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The linewidth of electromagnetically induced transparency (EIT) in a coated Rb vapor cell was studied under a mag-
netic field gradient. The nonlinear broadening of the EIT linewidth with the magnetic field gradient was observed. It was
found that the motional averaging of the field gradient was more pronounced at higher laser intensities and larger beam
sizes. In the same regime, there was a small linewidth decrease with the increasing magnetic field gradient. We have
established a Monte—Carlo model, which gave results in good qualitative agreement with our experiment. Physics pictures
for the above phenomena were also suggested. These results provide an understanding of the EIT linewidth behavior under
motional averaging, and should be useful for applications in quantum optics and metrology based on coated vapor cells.
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1. Introduction

Manipulation of the quantum states of atomic spins and
light through coherent atom-light interactions is at the heart
of modern atomic and optical physics research. The electro-
magnetically induced transparency (EIT)!! is one of the most
frequently used processes. Such controlled interactions have
applications in both quantum information science and preci-
sion measurements such as atomic frequency standards and
magnetometry. Atomic vapor cells provide an interesting plat-
form for this research due to their relative simplicity in system
construction and relatively long coherence lifetime. Although
the thermal motion reduces the coherence lifetime, buffer gas
or anti-relaxation wall coating can greatly mitigate the deco-
herence. A spin lifetime as long as a minute has been demon-
strated in a coated cell.l>*] The most intriguing characteristic
in a coated cell is that the atoms undergo fast ballistic mo-
tion while maintaining the coherence for a long time. This
has led to a number of interesting observations such as the
dual-structured EIT spectrum,*! the counter-intuitive scaling
of the EIT linewidth with the laser beam size,l>) and a slow
light beam splitter.[©!

The focus of this paper is to study the EIT linewidth under
motional averaging, especially in the presence of a spatially
inhomogeneous magnetic field. Usually, a magnetic field gra-
dient would lead to a linewidth broadening, which happens
in the interrogation volume (such as the laser beam volume)
of the cell, e.g., in the case of a vacuum vapor cell without
coating. In a coated cell, however, the atoms travel rapidly
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within the entire cell volume, which is usually much larger
than the interrogation volume, and they also experience coher-
ent phase evolution outside the laser volume. This means that
the linewidth broadening can come from both inside and out-
side of the laser beam, and the motional averaging becomes
important. Watanabe and Robinson carried out a study!’! on
the motional narrowing of the Zeeman resonance both theoret-
ically and experimentally. There, the Zeeman coherence was
established by a microwave which covered the entire cell vol-
ume. In an all-optical configuration, the effects of a magnetic
field gradient on the EIT and the nonlinear magneto-optical
resonance have been studied®®! in a buffer gas cell and in a
coated cell, respectively. However, a natural yet unexplored
question is how the laser beam size and the laser power af-
fect the degree of motional averaging in a coated cell. In
the present work, we theoretically and experimentally inves-
tigate this problem and find the nonlinear dependence of the
EIT linewidth on the magnetic field gradient. We also identify
a novel phenomenon: in certain parameter regimes, the EIT
linewidth even decreases with increasing magnetic field gradi-
ent. A good qualitative agreement between the theoretical and
experimental results is obtained, and physics explanations are
also proposed.

The typical EIT spectra in a coated cell exhibit a dual-
structured lineshape, with a sharp peak on the top of a broad
pedestal, as shown in both Figs. 1(b) and 4. This can be un-
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derstood using an intuitive modell'%!" based on the Ramsey
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Fig. 1. (color online) Illustrations of the origin of the EIT lineshape dual structure (a) in a buffer gas cell and (b) in an anti-relaxation coated cell. The
EIT spectrum from one atom shows Ramsey fringes, since it moves in and out of the laser beam, effectively seeing a Ramsey pulse sequence. Averaging
over all atoms gives rise to a sharp peak above a broad pedestal. The EIT in a coated cell has a more pronounced sharp peak due to more time out of the

laser beam.

spectroscopy,l'?! as illustrated in Fig. 1. In a coated cell, each
atom undergoes ballistic motion in and out of the laser beam,
and hence also undergoes multiple interactions with the laser,
with a dark time outside the laser beam between successive
interactions, which gives rise to Ramsey-fringe-like EIT spec-
tra. Averaging contributions from all atoms make the central
peak stand out on the top of a pedestal, and the averaging also
smears out all the fringes due to the random distribution of
atomic trajectories. The linewidth of the narrow structure is
mainly determined by the time that atoms spend outside the
laser beam, and is eventually limited by the coherence lifetime
determined by the coating quality, the cell geometry, and the
dephasing processes. The broad structure linewidth is approx-
imately the transit width associated with the single pass of the
atom across the laser beam.

