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The transmission characteristics for ®Rb and 3’Rb laser-induced dichroism atomic filters operating
on rubidium D, lines (795 nm) transitions are analyzed. By means of semiclassical density matrix
equations of motion, a three-level model for the transmission characteristics of the ground state
laser-induced dichroism atomic filter is presented. Calculative results show that this filter, using
two counterpropagating pump and probe beams, can obtain higher transmission, narrower
bandwidth and larger tuning capability than that using two copropagating pump and probe beams;
with the aid of counterpropagating pump, the 3*Rb ground state laser-induced dichroism atomic
filter can be more effective to achieve higher peak transmission (>34%) and larger tunability
(>1 GHz) than the 3’Rb ground state laser-induced dichroism atomic filter in the same operation
parameters. This result may be helpful for improving peak transmission (14.6%) of Rb ground
state laser-induced dichroism atomic filter reported (CERE A. et al., Opt. Lett. 34(7), 2009,
pp. 1012-1014).
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1. Introduction

Narrowband atomic optical filters play an important role in atmospheric [1] and
underwater laser communication, free-space quantum-key distribution (QKD) [2],
lidar systems [3] because of high transmission, narrow bandwidth, fast response, large
field of view, and high noise rejecting capacity. A narrow band atomic filter can be
realized by using the Faraday effect where a longitudinal magnetic field induces a cir-
cular birefringence in the medium. A Faraday filter exploiting birefringence was first
introduced and demonstrated by Ouman (1956) [4]. The theory behind Faraday
anomalous dispersion optical filters (FADOFs) had been discussed previously by
YEH (1982) [5]; it was improved by YIN and SHAY (1991) [6] to include the hyperfine
effect. The first experimental demonstration of a FADOF was given by Dick and
SHAY (1991) [7]. Then, different experiments were completed based on both ground
state transitions (Na [8, 9], K [10, 11], Rb [7, 12] and Cs [13]) and excited state tran-
sitions (K [14], Rb [15]). Most of Faraday optical filters operate in a resonance line
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wing, only Hu et al. [8], CHEN et al. [9], ZHANG et al. [10] showed FADOFs operating
in a line center. However, due to being subjected to a large Doppler effect, all of
FADOFs have a larger bandwidth (for example, Na 2 GHz [8], K 1.5 GHz [10],
Rb 1 GHz [7], Cs 0.7 GHz [13]) compared with the laser-induced dichroism atomic
line filters (LIDALFs) [16—19] which can easily obtain a sub-Doppler bandwidth via
a narrow-linewidth pump beam.

The laser-induced dichroism atomic line filter based on velocity-selective optical
pumping was first described and demonstrated by TURNER et al. (2002) [16]. The filter,
operating on the K 4P;,, — 65, excited state transition, achieved a sub-Doppler band-
width (170 MHz) at a peak transmittance of 9.5%. In 2009, CERE ef al. [18] demon-
strated experimentally another LIDALF based on ground state transition in rubidium.
It should be noted that although this ground state LIDALF achieved an ultra-narrow
bandwidth of 80 MHz, its peak transmission was only 14.6%, which is much less than
that of the conventional ground state FADOFs.

It is well-known that in a ground state FADOF any velocity class of atoms in
the vapor may interact with the probe light and then participate in filtering process, so
the bandwidth is Doppler limited but the transmission is very high. Unlike the ground
state FADOF, a narrow-linewidth pump beam will excite only a narrow velocity class
of atoms to involve in filtering process in a ground state LIDALF, potentially allowing
for a sub-Doppler bandwidth. However, it limits the filter’s transmission efficiency si-
multaneously.

In this paper, we present a three-level model for the transmission characteristics
of the ground state LIDALF based on velocity-selective optical-pumping-induced
dichroism, and analyze the influences of pump scheme (i.e., the pump is copropagating
or counterpropagating with the probe), pump intensity, pump detuning, cell tempera-
ture and cell length on transmission characteristics. It is found that the 3°Rb ground
state LIDALF can achieve better transmission property than the 8’Rb ground state
LIDALF in the same working conditions, which may be helpful for improving peak
transmission of Rb ground state LIDALF in [18].

