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Theoretical analysis on two-photon absorption spectroscopy
in a confined four-level atomic system
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We investigate theoretically two-photon absorption spectroscopy modified by a control field in a confined
Y-type four-level system. Dicke-narrowing effect occurs both in two-photon absorption lines and the dips
of transparency against two-photon absorption due to enhanced contribution of slow atoms. We also find
that the suppression and the enhancement of two-photon absorption can be modified by changing the
strength of the control field and the detuning of three laser fields. This control of two-photon absorption
may have some applications in information processing and optical devices.
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Dicke-narrowing is a phenomenon that dramatically re-
duces the Doppler width of spectral lines due to frequent
velocity-changing collisions. Similar phenomenon occurs
for electromagnetically induced transparency (EIT) res-
onances, and facilitates very narrow spectral features in
room temperature vaporl!). As a thin vapor is confined in
small size cells, the properties of the spectroscopy can be
considerably different from those of large ones if the cell
dimensions are small compared to the mean free path
of the atoms in the vapor. In this case, the atomic
sample becomes anisotropic since atoms flying parallel
to the windows interacting with the light much longer
than those flying perpendicular to the windows. Such
an anisotropy is responsible for the observation of sub-
Doppler features in the spectrum!?3]. This type of spec-
troscopy can be a suitable tool for probing the effective
velocity distribution arising from the atomic desorption
processes®!| atom-wall interactions!*~9!, dark resonances,
and EITB~8 in a confined system. Dicke-narrowing
spectroscopy can be extended to two-photon situation,
in which absorption lines are dramatically modified by
the detuning and the strength of the pump field as well
as the thickness of the celll®). Two-photon absorption in a
confined system can also be modified by a control field,
in which we will discuss Dicke-narrowing lines and the
dips of transparency against two-photon absorption, the
suppression, and the enhancement of two-photon absorp-
tion. This control of two-photon absorption in a confined
system is feasible in experiment, which may have some
possible applications such as two-photon lasing and pulse
propagation.

We consider atoms confined in a thin vapor cell of
thickness L. Figure 1(a) presents the energy level dia-
gram of the atoms, where 1, Q5, and Q3 are the tran-

1671-7694/2009/070640-03

sition frequencies of |0) — [1), |1) — |2), and |1) — |3},
respectively. Two weak laser fields €; and 5 are applied
on the transition of |0) — |1) and |1) — |2), and a control
field e3 in arbitrary intensity on the transition of |1) —|3)
respectively. The frequency and the detuning of the field
g; are w; and A; = Q; —w; (i = 1,2, 3), respectively. Sig-
nal can be obtained by detecting the absorption of the
probe field g;versus the Raman detuning A = A; + As.

The atomic motions are determined by the following
coupling equations

0010/0t = —A10010 + ig1(000 — 011)

+igaoag + ig3o3o0, (1a)
0020 /0t = —Aogo90 + ig2010 — 191021, (1b)
0os0/0t = —A30030 + 193010 — 191031, (1c)

where the Doppler-shifted detunings are defined as Ao =
Tio+i(k1v+A1), Aoy = Doo+i(ki1v+kov+A1+A2), Agp =
F30—|—i(k;1v+k311+A1 +A3) with I'yj =Ty = (FH—Fj)/Z,
which is the decay rate from level |i) to |j) (i,7 =
0,1,2,3, and i # j), g; and k; are the Rabi frequency
and the wave vector of the field ¢; (i = 1,2,3), respec-
tively.

In a thin vapor cell of thickness L, the absorption of
the probe field is given by!®!

0 L
<A>=1- exp (—Nulgkl/é'oé'l/ / W(’U)
—o0 J0

xIm[O(v)ayy + @(—v)afddvdz) , (2)

where N, p19, and g9 are the density of atoms in the
vapor, the dipole matrix element, and the vacuum per-
mittivity, respectively, z is the distance perpendicular
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Fig. 1. (a) Energy level diagram and (b) dressed-state picture
of Y-type four-level system.

to the cell window, the atomic thermal motion is
assumed to obey the Maxwell distribution W(v) =
(uy/m) "L exp(—v? /u?) with u being the probable veloc-
ity, ©(v) and ©(—v) are Heaviside functions, o} and o7,
are the density matrix elements for v > 0 and v < 0,
respectively.

