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three-level A-type and V-type

systems,

we find that the same pump-effect parameter

determines the population distributions, while the probe field leads to population fluctu-

ations near the absorption peaks. With the increasing of the relaxation rate -, the population distributions are shifted

and their fluctuation amplitudes decrease. At the same time the electromagnetically induced transparency window

becomes a broadened absorption peak, and the dispersion at the zero probe detuning changes from positive to negative.

Large population fluctuation and non-fluctuation observed in different systems are attributed to the different relaxation

rates.
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1. Introduction

The decay effect induced by spontaneous radia-
tion was first investigated by Weisskopf and Wigner
in the 1930s.[1:2] Using the perturbative method, they
found that for a transition from level |m) to |n), the
relaxation rate 7mn, (or linewidth) equals the aver-
age of vy, and 7, i.e. Ymn = (Ym + Vn)/2. Here
~m is the decay rate of level |m), and ~, of |n). In
a following paper,3] Weisskopf considered the atomic
collision and added a Stark broadening term in the
linewidth formula. About the same time, Heitler*
pointed out that the interaction between atoms has
two consequences. Firstly, the collisions with neigh-
bouring atoms may induce a transition to the ground-
level. If the number of effective collisions per second
is m, the breadth of level |7) will increase 1. The
second effect is the shifting and splitting of the ex-
cited state such as Stark effect and resonance coupling,
which cause no state change but lead to an effective
broadening. This introduces a dephasing rate Yphase
in the linewidth. The collisions could be controlled by
the buffer gas, resulting in constructive interference.[!

Generally 7 < Yphase, We can treat Yphase as the main

broadening effect.[¥! So the relaxation rate becomes
TYmn = ('Ym + 'Yn)/2 + Yphase-

As an alterable term in v,,,, the dephasing rate
Yphase varies in different media. In the electromagneti-
cally induced transparency (EIT) experiments of alkali
metal atomic gases,[”8] it comes from atom collision,
which increases with the gas temperature or density.
Lukin et all® discussed the dependence of absorption
and refraction upon relaxation rates in phase coher-
ent media. Boyd et al considered!? the four-wave
parametric interaction in two extreme cases. The re-
sults for Yphase = 0 are quite different from those
for Yphase > (¥m + ¥n)/2. Recently the interest in
EIT has extended to solid state materials such as
rare-earth-doped crystals for practicability.[!1:12] Here
Yphase Mainly comes from spin interaction and also
increases with the temperature. By changing the me-
dia properties, we can always control Yphase SO as to

change Ypn-

In this work, by varying <phase, We investigate
the effect of relaxation rate on population distri-
bution, EIT and refraction in A and V systems.

We find that the same pump-effect parameter R =
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tions, while the probe field leads to population fluctu-

determines the population distribu-

ation near the absorption peaks. For given drive and
probe Rabi frequencies, when we increase the relax-
ation rate -y, the population distributions are shifted
and the amplitudes of population fluctuation are de-
creased. The EIT window becomes a broad absorp-
tion peak, and the dispersion at the zero probe de-
tuning changes from positive to negative. The large
population fluctuation and non-fluctuation in differ-
ent systems are explained by different relaxation rates

coming from the energy structures.

2.Theory

The energy structure of the three-level A system
is shown in Fig.1(a). A pump field with frequency w,
is applied between states |a) and |c), and a probe field
with frequency wy, between states the |a) and |b). We
consider the decay of atomic levels due to the spon-
taneous emission and the collisions. For simplicity we
ignore the Doppler effect. In the rotating-wave ap-
proximation, the system is governed by the optical

Bloch equations:

. i
Paa = — _(%apab - pbaVab)

h
i
- ﬁ(‘/capac - pcaVac) - (Fab + Fac)paaa (1)
a b
Wp
We wp
b

(a) (b)
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Prb :%(Vbapab — pvaVab) + TabPaa
— Tpepob + LebPecs (2)

Pec :%(Vcapac — PeaVac) + TacPaa
— I'ebpec + Tocpob, 3)

Pab = — %[Vab(paa — pb) — VacPeb]
— (iwab + Yab) Pabs (4)

Pac = — %[Vac(paa — Pec) = VabpPoe)
— (iwac + Yac)Pac: (5)

