superposition has a period of ~\/6# where N\ is the
wavelength of the excitation. The grating is probed by a read
out pulse along k, and the resulting signal (MGFID) is co-
herently scattered along El due to conservation of momen-
tum. The grating dephases due to thermal motion of the at-
oms and the time scale of the signal decay (defined as the
decay time) is determined by the time taken by a typical
atom to move a distance on the order of a grating spacing
(&), 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 to rephase the coherence grating as in Fig. 1(c)
[16-18]. The second pulse modifies the time dependent co-
efficients that describe the coherent superposition of mag-
netic sublevels so that the grating reforms at t=27. This is
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analogous to the reversal of the Doppler phases of individual
atoms in a traditional two pulse photon echo experiment
[25]. 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 [18].

The focus of initial experimental work using echo tech-
niques was related to observing effects due to atomic recoil
[17,26-28]. The MGFID and MGE were used to verify the
expected dependence of the dephasing time of the coher-
ences on the velocity distribution of the sample [17,18,29],
observing the effect of magnetic fields for particular experi-
mental configurations [17] and studying the effects of colli-
sions [18]. Other applications of the MGFID include mea-
surements of the diffusion constants [30] and phase space
imaging [31]. Echo techniques were also used to investigate
applications related to detecting nanostructures [32-35] and
depositing periodic arrays of atoms on substrates [29,34].

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 out-
line 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 func-
tional 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 con-
sider 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 spa-
tially periodic superposition between magnetic sublevels of
the same hyperfine ground state. It is possible to excite Am
=1 and Am=2 coherences using Lin | Lin and %o~ pulses,
respectively. The evolution of these coherences in a magnetic
field resembles the evolution of particular moments (dipole,
quadrupole,...) 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. [19,20] in the context of rotation
operators and by Ref. [21] in the context of precision mea-
surements of electric dipole moments. In this treatment, the
probability of the atom being in a specific coherent superpo-
sition is defined by (F,m|p,,,/|F,m') where F and m refer to
the magnetic quantum numbers of the ground state sublevels
and p,,, 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 co-
ordinate system through the Euler angles («,,7y) that de-
scribe rotations about each of the axes. The rotated density
matrix is given by

pmm’(09¢):D_l(¢?0’0)pmiil’D(¢’ 0’0) (1)

where

D(a, B,y) = explivyd JexpliBJ,Jexplial_]. (2)

In Eq. (1), 6 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 rota-
tion generates a surface such that the distance from the origin
to a point on the surface defined by (r, 6, ¢) is proportional
to the probability of finding the system in a particular state.
We first evaluate the rotation matrix in Eq. (2) for the level

structure of interest (specific angular momentum j). We ap-
ply 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 (p,,,’)
is then transformed into an irreducible tensor basis (pg) us-
ing the transformation

ph =2 2 (= DI (F,myF = m’

!
m - m

K’ Q)pmm” (3)

where (F,m;F,-m'K,Q) 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
laser pulses is proportional to the tensor elements pg. Using
this approach, it is also possible to handle a large number of
degenerate magnetic sublevels and arbitrary light polariza-
tions as in Ref. [22].

The inverse transformation allows us to predict the state
of the system in the m basis and is given by

2F K

Pt = 2 2 (= D" (Fym; Fo—m'
K=0 0=—K

K.Qpp. (4

B. Calculation for J=1/2 atomic system

For simplicity, we consider a system with quantum num-
ber J=1/2 with the atoms optically pumped into the m

=1/2 magnetic sublevel. The matrix exp[iajz] is given by

6‘ict/2 0
I’I’l> = 0 e—ia/Z : (5)

The expression for exp[iy.} _] can be obtained by replacing «
with y in Eq. (5). The matrix exp[iﬂjz] is given by Ref. [20]
as

(m'|explial,]
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(m"expli T ]jm)
) \/(umf)!u_mf)z ’-2'":/ ( J+m ) <J—m>
- J+m)!(J—m)! U:OVJ—m’—O' v o
204+m’ +m 2J-20-m'-m
X (= 1)"”‘""<COS[ED (sin{ED
2 2
HEB
cos —sin
2 2 ©)
o8] 18] )
sin cos
2 2

where v(}) is the binomial coefficient given by m and
o is a summation index. The rotation matrix in Eq. (2) can
then be written as