2. Theoretical model

In this work, we chose a closed A-type three-level system in ¥’Rb atoms to show
the principle of a ground state LIDALF, and the schematic diagram of the relevant en-
ergy levels is shown in Fig. 1. A ¢ polarized beam (795 nm) drives 5S,, F=2 to
5P, F'= 1 transition in the pumping process while a linearly polarized beam (795 nm)
probes the 5S,, FF'=2 mp=+2to 5P, F'=1 or 2 my; = +1 transition. The selective
optical-pumping process leads to a movement of population from the 55, F=2
myp=-2,-1,0to 5P, F'= 1 magnetic sublevels. Due to atomic spontaneous emission,
the population will finally accumulate on 55, F' =2 mp=+1, +2 ground states. If
the probe light is far from resonant with the 58, F=2 mp=+2 = 5P, F'=1o0r2
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Fig. 1. The ®’Rb three-level A system. For 8°Rb atoms, the levels [1), |2) and |3) correspond to the states
581, F=3mp=+1,5P, F'=2or 3 my'=+2 and 5S,, F =3 my =+3, respectively.

mpy = +1 transition, the vapor neither absorbs nor retards either component, so the un-
changed polarization is blocked by the crossed polarizer. For resonant light, the o com-
ponent is not absorbed or retarded, as selection rules for electric-dipole transitions
forbid that. The 0~ component interacts with the vapor and is absorbed and retarded.
The result is that the medium exhibits an anisotropy experienced by the linearly po-
larized probe field. The optical anisotropy consists of circular dichroism and birefrin-
gence, which displays differences in the absorption coefficient and the refractive index
between o' and o~ circularly polarized probe components, respectively. The effect
of these differences on a linearly polarized beam of probe, which may be considered
to be a superposition of two equal-amplitude right and left circularly polarized beams,
is the rotation of'its plane of polarization. Because of this rotation, the linearly polarized
probe beam can partly pass though the crossed polarizers. This is the operation mech-
anism of a ground state LIDALF.

In the model, the atoms are treated in quantum mechanism and the laser field is
described as a classical traveling wave. In the interaction picture, with the electric-di-
pole and the rotating-wave approximations, the atom—laser interaction Hamiltonian
can be written as

0 Q 0
h
Hy=-—\|2, 24, & (1
0 2, -2(4,-4)

Here 4, and 4, are the detunings of the pump and probe laser frequencies @, and @),
from the corresponding atomic transitions; £2. and (2, are the Rabi frequencies of
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the pump laser and probe laser. For simplicity, we take the Rabi frequencies as real.
According to the Liouville equation

op _ g 1
== = U pl= - Up+pl) (2)

the semiclassical density-matrix equations of motion of the three-level system can be
expressed as:

pu = Tipyt iQC(pzzl_pm) (3a)
P = - T 1) py+ igc(plzz_pﬂ) - iQ”(p322_p23) (3b)
Py = Ihpy+ iQp(p223—p32) (3¢)
Pay = — (A, + 7) py, + igc(p1;_pzz) n iggpm (3d)
b =~y Py + LR D) | D (o)
by = - [i(Ac—Ap) . FJ oy + i.Ql;le B i.QCzP32 3f)

where y= (/7 + I+ I3)/2; I and I, are the spontaneous decay rates of the excited
state |2) to the ground states |1) and |3), respectively; 73 is the nonradiative decay
rate between two ground states.

Since the atomic optical filter is used to detect a weak optical signal, we can treat
the probe field as a perturbation and disregard the influence of the probe beam on
the population. Therefore, at steady state, the Equations (3) yields

iﬂp{4(iﬁc - 1(p33 —p22)|:i(Ap —A4.)+ I—é:| + -ch(pll _pzz)}

P =
2(id, - 7){4(1’AP+ 7)[i(Ap—AC) + Q] + .(22}
“4)
For the probe we have [20]
PG 1) = ey E (2 1) itk n]+ce. = 5
(z, 1) > EX_E_(z,t)e_exp|i( pz—a)p) c.C. ®)]

= N(py3pyze_+c.c.)
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The complex susceptibility ¥ of the o~ probe transition then can be written as