The steady state solution of Eq. (1) is not useful in
the present case because the atoms contributing to the
coherence resonance are essentially in transient regime
of interaction. In consequence, the matrix o19(t) as a
function of the interaction time elapsed after the atom
left the cell window should be obtained[!. We first get a
Laplace transformed solution of o1 as

Lloo] = ig1(s 4+ Aao)(s + Aszo)/
s[(s + A1o) (s 4+ A2o) (s + Aso)
+95 (5 + Aso) + g5 (s + Aso)], (3)

where s is the Laplace variable, ogg =~ 1,011 = 093 =
033 — O, and O'io(t = 0) =0 (Z = 1,2,3), 0921 — 031 — 0
are assumed to be satisfied.

Next, we write the solution of o1¢(t) by applying the
inverse-Laplace transform to Eq. (3), which is given by

3
Ulo(t) = igl D() + Z Dj exp(—)\jt) y (4)

Jj=1

where Do = A20A30/(>\1)\2)\3)7 Dj = —()\j — Ago)(>\j —
Ago)/[/\j()\j —/\2)()\j—)\3)], and )\j (] = 1, 2, 3) is the root
of s for the denominator in Eq. (5) equal to zero, we do
not write them out here since they are very tedious.

Laser-atom interaction time in a thin vapor cell is re-
lated to z through ¢ = z/v for v > 0 and ¢t = (z— L) /v for
v < 0, for which we assume that atoms get de-excited at
a collision with the wall, and are in the ground states at
the instant that they leave the wall after a collision. Sub-
stituting Eq. (4) into Eq. (2) and changing the integrate
orders of v and z, we then have

(oo}
<A>=1—exp (—Nu%o/soh/ k1v|W(v)dvaS> , (5)
— 00
where S = iDoL + IZ Dj|’l)|//\j — IZ Dj|’U|//\j exp(—)\j
L/Jvl).

The first term in Eq. (5) represents a Gaussian profile
with a full halfwidth dwp = 2vIn 2k u as it is in a macro-
scopic cell. The second term originates in the buildup
of the atomic response to the driving fields, and it il-
lustrates the integration of all possible interaction inside
the medium. The third term reflects the finiteness of

the interaction time of L/v, which is limited by the film
thickness/”"'2/,  Thus the second and the third terms
are responsible for the transient behavior of atoms in a
confined system, which induce Dicke-narrowing struc-
ture lines.

One candidate for our numerical calculation is 8"Rb
with 551/2 (F = 2), 5P3/2,5D3/2 and 5D5/2, corre-
sponding to states |0), |1), |2), and |3), respectively.
Transitions of [0) — |1), |1) — |2), and |1) — |3) are at
780 nm, 776.16 nm, and 775.98 nm, respectively. Other
selected values are L = \/2, T'; = 2wrx 5.9 MHz, T’y =
I3 = 27x0.97 MHz, go = 0.03T;, N = 5.2 x 102 /cm?,
and u = 270 m/s (assuming the vapor is heated to 180°
C). All detunings are in the units of T';.

One-peak Dicke-narrowing lines always occur for a rel-
atively weak control field and the shape is similar to the
situation of two-photon lines without a control field [Fig.
2(a)]. As the strength of the control field increases, the
intermediate state can be coupled by the control field
with another state, i.e., the energy level |1) is dressed
by the coupling field e5 to two intermediate levels |+)
and |—) [Fig. 1(b)]. The absorption can be viewed as
interference effect taking place through two intermedi-
ate states. The minimum of absorption is determined
by the behavior of interference between two channels
|0) — |+) — |2) and |0) — |-) — |2)[*3]. Thus two-peak
lines of two-photon absorption occur at A ~ Ay — Ag
[Fig. 2 (b)] and the narrow dips, which represents the
transparency against two-photon absorption, is mainly
from the enhanced contribution of slow atoms in a dark
state in a thin cell.