D(¢, 6,0) = D(0,0,0)D(0, 6,0)D(¢,0,0)

e'?? cos[g} — 72 sin{g]

2 2 ™
e sin{g] e 192 cos{—a}

2 2

from which the inverse matrix D~! can be calculated. We
substitute the matrices for D and D! into Eq. (1) to rotate
the quantization axis of the system. Assuming that the atoms
are initially in the state pmmr=5m,%5 , ; the expression for

m-o, =

Pum (6, @) in the rotated system is given by
O 10
pmm'(07¢)=D (¢)7 070) 0 0 D(¢76’0)

17 1 .
cosz[ —} — —¢7 ' sin[ 6]
2 2 ®)
1 . (7
— —¢'? sin[ 6] sinz{ —}
2 2

We now subject the system to a magnetic field interaction
described by the Hamiltonian H=-g;uzB-J. We consider
the specific case in which the magnetic field is at an angle
/2 with respect to the z axis (quantization direction) so that

the Hamiltonian becomes H =wxjx+ wyj),. Here, o,
=g ;mupB;/ i is the Larmor frequency due each component of
the field. The resultant Larmor frequency is given by w;
=(g up/h) \r’Bi+B§. The time dependence of the density ma-

trix in Eq. (8) is given by
. 1 2
P (6; b, 1) = 7[H’pmm’(0’ ¢.0], )

where H=F/#. The solution to Eq. (9) is given by

pmm’(e, d)a t) = e_i;hpm’m(a’ d)’t = O)elﬁt' (10)

Using the Hamiltonian for the magnetic interaction and Eq.
(8), it can be shown that
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Pmm/(9,¢,f) = 2(

The surface at =0 obtained from the first matrix element in
Eq. (11) is spherical and is shown in Figs. 2(a). The time
evolution of the surface in Figs. 2(a)-2(d) obtained using Eq.
(10) is given by the first element of the matrix in Eq. (11).
From this surface, we obtain the time-dependent atomic den-
sity 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 (along ¥) is perpendicular to
the quantization axis of the atomic system (along 2) is ob-
tained by substituting #=0 and ¢=0 into Eq. (11). For a
different direction of the field, the Hamiltonian remains un-
changed and only the orientation of the quantization axes has
to be specified through the angles 8 and ¢.

The time evolution of the first element of the matrix in
Eq. (11) is shown in Fig. 3. As the surface rotates, the dis-
tance 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 p(@, ¢,t) 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 ob-
tain p’Q( [defined by Eq. (3)] as a function of time for the F
=3 manifold in ®°Rb for the case in which the ground states
are coupled by the traveling waves El and f(z. For Lin L Lin
excitation, the tensor element that is excited by the fields is

FIG. 2. We consider the situation in which the quantization axis
is along Z (solid black line) and the magnetic field is along ¥ (dotted
line) for an atomic system with J=%‘ (a) Surface py/y1/2(6, ¢,1) for
1=0. (b) pyy2,112(0. ¢.1) for t=1T; () pijn,12(6. p.1) for 1=5T; (d)
p12.12(6,,1) for t=%TL. Here, T;=2m/w;. The surface rotates
around the direction of the magnetic field with frequency w; as a
function of time.

11+ cos[ w;t]cos[ A] — sin[ w, t]sin[ @cos[ @]
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sin[ w;t]cos[ A] + sin[ 8](cos[ w;t]cos[ ¢] — i sin[ P]) )

sin[ w; t]cos[ 8] + sin[ #](cos[ w; t]cos[ ] + i sin[ p]) 1 — cos[ w, t]cos[ F] + sin[ w, t]sin[ F]cos[ P]

(1)

pIQ(=5K’15Q’1. Correspondingly, for this atomic system, the
time dependence of the MGFID in a magnetic field is pro-
portional to p]. This can be calculated using Eq. (9) to be

p{(t) o« cos[w,f] + sin[ 7] + i cos[ ylsin[w,£].  (12)

Here, we use 7 to specify the angle between the magnetic
field and the quantization axis of the atoms as defined by the
laser polarizations. For %o~ excitation the relevant tensor
element is pIQ<=5K,25Q,2, and the time dependence in a mag-
netic field is given by

p%(l‘) - e—2i(th+7;)[l~(1 _e—ir;) +eisz+ei(th+r;)]4' (13)

If the magnetic field is along the direction of polarization of
one of the excitation pulses (7=0), 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 com-
pare the predictions of Eq. (12) and (13) 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. [16].