2
_ 2UyNpys 6)
- he L2,
Here % is the Plank constant divided by 2=, &, is the permittivity of vacuum, i,5 is
the transition electronic dipole moment between states |2) and |3), and Nis the number
density of 3°Rb or #’Rb atoms, given by

N = fNo (7

where ¢ is the natural abundance of **Rb or ®Rb atoms, and N, is the total Rb atomic
number density, given by [21]

log(Ny) = — &T% ~3.991 log(T) + 0.00059 T + 34.8325 )

The above derivation ignores Doppler broadening. We consider the pumping laser
and probe laser passing through a Doppler-broadened atomic cell in the same (oppo-
site) direction. An atom moving towards the probe beam with velocity v is affected by
the probe frequency detuning upshifted to 4, + @,v/c and the frequency detuning of
the pumping beam upshifted (downshifted) to 4. + @,v/c (4. — @,v/c). Considering
that atoms are in classical thermal equilibrium with the one-dimensional Maxwellian
velocity distribution of N(v)dv = Nyexp(—v2/u)/(u 5/T )dv, the final value of y_is ob-
tained by integrating over the atomic velocity v,

2
2 N + oo
¥ = ———il23————_|. P exp (—v¥/u?)dv 9
AT uheo.Qp —oo

Here u is the most probable velocity and is defined as u = (2 kBT/M)l/Z, where kg is
the Boltzmann constant, 7 is the cell temperature and M is the mass of the atom.
The transmission coefficient of the ground state LIDALF is described as [5]

Tr = %exp(—&L)[cosh(AaL)— cos(sz)} (10)

where L is the atomic cell length; &, A and p are the mean absorption coefficient,
circular dichroism, and rotatory power, respectively. They can be written as:

o o,

o = 7(0!++0L) = 2—clm()(++)(7) (11a)
1 @,

Aa = —(a,—a) = 5 =Im(y, - 7) (11b)

a)p (l)p
P = 2 (n+_n7) = 4_CRC(Z+_)L) (110)
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3. Results and discussion

According to the hyperfine transmission model of Rb ground state LIDALF, when
the pump is counterpropagating with the probe, and the pump field with an intensity
of 40 mW/cm? is on resonance with the 8’Rb 55, F =2 — 5P, F'=1 transition,
the absorption coefficient and transmission of a Rb ground state LIDALF vs. the probe
detuning from resonance with 8’Rb 58, F =2 mp=+2 — 5P|, F'= 1 or 2 m}. = +1
transition are shown in Figs. 2a and 2b, respectively. It is noteworthy that there is no
transmission peak of 8°Rb atoms displayed in Fig. 2b. That is because when the pump
laser is tuned to the 8’Rb 58, , F = 2 — 5P, , F' = 1 transition, due to velocity-selective
optical pumping, only 3’Rb atoms within the resonant velocity group are efficiently
pumped, participating in the filtering process, while **Rb atoms experience little pump-
ing effect, keeping away from the filtering process. In the theoretical simulation,
the filter, which may be referred to as the 8’Rb ground state LIDALF, shows a peak
transmission of 16.8% with a bandwidth (full width at half maximum, FWHM) of
80 MHz. This result is in a good agreement with the experimental observation carried
out by CERE ef al. [18]. In the model, the Fresnel losses of the optical devices are ig-
nored, and the depolarization effect of the probe beam passing through the medium is
negligible. This is why the theoretical transmission is more than that of the experimen-
tal measurement.

The peak transmission and bandwidth of the ®’Rb ground state LIDALF as a func-
tion of the pump intensity are shown in Fig. 3 where the pump and probe beams are
counterpropagating and in Fig. 4 where the pump and probe beams are copropagating.
It is clearly shown in Figs. 3 and 4 that the peak transmission increases rapidly with
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Fig. 2. Absorption coefficient (a), and transmission (b) as a function of the probe detuning. Both
transmission peaks are corresponding to 8’Rb 58, F=2 mp=+2 — 5P,,, F'=1 or 2 m}. = +1 probe
transitions from left to right, respectively. The pump field is on resonance with 8’Rb 5Sip F=2—>
— 5P, F'=1 transition; [, =40 mW/cm?, T=338 K and L = 15 cm.
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Fig. 3. Peak transmission (solid curve) and FWHM (dotted line) as a function of the pump intensity at
338 K when pump and probe beams are counterpropagating. The pump beam is resonant with 8’Rb
58/, F=2 — 5P, F'= 1 transition. The probe beam is on resonance with 8’Rb 55, F =2 mp=+2 —
— 5Py, F'=1m; = +1 transition; L = 15 cm.
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Fig. 4. Peak transmission (solid curve) and FWHM (dotted line) as a function of the pump intensity at
338 K when pump and probe beams are copropagating. Other working parameters are the same as Fig. 3.