2. Experimental setup

Our experiment setup is similar to that in Ref. [4] and
shown in Fig. 2. We used a cylindrical paraffin coated cell
with enriched 8’Rb, 7.5 cm long and 2.5 cm wide in diameter,
with a nominal 7; time of about 0.9 s. The cell was contained

in a blown air oven, which resided in a solenoid used to pro-
duce both a homogeneous magnetic field for two-photon de-
tuning adjustments and a magnetic field gradient. The whole
system was then put inside a four-layer magnetic shield which
screened out stray magnetic fields with residual fields less than
2 nT. The magnetic field gradient was generated by a saddle
coil similar to that used in Ref. [8]. It produced a longitudi-
nal magnetic field gradient in the transverse direction, dB,/dx.
An external cavity diode laser operating at the Rb D1 line was
on resonance between the ground state 5°S, /2, F'=2 and the
excited state 5°P, )2 F "= 1. A strong control field and a weak
probe field (intensity ratio of 20:1) of the same frequency but
opposite circular polarization were derived from the same laser
to form EIT, and the EIT spectrum was measured from the
probe’s transmission. For most of the data, we measured the
narrow structure of the EIT to investigate the motional aver-
aging. To avoid condensation on the wall coating of the cell
body, we maintained a temperature difference between the cell
body and the tail by leaving the tail outside the oven. In the
experiment, we had the cell body at about 50 °C and the tail at
around 41.8 °C. The temperature fluctuation was actively kept
within 0.1 °C by a feedback loop.
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Fig. 2. Schematic diagram of the experimental setup, where PBS stands for a polarization beam splitter, and AOM stands for an acoustic-optical
modulator. The homogeneous magnetic field is along the light propagation direction (defined as the z axis). The AOM is used to adjust the laser power

into the cell.

3. Theoretical model

Our theoretical model is adapted from the repetitive in-
teraction model developed by Xiao ef al. to explain the dif-
fusion induced Ramsey narrowing!!%!! in a buffer gas envi-
ronment. This model was generalized to the coated cell case
by Hohensee,l>! who used a distribution function for time in
and out of the laser beam, which is suitable for a spatially ho-
mogeneous magnetic field environment. However, to take into
account a spatially varying magnetic field, such as the one with
a linear field gradient, the Monte—Carlo simulation of the ran-
dom atomic trajectory seems to be the most applicable way.

The master equation describing the atom-light interac-
tion in a three-level A system with decay processes was de-
rived in Refs. [5], [11], and [13]. Here we only lay out the
key steps. The Hamiltonian with the electric-dipole and the
rotating-wave approximations is given by

04 0 Qe
A =h 0 o, Qjel% |, (1
Qpe % Qqe~ivd @,

where w,, @, @, are the frequencies (energy/h) of three en-
ergy levels, with |e) being the excited state, |b) and |a) being
the ground states coupled to the control (drive) and the probe
fields, respectively, £, and £ are the Rabi frequencies of the
probe and the control fields, and @, and @q are the frequen-
cies of the probe and the control fields, respectively. After the
rotating frame transformation, resetting the zero energy refer-
ence, changing the ground state basis to the dark and bright
states, and adding the damping rates,['>! we have the Hamilto-
nian rewritten as
A —ilp
I =h/2 SA
0 -0

S$A 0
—GA-iI; -Q )
26 —1iy

where Q = /Q3+Q2, cosO = Q4/Q = Q4/,/QF+ 22,
sinf = Q,/Q = Qy/\/Q2+02, S, =sin(260), and C; =
cos(26). Here, the one-photon detunings are & = @y — (. —
®y) and 8; = @, — (®, — ), the two-photon detuning is A =