D. Calculation of MGE

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

1.0

0.0 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (us)

FIG. 3. Time evolution of a point on the surface shown in Fig. 2
with (60, ¢)=(0,0). The time evolution is calculated using Eq. (10)
for the surface shown in Fig. 2. The solution for py/ 1,2(0,¢,1) is
given by the first element in Eq. (11). The magnetic field is in the y
direction.
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level system. These oscillations depend on the Rabi fre-
quency 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 de-
scribe the MGFID in the tensor basis since it gives analytical
expressions for arbitrary magnetic field directions. In con-
trast, the evolution of the MGE is more complicated. It re-
quires 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 dur-
ing the experiment.

As a result, we use numerical simulations to model the
system of rate equations and calculate the MGE. The simu-
lations solve for p,,,  in the presence of a magnetic field
[16]. This system of rate equations [16,22] can be applied to
a multilevel atomic system excited by light fields with spe-
cific polarizations to calculate the envelope of the MGE sig-
nal shown in Fig. 1(c). Each excitation laser is detuned by
Appr from the F— F’ transition and effect of the two photon
coupling is described by the parameter */A. Here, x* is the
product of the one photon Rabi frequencies y; and x, asso-
ciated with the excitation pulses. The two laser fields with
wave vectors El and Ez interact with an atom with velocity
v.. The angle between the wave vectors () is small such that
|Ak|=k6. We consider the particular case in which laser
fields have orthogonal linear polarizations which couple ad-
jacent magnetic sublevels. It is assumed that A>T", where
I'=3.7% 107 s7! is the radiative rate of the excited state. We
also use excitation pulse widths with spectral bandwidths
that are small compared to A. Under these conditions, the
equations involving excited state populations and coherences
can be neglected (a more comprehensive treatment including
excited state coherences for arbitrary polarizations and mag-
netic field configurations is given in [22]). The Schrédinger
equation for the ground state amplitudes g, are

ihgm= 2 Uy &t (14)

!
m

where the matrix U for the F=3 ground state in 5°Rb is given
by

1 k= 0 0 0 0 0

eko 1 Gk 0 0 0

N U SR 0 0
U=hXK 0 0 ek 1 Gk g
0 0 0 % 1 % 0

0 0 0 0 " 1

0o 0 0 0 0 % ]

(15)

The elemznts of the atomic density matrix are given by
P! = gmgr'", where g:; is the complex conjugate of g,,. The

rate equations for the density matrix in the m basis is given
by [16]
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(o P
lh(;l)mm’(at) + Uzo.'_zpmm’(z’t)>

= 2 Umm"pm"m’(z’t) bl 2 U’:,m,,pmmu(z, t) . (16)

" n
m m

For magnetic sublevels of an F'=1 atomic system coupled by
lasers with orthogonal circular polarizations, Eq. (16) re-
duces to Eq. (10) of Ref. [16] for a two level atom. The
equations in Ref. [16] resemble the optical Bloch equations
for a two level system driven by an off resonant traveling
wave laser field [36].

The effect of the magnetic interaction is described by V

=gpupF-B/h where gr is the effective Lande g factor and
mp 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. (15) given by

_ 8ripB

5Umm - ﬁ m. ( 17)

The initial conditions for the differential equations [Eq.
(16)] depend on how the initial population is distributed
among the ground state sublevels at time r=0 and whether
there are any initial coherences. The role of optical pumping
in these experiments has been pointed out in [16,22]. Experi-
ments in trapped atoms involve excitation pulses with detun-
ings 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 [17]. Optical pumping
into the high |m| sublevels can also occur when the sample is
cooled in an optical molasses [37].