It should also be noted that the control field can ei-
ther suppress or enhance two-photon absorption in a
confined system as shown in Fig. 3. As A; and Ay are
tuned to zero, two-photon absorption can be dramati-
cally suppressed [Fig. 3(a)]. In this case, the absorption
minimum is dependent on the strength of the control
field as EIT condition of A; = Ay = —Aj is satisfied,
where perfect transparency against two-photon absorp-
tion can be achieved as a relatively larger g3 applying to
the system. Figure 3(c) shows that the absorption can be
totally enhanced for a far detuning of ¢g; and g5 as a con-
trol field applying to the system. Semi-suppression and
enhancement of two-photon absorption corresponding
to the different detuning of Aj and the strength of the
control field are shown in Fig. 3(b). These three cases
are determined by the interference effect of two chan-
nels of |0) — |+) — |2) and |0) — |—=) — |2). It could
be in phase, in dephase or in semi-dephase corresponding
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Fig. 2. Absorption lines versus the Raman detuning A (in I';
units). (a) Az = Az = 0, g3 = 0 (dashed line) and Ay =
—Fl,Ag = 0, gs = 0.03F1 (SOlid line); (b) Az = Fl,Ag = 07
g3 = 0.3I'1 (dashed line) and A, = —TI'1, As = —0.5I'y,
g3 = 0.3T"1 (solid line).
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Fig. 3. Absorption versus Az (in I'y units). (a) g3 = 0.03';
(solid line), gs = 0.1I'; (dashed line), gs = 0.3I'; (dotted
line), and g3 = 0.6I'; (dash dot line), other parameters are
Al = AQ = 0; (b) gs = OlFl (SOlld line), g3 = 03F1
(dashed line), and g3 = 0.6I'1 (dotted and dash dot lines),
A; = Ay = —T';1 (solid, dashed, and dotted lines) and
A1 = Ay =T'1/2 (dash dot line); (¢) Ay = Az = 4Ty (solid
line) and Ay = Ay = —4I'; (dashed line), other parameters
are g3 = 0.3I'1. Signal with g3 = 0 is normalized to be 1.

to enhancement, suppression or semi-suppression, and
enhancement, respectively.

We further point out that, such a confined atomic sys-
tem is different from the cold atomic system. The cold
atoms are free Doppler broadening and allow much longer
interaction time with the laser fields compared with the
case of thermal atomic vapor. The cell can be treated as
a macroscopic cell and the typical size of the cold cloud
can be in millimeter scale. The experimental setup is
expensive and complicated. In a simple confined atomic
system, a cell with its thickness typically less than 10
pm is usually fabricated. Thus the steady state solu-
tion is no use in this case and we must consider transient
effect of atom-laser interaction. The atom-laser radiation
interaction time governed by wall-to-wall trajectories is
anisotropic and the contribution of atoms with slow nor-
mal velocity is enhanced due to their longer interaction
time with the laser field. Under normal incidence irra-
diation, the resonance of these atoms, flying nearly par-
allel to the wall and yielding a stronger contribution to
the signal, for their relative longer atom-light interaction
time. Thus Dicke-narrowing structure of absorption lines
is manifest in a Doppler-free configuration. Slow atoms,
having a long time of interaction, contribute to the coher-

ent signal through narrow resonances while faster atoms
essentially contribute to the wings of the coherent signal.
Although slow atoms are rare, their contribution at line
center is of comparable importance to that of more abun-
dant fast atoms3]. Moreover, it is narrower contribution
of slow atoms that dominates the dips of transparency
against two-photon absorption.

In conclusion, we investigate two-photon absorption
spectroscopy modified by a control field in a confined
system. Similar to a macroscopic cell, the medium can
be made transparent against two-photon absorption in a
thin cell. Two-photon absorption can be suppressed or
enhanced by choosing different detuning of three laser
fields and the strength of the control field. Due to the
enhanced contribution of slow atoms, very narrow two-
photon absorptive lines, EIT dips are obtained in such
a confined system. Instead of expensive cold atom tech-
nology, it may give an easy way to implement optical in-
formation processing. We also suggest that two-photon
spectroscopy in a confined system could be a suitable tool
for probing the effective velocity distribution in the thin
cell arising from the atomic desorption processes. Other
interesting phenomenon such as velocity or temperature
jumps on a surface or laser induced desorption, transmis-
sion or multi-wave-mixing enhancement could also possi-
bly be approached with this techniquel®14:15],
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