01 — Oy, the average one-photon detuning is & = (8; + 6,)/2,
and [ is the intrinsic relaxation rate of the atomic ground state
coherence. Then we can obtain the equation of motion of the
density matrix under the Hamiltonian and a source and relax-
ation matrix

100
010]. 3
000

p=(i/h)(pH" —Hp) + (pec¥/2+T0/2)

When 4 is much smaller than the excited state decay
rate 7, we can adiabatically eliminate the excited state, and re-
duce the system to an effective two-state system, with the two
basis states being the dark state |—) and |+) which is a linear
superposition of the bright and the excited states.!'3! For this
two-state problem, we can use the Bloch vector

Ry
R=1|R |, (€]
R3

which represents the population and coherence of quantum
states of the two states, and is defined as

(Ri+iR2)/2=p—s, R3=(p——) = (P++)- ©)
The equation of motion for the Bloch vector is
dR/dt=T R+ A. 6)

For simplicity, we consider the dephasing due to each
wall collision as an infinitesimal decay, and treat the gradient
magnetic field as an added term in the two-photon detuning.
In this way, we can remove I from the coefficient matrix T°

-a - 0 0
T=[ B -a SHA]|, A=[0], @)
0 —5HA —« o

where B’ = —C>A and o = Q2/(2y) for § = 0. When the Rb
atom is outside the laser beam, £2 = 0, and hence ¢ = 0. Here,
the laser beam profile is treated as a flat one with a sharp edge.
The coefficient matrix T represents the physical environment
interacting with the atoms, which changes with the magnetic
field, the laser intensity, and the beam size.
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Multiplying U from the left to both sides of Eq. (6), we
have d(UR)/dt =UTU"-UR+U A, where the coefficient
matrix 7" can be diagonalized. We define P = U R with

S> 0 G
PR
1 1 1

—-C =i =S
272 gt 22

The probe absorption coefficient is proportional to
Im(pz;)/£2p, where

Pea =i[2p(1 —R3) + Q24 (R1 —iRy)]/2(y—2i6),  (9)

and for zero averaging one-photon detuning, the probe absorp-
tion is proportional to g, with

g=1—R3+R; xcos0/sin6. (10)

The three components of eigenvector P follow inde-
pendent differential equations in the form of dP/dt = (a +
bt)P+c,

dpP/dt = —aP, + aCs,
dp,/dr = (1A — )P+ (1/2)asS,, (11D
dP3/dt = (—iA — OC)P3 + (1/2)0{527

where a, b, ¢ are constants, and A = Ag + kx| + kv,t, with
Ap being the two-photon detuning excluding the magnetic
field gradient, x; the x coordinate of the atom when ¢t = ¢y,
and k the characteristic value of the field gradient. We have
k = gup(dB/dx)/h, where g is the Bohr magneton, and g is
the Landé gp factor.

Since P(t) is a function of ¢, when P(#;) is known, P(t;)
can be obtained by

14
P(n) = { /IZF(t)dt +P()F()| /F(n),  (12)
b

where F(f) = e % ~b%/2 When the atom is outside the light
beam, a = 0, ¢ = 0, and we do not need to calculate the term
( t'lz F(t)df. When the gradient magnetic field does not exist,
k=0,b=0,s0 F(t) = e, and fttle(t)dt = —(e " —
e ™) /a. When the atom is inside the light beam and the
gradient magnetic field exists, b # 0,c¢ # 0, and we need to
calculate j,tlz F(t)dt numerically. Using Simpson’s rule for in-
tegration, we calculate P(z,) for a given P(#;), and then ob-
tain the final value of P through iteration.