Equations (14)-(16) ignore the effect of the pulse band-
width 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,
mp=3 magnetic sublevel of 3Rb 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 p,,, and
solve Eq. (16) numerically for all p,,,. The coherences
evolve due to the interaction with the first pulse and the state
of the system at r=T defines the initial conditions for the
interaction with the second pulse. Each p,,,(f) is then aver-
aged over the Maxwell-Boltzmann velocity distribution to
give the MGE amplitude.

The simulations show that magnetic field induced oscilla-
tions occur within the envelope of the MGE [the envelope is
shown in Fig. 1(c)]. 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 func-
tional form as the Larmor oscillations in the MGFID. Figure
4 shows the results with Lin L Lin excitation pulses that
couple magnetic sublevels with Am=1. In this case, Fig. 4
shows p} as a function of 7. The magnetic field was applied
along the polarization direction of Rl. In the context of mea-
suring Larmor oscillations over long time scales, the MGE
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FIG. 4. Numerical solution to Eq. (16) using Lin L Lin excita-
tion for 7=521.1 us showing the time-dependent evolution of p%
assuming that atoms in the F=3 ground state are optically pumped
into the mp=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 us and 300 ns, respec-
tively. The angle between excitation pulses is 25 mrad. The static
magnetic field is 0.08 G along the polarization direction of K. The
sample temperature was assumed to be 100 uK.

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. [38] that the MGE envelope is always a
maximum at =27 if the pulse separation 7 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 7 that are long compared to the
decay time of the MGFID. The amplitude of the MGE oscil-
lates as a function of 7 with a characteristic frequency

\/(§)2+wi. This expression has the same form as the gener-
alized Rabi frequency for a laser field interacting with a two

e

level atom. The term ¢ characterizes the two photon inter-
action and replaces the one photon Rabi frequency. The two
photon detuning w; due to the Zeeman shifted magnetic sub-
levels levels replaces the one photon detuning.

Simulations have also confirmed that the relative ampli-
tudes between the primary and secondary peaks as well as
the overall shape in Fig. 5 are modified by varying the length

L 4 [
= 0.04 * .
[Q\] . ]
=
2 0.03
= .
= = .
£ g 0.02 .
< o .
g 001 . .
E L . . % .
. ! e ®e * .
0.00 d ° hd
520.0 520.2 5204 520.6 520.8 521.0 521.2
T (us)

FIG. 5. Simulated MGE amplitude (at t=27) using Lin L Lin
excitation as a function of 7 for a laser cooled sample at a tempera-
ture of 100 uK. The magnetic field of 0.08 G was applied along
one of the polarization directions. The first and second excitation
pulses were 1 us and 0.3 us in duration. y=0.31" and A=7T
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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 p} in Fig. 5 is a weighted
sum of such couplings.

The simulations ignore the spatial variation in the Rabi
frequency y 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

at frequency §=2§ to wash out on a time scale of ~1/¢
(~100 ns). As a result, it can be expected that the frequency
of the 7-dependent oscillations will be w; if the signal is
observed on a typical time scale of several milliseconds.
Simulations have confirmed that the amplitude of the enve-
lope of the MGFID due to the second excitation also exhibits
similar oscillations that are 77/2 out of phase with the MGE
envelope oscillations (when the MGE is a maximum, the
MGFID is a minimum). The simulations are consistent with
expectations based on more formal considerations since Eq.
(A43) of Ref. [16], derived in the limit y<< & where § is the
two photon detuning, shows that the echo envelope oscillates
as a function of 7 with frequency 6.

The envelope oscillations can be exploited to observe Lar-
mor oscillations on a much longer time scale (of order T)
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
w; 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 oscilla-
tions 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

2
p{ = exp{— ( (t —T2T)> +iwp(x)(t - 2T)} cos[w; (x)T + d],

(18)

where T=%€ is the width of the echo envelope, w;(x)

=%B(x) is the spatially dependent Larmor 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 7 dependent amplitude of the signal
envelope. Figure 6 shows the amplitude of the MGE enve-
lope 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 (18) 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 us.

In Sec. IV C, we present evidence for magnetic field in-
duced oscillations, within the MGE envelope, and T depen-
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FIG. 6. Simulated MGE amplitude at r=2T as a function of 7T 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 wus, 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 ex-
periments that can be realized using the echo technique.