. i .
Pbe :ﬁ(Vbapac - pbaVac) - (lwbc + ’ch)Pbc, (6)
Pij =Pji» (7)

where w;; = w; — wj is the energy separation between
the states |¢) and |7). The interaction energy V,; of
the transition |a) > i) is Vo = th(wP)efi“’Pt or
Ve = AVo(we)e et in which Vp(wp) and V(w,) are
the probe and drive Rabi frequencies, respectively. I5;
is the transition rate from the state |i) to |j). We set
I'yp = I'ye = I' and Iy = Ih. Assuming the collision-
induced dephasing rate to be uniform for all «;;, the
relaxation rates of off-diagonal elements can be writ-
ten as Yap = Yac = ¥ = (2" + I0)/2 + Yphase and
Ybe = Yo = Lo+ Yphase-

——— C]

a b
(c)

Fig.1. Energy structure of A (a) and V (b) systems. The pump field is applied between |a) and |c), and the probe

field between |a) and |b). (c) is the energy structure of A system in the picture of dressed state. The pump field

combines state |a) and |¢) into dressed states |e1) and |e2). The probe field is applied between |b) and |e1), |e2).

In view of the practical photonic processes, we

can write the matrix elements as p,p = pab(wp)e_i“’Pt,

Pac = pac(wc)e y Pbe = pbc(wc - wp)e—i(wc—wp)t’
Paa = pgfl, Prb = p‘lflf, Pec = pgcc. For a closed transi-

—iwet

tion, paa + Peb + Pec = 1. A set of linear equations of
the Fourier amplitudes p;;(wy) are obtained™3:14] in

the steady state.

First we assume the probe field to be so weak that

we can replace V,(wp) with zero. These equations are

solved and we get the population distribution as

IR
AIT, + (I + 3Io)R’
de _ 2T+ (I'+ )R
Pbb = 4TTo + (I + 3I)R’

W 9ITy + IR

- 10
Pee = 4TTo + (I + 3I)R’ (10)

(8)

de
paa -

(9)

2|Ve|2y

where R= m
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Then including a nonzero probe field, the system
is modified. Population distribution is sensitive to the
probe detuning and fluctuates around the Stark peaks.
The susceptibility is x(wp) o [pas(wp)]/(Vp/7). Its
real and imaginary parts represent the refraction and
absorption of probe field, respectively.

For a three-level V system as shown in Fig.1(b),
all the equations and results are similar to those
of the A system. The difference lies in the decay
rates. For example, in V system Yo = Yaoc = 7 =
(I' + I'v) /2 + Yphase and Ype = v0 = I' + To+ Yphase-
When the probe field is zero, the population solution

reads
de _ I'?+2ITy+ (I' + Io)R (11)
Paa = T2 9TTo + (2 + 310)R’
ILYR
de 0
= 12
Po = T2 91Ty + (2 + 3T0)R’ (12)
. I'+1Iv)R
e = oy 1) e
I2+42rry+ (2 + 3Iy)R
2|V, |2
where R = #, which has the same form
(wca - wc)2 + 72
: 2|Ve|? :
as that in the A system. R/y = ———————— is

(wca - wc)2 + 72
defined as a pump-effect parameter existing in all sys-

tems. The numerator represents the strength of pump
field. The first term in the denominator is the square
of the pump detuning. The pump effect surely will
decrease with increasing pump detuning. The second
term in the denominator is the square of the relaxation

rate. It also weakens the pump effect.
3.Results and discussion

In this section, numerical calculations are per-
formed. First, the influence of pump effect on pop-
ulation distribution is considered. In the A system,
we set I' = 0.2, Iy = 0.02, V., = 4.0, wge = we. Fig-
ure 2(a) shows the p—R curve, which is plotted from
Eqgs.(8)-(10). When the pump effect is weak, the pop-
ulation of the two lower levels are both close to 0.5
and almost no atom stays in the state |a). When the
pump effect is strong, the atoms in the state |c) are
mostly pumped into |b). The remainder are equally
distributed in the states |a) and |¢) due to the strong
coupling field between them. In the V system we set
I' =018, Iy = 0.02, V. = 4.0, wey = w. Following
Eqgs.(11)-(13) the p-R curves are plotted in Fig.2(b).
When the pump effect is weak, most atoms stay in
the ground state |a), i.e. paa & 1,00 = pec ~ O.
When the pump effect is strong enough, half of the

atoms in the ground state are excited into state |c),

i.e. Paa R peec ~ 0.5, ppp = 0. We note that puq = pec
is a common feature in both systems when the pump
effect is strong, because in the strong field the stimu-
lated emission is far stronger than spontaneous emis-
sion. The competition of the stimulated emission and
the stimulated absorption will erase any population
difference between |a) and |c¢). Since the pump effect
depends on the relaxation rate, the population distri-

bution also changes with ~.