In an infinitely long coated vapor cell, the Knudsen’s co-
sine law can be used to describe the reflecting angle of an atom
bouncing off the walll'41%1 As shown in Fig. 3, the probabil-
ity for the reflection angle to be € is proportional to sin€. The
time evolution of the physical quantity of one atom along its
trajectory can be calculated as follows. Between two succes-
sive wall collisions, the atom moves from position (x;,y;) to

(x2,¥2) with a constant speed v, and the polar coordinate ¢
changes to ¢ +2€. At any point between the two collisions,
the x coordinate satisfies x = x| + v,¢. During the atomic mo-
tion, the vector P evolves according to Eq. (11). Upon col-
lision with the wall at (x,y>), the vector P is multiplied by
a loss factor e ~'/V. The atom is allowed to undergo N col-
lisions with the wall, effectively experiencing a multi-pulse
Ramsey sequence. Here N is randomly chosen from 4800 to
5200, which corresponds to the nominal spin lifetime of about
1 s in our cell. Then, we average over the contributions from
the whole atom ensemble, and deduce the final physical quan-
tity which gives the EIT spectrum. Finally, the narrow part of
the EIT spectrum is fitted by a Lorentzian curve. In all the
simulated data, the fitting uncertainty is found to be less than
1.5%.

Fig. 3. (color online) Construction of the model for an infinitely long
coated vapor cell. The inner circle represents the laser beam, ¢ is the
polar angle for position (x1,y;), and ¢ is the polar angle for position
(x2,y2). The ¢ changes to ¢ = ¢ + 2¢ after the atom bounces off the
wall, € is the reflecting angle satisfying the Knudsen’s cosine Law.

As can be seen from Fig. 3, if cos(¢ +2€) > cos(¢), the
velocity of the atom along the x axis is v, = |vsin(¢ + €)],
otherwise vy = —|vsin(¢ + €)|, where v is the average speed,
v =+/8RT /(mM) = 460 m/s, which is calculated using the
Maxwell-Boltzmann distribution at the cell temperature. We
deduce the displacement along the x axis between two colli-
sions as / = R(cos(¢ +2¢&) —cos(¢)), where R is the radius
of the coated vapor cell, and then we can calculate the time
interval between two collisions through t = /v,.

The stochastic quantity is the key for a Monte—Carlo sim-
ulation. In our model, we generate a series of stochastic quan-
tities distributed from O to 1 to obtain the stochastic bouncing
angle, the number of collisions, the polar angles for the initial
positions of the atom on the wall, and the final location in the
laser beam. The initial polar angle is a random number from
0 to 27, the position of the wall collision is described by polar
coordinate (R, ¢). For example, the bouncing angle € can be
generated using € = arccos(—1+ 2 x rand(1)), where rand(1)
is a random number between 0 and 1. The ending point of a
trajectory is a random point within the beam.
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4. Experimental and numerical results

We first compare the basic results of our model and ex-
periments without the presence of the magnetic field gradient.
Figure 4 shows a measured EIT spectrum, and figure 5 shows
the calculated EIT spectra, both clearly exhibiting the expected
dual structure. The broad structure linewidth is 0.2 MHz, close
to the estimated transit broadening from the beam size. The
narrow structure linewidth is determined by the coating, the
residual magnetic field gradient within the shields, and the
power broadening. Although producing qualitatively correct
results, our model shows a larger linewidth than the measured
one, mainly because it has not strictly taken into account of
the Doppler broadening and the 3D effects as discussed be-
low. We also compare the theoretical and the experimental
narrow structure linewidths vs. the laser power at various laser
beam diameters (Fig. 6), and find a good agreement in the
trend. This trend is also consistent with the previously pub-
lished results."!

Then, we studied the EIT narrow structure linewidth
behavior in the presence of a magnetic field gradient. Fig-
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ure 7 shows the experimental results, and figure 8 shows
the theoretical results. Several trends can be identified in
both the experimental and the theoretical results, which
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are the key results of this paper.
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Fig. 4. (color online) Example of the measured EIT spectrum exhibiting
a dual structure. The inset shows the enlarged spectrum.
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Fig. 5. (color online) Calculated EIT full lineshapes from our Monte—Carlo simulation for various beam sizes at Rabi frequencies of (a) 3 MHz and (b)
8 MHz. The narrow structure contrast decreases with increasing beam size and laser intensity due to less time outside the beam and more serious power