III. EXPERIMENTAL DETAILS

The repump light resonant with the F=2— F’=3 transi-
tion in ®Rb 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 absorp-
tion spectrometer contains an acousto optic modulator
(AOM) used as a tuning element. The AOM ensures that the
portion of the laser beam going to the experiment is fre-
quency 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 con-
figuration. The light from this AOM is split into two orthogo-
nal linear polarizations. The amplitude of these beams are
controlled by two independent AOMs [AOM (a) and AOM
(b)] that impose a frequency down shift of 250 MHz as
shown in Fig. 7. The 250 MHz driving frequency is gener-
ated 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 arrange-
ment can be used to trap and excite *’Rb 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 (a) and (b)

(defined as 121 and k;, respectively). 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 k:—l; ~ k6. By using the dual pass AOM to
control the envelope of the pulses going into AOMs (a) and
(b), we ensure that the on and/or off ratio for light intensity is

PHYSICAL REVIEW A 78, 033418 (2008)

Channel 1 Channel 2
¥ sample

L.0. 250 MHz PL];r
VA~ 5 -{otixed [ained«-\
A 250 MHz PLL
lens |
|
250 MHz PLL .
W\N\/\/*‘AOM (a)‘ ‘ AOM (d« Photodiode
250 MHz PLL
L.O.+k,
=250 MHz

beat note

FIG. 7. Experimental setup. The AOMs are driven by a
250 MHz rf oscillator controlled by a phase locked loop (PLL). The
local oscillator (L.O.) from the k; AOM is combined with the signal
(MGFID, MGE) on a fast photodiode (P.D.) 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 77/2 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 10°. In experiments with trapped atoms, the
excitation pulse bandwidths (~1 MHz) are larger than both
the one photon Doppler width (~ku) and two photon Dop-
pler width (~ku6). Here, k=2m/N where \ is the optical
wavelength and u is the most probable speed. For experi-
ments in room temperature vapor, the excitation pulse band-
widths 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 dis-
tribution under the Doppler width of the one photon transi-
tion is excited along the direction of propagation of the ex-
citation beams. However, all atoms moving in the transverse
direction are resonant with the excitation pulses. In all ex-
periments, the excitation pulse intensities were ~10 I,
where I, is the saturation intensity (assuming equally popu-
lated magnetic sublevels, I,,=7.56 mW/cm? in %5Rb and
1,,=6.94 mW/cm? in ¥'Rb).

To detect the signal, we turn on a read out pulse along k,

and detect the signal along the direction k;. This involves
beating the signal with an optical local oscillator [undif-
fracted beam from AOM (a)] on a fast photodiode and de-
tecting 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 counter-
propagating excitation pulses. In this case, the signal inten-
sity was measured using a gated photomultiplier tube (PMT)
that was turned on just before the readout pulse.

We use a vapor cell loaded magneto optical trap [39,40] in
which ~10% atoms are loaded in ~100 ms. The atom num-
ber is inferred from fluorescence measurements using a cali-
brated PMT. After loading the trap, the gradient coils are
turned off in ~500 ws. The trapping beams are turned off in
less than 100 ns and the sample temperature under these con-
ditions is ~100 uK. 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 uK. This involves
changing the frequency of the trapping beams abruptly from
a detuning of ~12 MHz below resonance to ~30 MHz be-
low resonance. The excitation pulses are turned on after turn-
ing 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 (100 ns), strong (I>1,,) read out pulse, or a
relatively weak (I>1,,,) read out pulse with a duration com-
parable to the signal decay time. For the case of the strong
read out pulse, the grating decays in ~100 ns due to spon-
taneous 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 compo-
nents of the signal is integrated over the duration of the sig-
nal. 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 aver-
aged.