increasing pump intensity over a certain pump intensity range, and above this range,
the peak transmission is relatively insensitive to the pump intensity. The peak trans-
mission increases with the increment of pump intensity in both ranges; however,
the physical mechanism behind them is different. In lower pump intensity, the pump
transition is unsaturated. The increment of pump intensity can populate more atoms
to the 5S,, F'=2 mp = +2 state, causing the increase in transmission. In higher pump
intensity, the pump transition becomes saturated, so the population of the 55, F =2
my = +2 state should not significantly increase; but higher pump intensity can pump
a broader velocity group of atoms resulting from power broadening into the 55, F =2
my=+2 state, leading to the increase in transmission. Through comparing Figs. 3
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and 4, we find that in the same operation conditions, the filter adopting two counter-
propagating pump and probe beams can achieve higher peak transmission and narrower
bandwidth than that using two copropagating pump and probe beams due to the elim-
ination of Doppler effect.

The dependence of peak transmission and peak shift of the 3’Rb ground state
LIDALF on pump detuning is shown in Fig. 5 when the pump is counterpropagating
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Fig. 5. The dependence of peak shift (a) and peak transmission (b) on pump detuning from the $’Rb
581, F=2 — 5P, F'=1 transition when the pump is counterpropagating with the probe; /;
=40 mW/cm?, T=338 K and L = 15 cm.
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Fig. 6. The dependence of peak shift (a) and peak transmission (b) on pump detuning from the 3’Rb
58, F=2 — 5Py, F'=1 transition when the pump is copropagating with the probe. Other working
parameters are the same as Fig. 5.
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with the probe and in Fig. 6 when the pump is copropagating with the probe. It can be
seen obviously from Figs. 5 and 6 that the filter’s center frequency can be tuned over
one Doppler width (~532 MHz at 338 K) by utilizing the pump beam to selectively
pump different velocity groups of atoms to participate in the filtering process within
the Doppler broadened profile. However, the peak transmission decreases with the in-
crement of pump detuning near the relevant resonant pump transitions (i.e., 55, F' =2
— 5P, F'= 1 or 2 transition) mainly because larger pump detuning means lower pump
rate, which weakens the transfer ability of the population. Note that when the pump
field is on resonance with 5S,, F=2 — 5P, F'=2 transition (4,.= 814.5 MHz),
the peak transmission is lower than that when the pump field is resonant with 55,
F=2 — 5P, F'=1 transition (4, = 0). That is because the hyperfine dipole matrix
element for o~ probe transition F'=2mp=+2to F'=2mp = +1 (~/1/6 expressed as
multiples of (J' = 1/2|er||J = 1/2)) is less than that for transition F'=2 mp=+2
to F'=1 mp = +1(x/1/2). In addition, by comparing Fig. 5 with Fig. 6, we find
that the filter adopting a counterpropagating pump is able to obtain larger tuning ca-
pability from —570 to 1360 MHz than that from —540 to 1300 MHz) using a copropa-
gating pump.

The influence of cell temperature and cell length on peak transmission and
bandwidth of the 8’Rb ground state LIDALF is shown in Figs. 7 and 8, respectively.
From which, it can be seen obviously that the peak transmission increases with the in-
crement of cell temperature or cell length. From the physical interpretation of view,
the increase in cell temperature or cell length can provide more gaseous atoms to par-
take in the filtering process, resulting in the augmentation of transmission.