broadening, respectively.
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Fig. 6. (color online) Comparison of (a) theoretical and (b) experimental EIT narrow structure linewidths vs. laser power for different beam sizes, which
shows the same trend that the linewidth increases with increasing laser intensity and beam size.
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magnetic field gradients. Secondly, such a nonlinearity is more
pronounced for the higher laser power and a larger beam size.
Thirdly, for a very large laser beam size and a high laser in-
tensity, the linewidth even shows an initial decrease with the
increasing magnetic field gradient. Although the experimen-
tal and the theoretical results do not have an exact quantitative
agreement, for example, in the experiment, the decrease of the
linewidth with the increasing magnetic field gradient starts to

happen at a smaller laser beam size and the percentage change

in the linewidth is higher than that in the theory, the qualitative

trends are similar.
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The physical explanation for the above trends is as fol-
lows. Since the narrow structure of the EIT is mainly deter-
mined by the atomic motion outside the laser beam!®! and the
magnetic field variation is larger in the outside than that in the
inside (because the field gradient is proportional to x), more
motion outside will further broaden the width. That is why
for a larger beam, the motion outside becomes less, and the
percentage width broadening is smaller for small and medium
magnetic field gradients. Similarly, at a higher laser power, the
atoms are better optically pumped inside the beam, thus the
motion outside becomes less important, and the phase accu-
mulation outside is better washed out, that is why the percent-
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age increase of the magnetic field gradient is less at a higher
laser power.

The initial decrease of the EIT width is related to the lin-
ear magnetic field gradient. When the two-photon detuning is
nonzero, the presence of a small field gradient makes a part
of atoms inside (but towards the edge of) the laser beam on
two-photon resonance. This effectively narrows the EIT nar-
row structure. More specifically, as our numerical calculation
shows, this part of the atoms are off center from the laser beam
(assuming the laser beam is centered in the cell) and spend a
little more time outside between successive interactions with
the laser beam, hence making the linewidth slightly smaller.
From this analysis, the narrowing caused by the magnetic field
gradient should be a small effect, and indeed, this decrease is
only about 10% of the linewidth at most in experiments for
the D = 7.2 mm laser beam at the highest intensity. When the
magnetic field gradient becomes large enough that all atoms
in the laser beam are outside the EIT resonance (the Zeeman
shift in the beam is larger than the width of the EIT), the EIT
linewidth starts to be larger than the zero gradient linewidth,
i.e., the benefit of the magnetic field gradient on the EIT width
disappears and the broadening caused by the magnetic field
takes over. This argument is well supported by our experiment
data summarized in Table 1. In short, an intuitive way to un-
derstand when the broadening starts is that, when the field gra-
dient causes the Zeeman shift variation within the beam larger
than the EIT full linewidth, the EIT starts to broaden.

It should be noted that our results in the low laser power
and small laser beam limit are similar to those in Ref. [9],
where the study was carried out for a low laser power and
a small beam size. There, a quadratic dependence of the
linewidth of the nonlinear magneto-optical rotation (NMOR)
resonance on the magnetic field gradient was found, which
was in agreement with a naive model they provided. Adapt-
ing the spirit of that model, we may also write down the EIT
\/ Yeraa T YErro» Where Fraa de-
scribes the broadening caused by the added field gradient, and
Yerto is the width without the field gradient. This model then
leads to the following argument. At higher laser intensities and

linewidth g in the form of

larger beam sizes, the EIT linewidth is larger, and ¥gTo dom-

inates over Ygad, then we have Ygir &~ Yerro + yérad /(2%&rT0)>
which indicates that the broadening due to the field gradient
is reduced if g is larger. This is largely consistent with
our experimental results, except for the linewidth decrease at
a small B gradient.

The uncertainties in the EIT linewidth data from both
theory and experiments are analyzed. In the experiment, we
use a polarization maintaining single mode fiber to filter the
spatial mode of the laser, and the fiber has residual polariza-
tion fluctuation which is converted to intensity fluctuation by
downstream polarization optics. This fluctuation is about 3%,
which causes about the same level of fluctuation in the mea-
sured linewidth, as shown in Fig. 7. This also explains why the
absolute amount of linewidth variation is higher for a higher
total power, i.e., for higher laser intensities and larger laser
beam sizes. The theoretical data display a similar situation.
This is because for higher laser power, the atomic dynamics
are faster, which then requires smaller time steps in the inte-
gration. The actual time step is not small enough (compro-
mised by the computational speed), so the uncertainties in the
numerical data at higher laser intensities and larger beam sizes
are larger. Moreover, due to our limited computation hard-
ware, we have only averaged over about 5000 atom trajecto-
ries, which is far less than the actual number of atoms in the
experiment (approximately 10'° atoms per cubic centimeter).