Two charge-coupled device (CCD) 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 [41]. The radial direction corresponds to the
direction k;—Kk, 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 mp
=3 ground state [42]. 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
mp=3 level, the system cannot absorb light from the pump-
ing 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 mp=3
level by recording the absorption spectrum of a circularly
polarized probe beam resonant with the F=3 — F' =4 transi-
tion. 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 at-
oms, partial optical pumping to the high |m| sublevels oc-
curred during the molasses cooling phase [37]. In room tem-
perature vapor, any population imbalances were presumably
the result of spontaneous emission during the excitation
pulses.
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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 opti-
cally 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(a) 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 [16] and consistent with the simulations presented in
Fig. 4 and with previous observations [17,18]. The time con-
stant of the decay 7 and the angle between the excitation
beams are used to extract the most probable speed (and tem-
perature) associated with the Maxwell-Boltzmann distribu-
tion of the cloud along the direction k;—k,. Figure 8(b)
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
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FIG. 8. (a) Decay of the MGFID (filled circles) as a function of
time for an angle #=6.6 mrad. The decay time extracted by fitting
the data to the equation Ae™" 7y C (solid line) gives 7=221 us.
The most probable speed u given by u=2/(k67) is 0.17 m/s. The
corresponding temperature is 149.2 uK. (b) Ballistic expansion of
the cloud as a function of time (filled circles). u is extracted by
fitting the cloud radius R(r) to a hyperbola R(1)=\Rj+u’’ (solid
line) where R is the initial cloud radius. (c) Temperature of the
cloud measured by the CCD camera (gray scale points) and the
temperature measured from the decay time of the MGFID (black
filled circles) as a function of total trap laser intensity. Straight line
fits are represented by the dashed line with equation 1.3/
+82.6 uK and solid line with equation 1.2/+73.3 uK, respectively.

Here [ is the trapping laser intensity in mw/cm?.
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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 Egs. (12) and (13) for Lin L Lin and o*o~ exci-
tation, respectively. (a) The excitation pulses have orthogonal linear
polarizations and the magnetic field is directed along the polariza-
tion of K;; B=24.6 G; w;=12.13(2) MHz from the fit. (b) The ex-
citation pulses have opposite circular polarizations with the direc-
tion of the magnetic field along K;; B=12 G; and the oscillation
frequency of 13.081(8) MHz is 2w;, consistent with expectations.
For both (a) and (b), 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(c). 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 [41,43].

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(a) shows an average over 256 repeti-
tions of the MGFID in a room temperature vapor cell when a
magnetic field is applied along the direction of polarization
of El for Lin L Lin excitation. The Doppler dephasing time is
~1 us which is consistent with the room temperature veloc-
ity distribution. For this geometry, the MGFID is propor-
tional to the irreducible tensor element p}. Setting 7=0 in
Eq. (12) gives p| e, The functional form of the in phase
and quadrature components of the signal are predicted to
have a sinusoidal dependence with oscillation frequency w;.
For oo™ excitation, and a magnetic field along K, Eq. (13)
with 7=0 reduces to p%OCeiz‘”L’. In this case, the MGFID
oscillation frequency is predicted to be 2w;. The data in Fig.
9 shows that fits based on these theoretical expressions ac-
curately model the signal shapes of the in phase component
of the signal (the quadrature component which is phase
shifted by /2 is not shown). The data also confirms the
predicted oscillation frequency.

Figure 10 shows the MGFID with the magnetic field at an
angle »=m/4 in room temperature vapor. Both the in phase
and quadrature components of the signal are shown for
Lin | Lin and o*o™ excitation and show that the evolution
exhibits more Fourier components For Lin L Lin excitation,
Eq. (12) reduces to p Poci{2 cos[th]+\2(1 +i sm[th])}
whereas for o*o~ excitation, Eq. (13) reduces to p20<3
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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 Egs. (12) and (13) for Lin L Lin and
o*o™ excitation, respectively. (a) The excitation pulses have or-
thogonal linear polarizations and the magnetic field is directed at an
angle of 7 with respect to the polarization of K;. (b) The excitation
pulses have opposite circular polarizations with the direction of the
magnetic field at an angle of f to the direction of K. In both cases
the excitation pulse widths were 100 ns, and the detuning was
40 MHz. The cell length is 5 cm.

1+ % V2 cos[w; 1] +cos[2w;£]) +2i(2 sin[ w; ]+ V2 sin[2w;1]).
Data shown in Fig. 10 agree with the fits based on the theo-
retical prediction for p% and p%. The overall signal shapes are
consistent with predictions. The discrepancy for t>1 us is
attributed to the presence of magnetic field gradients.