a -
= 08
o]
2
A
T 0.6
=
g ]
g 0.4 -\ —u—Paa
8 1 —e— Py
o
%‘ 0.2 \ —A— P
Q-‘ L““"""‘“ AAAAAAAAA
00 v T T T T
0 1 2 3 4 5
1.0
}(®)
§
2 0.8
2 .
5'9 J
-
& 0.6 \\-
o | s nenana,
'g ol istisseiIIIIININININ
‘5 : /‘ — ®— Paa
3 / .
—e—p
8 0.2 v
&~ —A— Pce
e
0.0+ A T T T T
0 1 2 3 4 5

R

Fig.2. p—R curves in A and V systems. (a) A sys-
tem, when pump effect is weak, paa & 0, ppp X pcc &
0.5; when pump effect is strong, paa & pecc & 0.1,
ppp =~ 0.8. (b) V system, when pump effect is weak,
Paa = 1, ppp X pec = 0; when pump effect is strong,
Paa N pec ~ 0.485, pyp = 0.03.

Applying the probe field V,, = V. /100, we investi-
gate the fluctuation of population distributions of the
A system by varying the relaxation rates v and ~g.
In Fig.3(a), we assume that there is no collision, i.e.
Yohase = 0, 7 = (2T + I})/2 = 0.21, 7o = T} = 0.02.
The distribution is almost insensitive to the probe
detuning (w, — wap). Only in the frequency regions
around the absorption peaks, does there exist popu-
lation fluctuation. Because the probe field excites the
atoms from the state |b) to |a), then some of the ex-
cited atoms decay into the state |c), causing the pop-
ulation transfer. In Figs.3(b) and (c), we consider the
collision effects. The collision induced state-change

decay is ignored and only the dephasing rate vphase is
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added into y and y. In Fig.3(b) Yphase = 0.29, thus
v = 0.5, 79 = 0.31. The population fluctuation de-
creases compared with Fig.3(a). When we continue to
increase Yphase to 4.79, v = 5.0, 7o = 4.81, the fluc-
tuation disappears as shown in Fig.3(c). So the fluc-
tuation amplitudes decrease with the relaxation rate.
The fluctuation widths are about ~. In the V system
the probe field causes similar population fluctuation.
But the amplitudes are far smaller than those in the
A system, for most atoms excited by the probe field
finally decay back to the ground level without popu-

lation transfer.
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Fig.3. Population distribution in the A system. Here
v = (2" 4+ I'p)/2 = 0.21 is the pure radiative decay
rate. The main distribution consists of straight lines.
Population fluctuations are observed near the absorp-
tion peaks. With the increasing of relaxation rate
(a)'thase =0, v =10.21, yo = 0.02; (b)'thase = 0.29,
v = 0.5, v0o = 0.31; (C)Yphase = 4.79, v = 5.0,
Yo = 4.81, we find both shift of main distribution and
decrease of fluctuation amplitudes.

We can explain the population fluctuation in view
of the dressed state. Combining |a) and |c¢) with the
pump field, we construct two dressed states |e;) and
|e2) with frequencies we; = we+ Ve, and wea = wy — V.
As shown in Fig.1(c), now the system contains |b),
le1), |e2) and the only external field is the probe field.

Similar to the pump effect, there is a probe effect
2|V, |2 2|V, |2
RI — | P| Z 5 | P| Z 5 When
(wp - welb) + Y (wp - we2b) + Y
the effective probe detunings (wp —we1p and wp —weap)

are both large, R’ — 0, the population distribution is
stable. Only around the resonant frequencies does R’
become large, leading to a noticeable change of pop-
ulation distribution. This is the origin of population
fluctuation. Since at resonance one of the probe de-
tunings approaches to zero, R’ would be inversely pro-
portional to the relaxation rate . When + is large, R’
is small and close to the value in the nonresonant re-
gion, so the fluctuation is small. When ~ is small, R’

is large, which results in a large fluctuation.