On the basis of the above analyses, it is found that increasing cell temperature, cell
length, pump intensity, and decreasing pump detuning can increase the transmission.
The increase in transmission results from employing more atoms to involve in filtering
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Fig. 7. Peak transmission (solid curve) and FWHM (dotted line) as a function of cell temperature when
the pump is counterpropagating with the probe. The pump beam is resonant with 3’Rb 58, F=2—

5P,), F'=1 transition. The probe beam is on resonance with 8Rb 5S,, F=2 mp=42 — 5P, F'=1

my = +1 transition; Lump =40 mW/cm? and L = 15 cm.
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Fig. 8. Peak transmission (solid curve) and FWHM (dotted line) as a function of cell length when the pump
is counterpropagating with the probe =40 mW/cm? and T = 338 K. Other working conditions are
the same as Fig. 7.
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process. Natural rubidium is a mixture of two isotopes, 72.17% 3°Rb and 27.83% *’Rb.
We can utilize more 3>Rb atoms to complete this process in a Rb ground state LIDALF.
This Rb filter may be called the ®°Rb ground state LIDALF. It operates on the 3*Rb
58,» F=3 — 5Py, F'=2 pump transition and 5S,, F=3 mp=+3 = 5P|, F'=2
myg = +2 probe transition (Fig. 1). Its pump and probe beams propagate in the opposite
direction.

Figure 9 displays the peak transmission and bandwidth of a 8°Rb ground state
LIDALF as a function of pump intensity at 338 K. As shown in Fig. 9, when the atomic-
-cell temperature and cell length are constant and pump detuning is zero, the transmis-
sion coefficient increases with increasing pump intensity. The increase of transmission
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Fig. 9. Peak transmission (solid curve) and FWHM (dotted line) as a function of the pump intensity

at 338 K when pump and probe beams are counterpropagating. The pump beam is resonant with 8’Rb

58, F =3 — 5P, F'=2 transition. The probe beam is on resonance with 8Rb 58, F=3mp=+3 -

5P, F'=2 mp = +2 transition; L = 15 cm.
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becomes slow after the pump intensity increases to a certain value. This kind of
phenomena is also shown in Fig. 3, so the same theoretical analysis for it is not presented
here. By comparing Fig. 3 with Fig. 9, it is easy to see that at the 3*Rb ground state
LIDALF it is much easier to obtain a higher peak transmission than at the 8’Rb ground
state LIDALF in the same working conditions. For example, when pump intensity
is 40 mW/cm?, the peak transmission of the 8°Rb ground state LIDALF can reach
37.8%, accompanied by a bandwidth of 96 MHz, while the peak transmission of
the 8’Rb ground state LIDALF is only 16.8%.
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Fig. 10. The dependence of peak shift (a) and peak transmission (b) on pump detuning from the **Rb
58, F=3 — 5P, F'=2 transition when the pump is counterpropagating with the probe; 7'=338 K,
L=15cmand [ =40 mW/cm?.

pump

The variation of peak transmission and peak shift vs. the pump detuning from
resonance with 8°Rb 58,, F=3 — 5P, F'=2 transition is presented in Fig. 10.
From Fig. 10, we find that the °Rb ground state LIDALF still has a large scale tuna-
bility (>1 GHz) under the condition of the peak transmission of above 10%, while
the 8’Rb ground state LIDALF only obtains a tunability of 482 MHz in the same con-
ditions, as shown in Fig. 5. This result is significant. It means the 3°Rb ground state
LIDALF can be more effective to achieve a larger tunability than 3’Rb ground state
LIDALF, which is useful for free-space optical communication and lidar systems
subjected to large Doppler shift.

4. Conclusions

In conclusion, we have presented a three-level theoretical model for a ground state
atomic optical filter based on velocity-selective optical-pumping-induced dichroism.
The influences of pump scheme, pump intensity, pump detuning, cell temperature and
cell length on filter’s transmission characteristics are analyzed. The results show that
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the filter adopting two counterpropagating pump and probe beams has better transmis-
sion characteristics, such as higher transmission, narrower bandwidth and larger
tunability, than that using two copropagating pump and probe beams. Moreover,
the 8°Rb ground state LIDALF can be more effective to obtain higher peak transmis-
sion and larger tunability than the 8’Rb ground state LIDALF, which is important in
actual application. The model and analysis presented here are expected to be useful in
investigating free-space optical communication, lidar systems and other relevant ap-
plications. The model is also suitable for other similar atomic systems.
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