In laser cooled atoms, the effect of a magnetic field gra-
dient is expected to be highly suppressed due to the compact
dimensions of the sample (a few millimeters) and the mag-
netic field is more uniform. However, the effect of the gra-
dient can become more pronounced over long time scales.
The complicated evolution of the coherences can be ob-
served clearly as illustrated in Fig. 11 which shows the MG-
FID from trapped atoms for the same magnetic field configu-
ration as in Fig. 10 for both Lin | Lin and o*o™ 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 experi-
ment 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 pre-
cision 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 (at the
level of a few parts per 10°) were carried out several decades
ago [12,13] using rf spectroscopy and optical pumping and
measuring line shapes in atomic vapor in the presence of
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FIG. 11. Evolution of the in phase and quadrature parts of the
MGFID in a sample of cold atoms. (a) The excitation pulses have
orthogonal linear polarizations and the magnetic field is directed at
an angle of 1—7 with respect to the polarization of k;. (b) The exci-
tation pulses have opposite circular polarizations with the direction
of the magnetic field at an angle of ¥ to the direction of k;. In both
cases the excitation pulse widths were 2 us, and the detuning was
40 MHz. The data are shown as dots and the solid lines fits based
on Egs. (12) and (13).

static magnetic fields. In this section, we discuss the possi-
bility of improving the precision associated with the mea-
surement of atomic g factor ratios using the behavior of the
MGFID and MGE in magnetic fields [14,15].

Figure 12 shows the MGFID from trapped %5Rb atoms
averaged over 256 repetitions on a time scale of ~1 minute.
Lin L Lin excitation pulses at an angle of a few milliradians
and a static magnetic field of ~0.3 G were used. Figure
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FIG. 12. In phase component of the MGFID with Lin L Lin.
excitation in a weak magnetic field of ~0.3 G and a detuning of
A=40 MHz above the F=3—F’=4 resonance. (a) Entire signal
envelope. (b) Excitation geometry showing the magnetic field to be
along one of the polarization directions. (c) Expanded view of the
signal in (a) show data (dots) and fit (solid line). From a fit to a
decaying sine wave, the frequency is v;=0.150 688 0(6) MHz. The
fit is based on Eq. (12).
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12(a) shows the overall signal decay on a time scale of over
1 ms using a sample cooled to ~50 uK. Figure 12(b) shows
the geometry of the experiment. For this configuration, the
evolution of the MGFID is purely sinusoidal as shown in
Fig. 12(c).

To determine the oscillation frequency, the data is fit to a
function based on Eq. (12) with =0. The fit yields a v
=0.1506880(6) MHz [~4 parts per 10° (ppm)] where, v,
=w;/(2m). After recording this data, the frequency of the
trapping lasers were switched to trap 8'Rb. The laser fre-
quencies were switched within ~1 minute, and the MGFID
experiment was repeated with comparable precision using
the F=2— F’=3 resonance in 5'Rb. Thus it was possible to
measure the ratio of Larmor frequencies. From the measure-
ments in the two isotopes, the g factor ratio ?, which is the

Fs

ratio of Larmor frequencies, was determined to a precision of
~10 ppm. Here, gy is the effective Landé g factor given by
FE+1)+JJ+1)-II+1)
2F(F+1)
FE+1)+II+1)-JJ+1)
2F(F+1)

8r=8J

— &1 , (19)

where g; contains the electron g factor, and g; 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 varia-
tions 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 sys-
tematic 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 10° (ppb) may be attainable us-
ing 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. [11]. Following the discussion in
Sec. I D, we first discuss the improvement related to observ-
ing oscillations within the echo envelope, and then discuss
the much more significant improvement (about a factor of
10) that can be realized by observing T dependent oscilla-
tions in the amplitude of the echo envelope.

Figure 13 shows Larmor oscillations in the MGE for T
=700 us for the same configuration as in Fig. 12. The MG-
FID due to the second excitation pulse and the echo in the
vicinity of =27 are shown. Both the MGFID and the MGE
are probed by a weak (I<<I,,) 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-

033418-10



PROPERTIES OF MAGNETIC SUBLEVEL COHERENCES...