(151 and

Both large-scale population fluctuation
non-fluctuation distributions!!®! have been observed in
the degenerate two-level systems with Zeeman split-
ting. The difference is attributed to the different en-
In a two-level F, = 0 < F, =1

system driven by a parallel polarized field and probed

ergy structures.

by a transverse polarized field (with o4 components)
as shown in Fig.4(a), V. = 5.0y, V, = V,/100, and
w19 = 2.5y. The pump field resonant to |0) « |e)
pumps most atoms into | — 1) and |1). In the probe
frequency region closer to | — 1) > |e), some atoms
in state | — 1) will be excited into |1) so p11 > p—1-1,
while in the region closer to [1) < |e) the result of
probe excitation is p1; < p—1—1. The transition rate
I' 1 is so small that the inequality of the states | — 1)
and |1) cannot be eliminated in the steady state. The
population fluctuation is large as shown in Fig.4(b).
Figure 5 exhibits another situation. For a two-level
F, =1+ Fy = 0 system driven and probed by two
transverse polarized fields, V, = 5.0y, V, = V,/100,
wip = 2.5v. Since w, = wqy, the pump field is not
resonant to | — 1) <+ |g) or |1) <> |g). So most atoms
concentrate in the state |g). When the probe field is
resonant more atoms are excited into states | — 1) or
|1). Due to the large 7 they quickly decay back into
|g). Hence the distribution is insensitive to the probe
frequency. It is the difference of energy structures that
makes the distinctness of population distribution in
the two systems. If the atoms excited by probe field
could only decay back, the fluctuation would be very
small, as in the case shown in Fig.4 of Ref.[17]. If
these atoms could decay into other levels and accu-

mulate there, we would find obvious fluctuation.
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Fig.4. Energy structure and population distribution
of the two-level F, = 0 ¢+ Fy = 1 system. V. = 5.0,
Vo = V. /100, wig = 2.57. The population fluctuation
amplitude is very large. Cited from Ref.[14].
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Fig.5. Energy structure and population distribution of the
two-level Fe = 1 +» Fg = 0 system. V. = 5.0y, V, = V./100,
w1p = 2.57v. The distribution is almost insensitive to the

pump—probe detuning. Cited from Ref.[15].

The corresponding absorption and refraction
spectra of A system are depicted in Fig.6. The ab-
sorption spectrum is a typical EIT window with line
width «. Increasing v, the absorption peaks become
lower and wider. When + is large enough, the two
peaks rise again and join together. In this process,
the dispersion at zero probe detuning increases from
zero. It changes to negative when + is large. In V sys-
tem we get similar results. Thus the relaxation rate ~

also decides the line features in both systems.
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Fig.6. Absorption (a) and refraction (b) spectra of
A system. V, = 4.0y, Vp = Vc/100, wp. = 107;.
With the increasing of relaxation rate, the EIT window
changes to absorption peak, and dispersion changes

from positive to negative at the probe detuning.

4. Summary

Generally, for a given system, the main popula-
tion distributions are determined by the pump effect,
while the population fluctuation is determined by the
probe effect. Since both the pump and probe effects
are influenced by the relaxation rate, this decides the
main feature of the population distribution. At the
same time the width of absorption peaks as well as
dispersion sign are also determined by the relaxation
rate. We can readily say that the relaxation rate plays

a crucial role in all multilevel systems.



1716

Sun Qing-Qing et al

Vol. 13

References

1]

]
(3]

]
(5]
(6]
(7]
(8]

(9]

Weisskopf V and Wigner E 1930 Z. Phys. 63 54
Weisskopf V and Wigner E 1930 Z. Phys. 65 18
Weisskopf V 1932 Z. Phys. 75 287

Heitler W 1954 The Quantum Theory of Radiation (Ox-
ford: Clarendon) p187

Yang X H, Sun Z R, Ding L E and Wang Z G 2002 Chin.
Phys. 11 346

Scully M O and Zubairy M S 1997 Quantum Optics (Cam-
bridge: Cambridge University Press) p163

Alzetta G, Moi L and Orriols G 1979 Nuovo Cimento B
52 209

Gray H R, Whitley R M and Stroud C R 1978 Opt. Lett.
3 218

Lukin M D, Yelin S F, Zibrov A S and Scully M O 1999
Laser Phys. 9 (4) 759

10]

(11]

(12]

(13]
(14]

(18]

[16]
(17]

Boyd R W, Raymer M G, Narum P and Harter D J 1981
Phys. Rev. A 24 411

Ham B S, Shahriar S M and Hemmer P R 1999 J. Opt.
Soc. Am. B 16 (5) 801

Bigelow M S, Lepeshkin N N and Boyd R W 2003 Science
301 200

Wilson-Gordon A D 1993 Phys. Rev. A 48 4639

Wilson-Gordon A D and Friedmann H 2002 J. Mod. Opt.
49 125

Gu Y, Sun Q Q and Gong Q H 2003 Phys. Rev. A 67
063809

Sun Q Q, Gu Y and Gong Q H 2004 J. Mod. Opt. 51 1899

Yang S H, Wang D and Gao J Y 1999 Acta Phys. Sin.
(Overseas Edition) 8 443