In addition to the above sources of uncertainties, several
factors contribute to the discrepancy at the quantitative level
between the experimental and the theoretical results. Firstly,
the atomic motion in our model is two-dimensional, while in
practice the vapor cell is not infinitely long and the atomic mo-
tion in the cell is three-dimensional. Secondly, due to the com-
putational limitation, we have not treated the Doppler broad-
ening by integrating over all velocities, and have instead phe-
nomenologically taken it into account by setting the excited
state decay rate to 500 MHz. We find that taking into account
these two factors almost closes the gap between the theoreti-
cal and the experimental linewidth values. However, since the
study in this paper requires the EIT spectral calculation in a
large parameter space, implementing these two corrections is

Table 1. Zeeman shift variation in the laser beam. Here, we have used 1.4 MHz/G to calculate the broadening in our model, since
0.7 MHz/G is the Zeeman splittings between adjacent magnetic sublevels, and experimentally the magnetic levels my = 2 and my = 0

form the EIT ground states.

Data condition Gradient at minimal Corresponding Zeeman shift Half width
(r/mm, P/mW) EIT width (error)/nT-cm™! across laser beam (error)/Hz of EIT/Hz
2.1,0.2 6(1) 35.28 (5.88) 46.02
2.1,0.3 12 (1) 70.56 (5.88) 76.08
2.1,04 17 (1) 99.96 (5.88) 104.58
3.6,0.286 7(1) 70.56 (10.08) 78.21
3.6,0.572 13(2) 131.04 (10.08) 141.66
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not practical due to limitations of our computational hardware.
There are some other factors that also cause differences be-
tween the theoretical and experimental results. For instance,
the 8’Rb D1 line has 16 energy levels, while the model has
considered only three. In the experiment, the quantization axis
may change when the two-photon detuning is close to zero and
the magnetic field gradient is on, and this would switch the
ground states coupled to the probe and the control fields, ef-
fectively reducing the optical pumping efficiency. However, in
our model, this effect is not included. This may also explains
why the linewidth decrease at a small magnetic field gradient
is more obvious in the experiment than that in the numerical
results.

Finally, it is worth pointing out that a similar trend was
observed in a buffer gas cell previously under the situation
of diffusion induced Ramsey narrowing.®! In Ref. [8], the
linewidth of the peaky part of the EIT (from a similar origin
with the narrow structure of the EIT in a coated cell) was stud-
ied in buffer gas cells. The increase of the narrow structure
linewidth upon a similar magnetic field gradient was found to
be much slower for a higher buffer pressure than that for a
lower pressure. This is because the atoms spend less time out-
side the laser beam in a higher buffer gas pressure, and the
region outside the laser beam has a larger magnetic field vari-
ance than the region inside (due to the nature of the added
linear gradient), thus the motion outside sees the broadening
first. However, the decrease of the width with the added gra-
dient was not seen in a buffer gas cell, probably because the
atoms spend much less time outside the beam than in a coated
cell.

5. Conclusion

In conclusion, we have theoretically and experimentally
investigated the EIT linewidth behavior in a coated vapor cell
in the presence of a magnetic field gradient. The nonlinear de-
pendence of the EIT linewidth on the magnetic field gradient

was found, and a novel phenomenon that the EIT linewidth de-
creases with the increasing magnetic field gradient in certain
regimes was also identified. We obtained a good qualitative
agreement between the theoretical and experimental results,
and provided physical explanations for all results. This study
provides a new insight to how the EIT linewidth in a coated
cell broadens in the presence of a magnetic field gradient. This
work is useful for EIT-based applications using a coated cell,
such as quantum memory, atomic clocks, and magnetometers.
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