1.0
0.5
g
=
3
B MM ANANNVVWWAAY
=
S
& 0.1
—0.5] 0. OMAAAAMAAAAANA AALALR 2 2 0 by
WYYV VYTV Yy VYT ViV
-0.1]
-1.0 —-0,2
1100 1200 1300 1400 1500 1600 1700
800 1000 1200 1400 1600
time (us)

FIG. 13. Data showing Larmor oscillations in the MGFID due to
the second excitation pulse at 7=700 us and Larmor oscillations in
the echo envelope at =27 (1400 us). 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 us and 300 ns,
respectively. The inset shows and expanded view of the Larmor
oscillations in the echo envelope. A fit based on Eq. (12) gives vy,
=0.051 62(4) MHz. Both the MGFID and MGE exhibit Larmor os-
cillations 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
Eqgs. (14)—(16) 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 w; 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 (~2).
However, the signal to noise is reduced if the MGE is re-
corded 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 r=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 7, we used counter-
propagating excitation pulses (El z—f(z) so that durations of
the MGFID and MGE envelopes are ~1 us. As a result, the
MGE amplitude could be recorded within a few microsec-
onds after the excitation pulses.

As shown in Fig. 14, the time scale over which the mag-
netic field induced amplitude oscillations of the MGE enve-
lope could be observed was limited by the presence of mag-
netic field gradients of ~0.01 G/cm due to the magnetized
walls of the stainless steel vacuum chamber [44].

For this geometry, the effect of atomic recoil is signifi-
cant. 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. [16] 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
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FIG. 14. MGE signal intensity measured with a PMT (dots)
using counter-propagating Lin 1 Lin excitation pulses in a laser
cooled sample. A magnetic field of B~0.25 G is directed along the
polarization direction of Kk;. 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 [,=0.096 95(4) MHz]. The data are fit
to the functional form of Eq. (26) in Ref. [28] with an additional
cos*{w, T] term to account for the magnetic field oscillations (solid
line). The extracted value of w; is consistent with the expected
value.

the atomic recoil frequency w,z% where ﬁAk:h|f(1

—R2| is the momentum transfer to the atoms from the laser
fields and My, is the atomic mass. The corresponding value
of T,poy Shown in Fig. 14 is ~32 us (Tppi= 7/ o,). ®p Was
determined to be 0.110 395(15) MHz (~ 100 ppm) from a fit
based on Eq. (26) in Ref. [28] with an additional cos*[ w, T
term to account for the magnetic field oscillations. The value
of w; was consistent with expectations based on the applied
magnetic field. Both w, and w; were obtained from a single
multiparameter fit to the data in Figs. 14(a) and 14(b).
Figure 14(b) shows that the Larmor oscillations in the
amplitude of the echo envelope cancel out for 7~500 us
although the overall decay time of the signal is several mil-
liseconds. 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 magneti-
cally shielded glass chamber. Gradients are also known to
limit the overall lifetime of the MGE (the time 7T in which
the signal amplitude reduces to half its initial value). 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 [45]. 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 uK and
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an excitation beam diameter of a few centimeters, the ex-
pected 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. [46,47] 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 ver-
tical. 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 preci-
sion of ~50 ppb by recording temporally separated Larmor
oscillations. The time to acquire this data is expected to be
~1 hour.

V. CONCLUSIONS

We have shown that the MGFID can be used for accurate
measurements of the velocity distribution. Such measure-
ments have applications for phase space imaging [31,48]. We
have developed a general theoretical frame work for predict-
ing the evolution of magnetic sublevel coherences in arbi-
trary 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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servations [17]. 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 pro-
duces 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 7. The experimental results have confirmed
these predictions and established that the MGE can poten-
tially be exploited for achieving a significantly improved
measurement of the atomic g factor ratio. Future work asso-
ciated with the MGFID and the MGE could also include
independent measurements of the Zeeman shift using a cali-
brated sensor that can be placed at the location of the trapped
atomic cloud. Results of this work could be applied to ob-
serve nonlinear spectroscopic signatures predicted in [23].
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