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Slow light with persistent hole burning
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We consider the propagation of a Gaussian probe pulse in an absorptive, optically dense, two-level medium
if a deep, persistent hole is created in advance by another pump field in the inhomogeneously broadened
absorption spectrum of this medium. Both fields are well separated in time and the lifetime of the hole is
assumed to be long with respect to the delay time between the pump and probe pulses. We show that the group
velocity of the Gaussian probe pulse reduces several orders in magnitude, similarly to the reduction of the
group velocity for the probe field in electromagnetically induced transparéidy phenomena. In contrast
to EIT, the width of the transparency window can be made very wide because of the saturation broadening

of the hole.
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[. INTRODUCTION since the width of the EIT hole can be made very narrow, of

The propagation of light pulses with extremely low group the order of 10 kHZ5]. e
velocity is a phenomenon that attracts continuously growing Recently, two proposals to produce slow light in a two-
attention[1-5]. This is because slow light allows for high- '€Vl medium have been published by Bigeletal. [14]
efficiency nonlinear conversion with substantially alleviateg@d Agarwalet al. [15]. Actually, the first proposal, Ref.
phase matching problems. Some other applications are als¢#: addresses the three-level system. However, in this
possible. We mention just a few: controllable optical delayScheéme two fields excite the same transitong and the

lines, storage of light or information it contains, high preci- Lhirtorl]le}/elsa trap%i_ngt]_ Staé* coupled witht';h_e _e>;citg:d stg?e
sion spectroscopy and magnetometery, etc. y the fast nonradiative decay processt) is introduced to

; : . ave a slow decay of the population difference of the levels
. Slow light can be produced by using electromagnetlcall)}; andg coupled b))// the fieFI)dsp where is the ground state.
mduced transparenciEIT) [.6_10]' The EIT proposal Was  The first field, the pump, excites the broad absorption line
stimulated by the observation of the dark resonances in sq;

. ; . ) nd the second field, the probe, is slightly detuned from the
dium vapor[11], which were explained by the population frequency of the pumpgp,m, Such a case can be realized by

trapping in the dark, nonabsorbing stai®,12. EIT is 3 gmall amplitude modulation of the pump with frequency
achieved in a three-level atom with the help of a coupling,, which produces sidebandsyop= woumpt @ The simul-
field producing together with a probe field a two-quantumianeous interaction of the probe and the pump with the me-
coherence with a long lifetime. This coherence is due to thejjum results in a narrow hole in the absorption of the probe
population trapping in the dark state. The atom in this statgyhen @prob— Wpump OF wm— 0. The width of this hole is de-
cannot be excited because of destructive interference of twfined by the value 1T,, whereT; is the lifetime of the popu-
transition paths to the excited state. The creation of the darlation difference of the ground and exciteck states. In case
state coherence is revealed as a narrow hole in the absorptiof Ref.[14], T, is mostly defined by the slow radiative decay
line for the probe. Since the width of the hole is usually notof the trapping state to the ground state;g. This is the
greater than the Rabi frequency induced by the couplingo-calledT; hole, which is actually a coherent hole, i.e., the
field, one cannot produce a very broad EIT hole. A typicalhole is present only when the pump is on and this hole van-
value of the broadest hole produced by an extended cavitighes immediately after the pump is switched off; see, for
diode laser is about 15 MHZ3]. There are two exceptions example, Refs[16—18. The T, hole appears due to the co-
when powerful lasers were used. This is a dye laser, pumpedakerent process of the population oscillation on the beat fre-
by a Nd:YAG laser, with intensity 15 MW/cfnwhich pro-  quencywm,=|wpump= wpron- The disadvantage of the produc-
duced a Rabi frequency¥30 GHz in Sr vapoi7]. Another  tion of slow light with the help of ar; hole is the small
example is the Nd:YAG laser with intensitg9 MW/cn?, frequency difference between the pump and probe fields.
which produced a Rabi frequency300 GHz in Pb vapor In the second proposal, Rdfl5], a similar idea of pro-
[8]. The limitation of the EIT bandwidth by the value of the ducing slow light is employed. In this scheme, Doppler-
induced Rabi frequency sets a constraint for the applicatiobroadened two-level systensvithout any third, trapping

of EIT for telecommunication and fast transient phenomenatate are exposed to the probe and pump, acting simulta-
performed with semiconductor lasers integrated into a microneously such that a slightly modulated probe experiences the
electronic circuit. However, EIT has many advantages ininfluence of the counterpropagating cw pump. The modula-
high-resolution spectroscopy and frequency stabilizationtion of the probe at the output of the medium has a delay
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with respect to the modulation of the field, which would how the hole is burnt by the pump and how the probe inter-
travel the same distance in free space. The delay shows thatts with atoms prepared in the nonequilibrium state created
the group velocity of the probe field inside the absorber rehy the hole burning. In Sec. 1ll we consider the propagation
duces many times. of the probe in a thick absorptive medium if a deep hole is
The difference between these two proposals, described iBurnt in the inhomogeneous absorption spectrum. In Sec. IV
Refs.[14,15, is that the hole produced by the pump in thewe compare EIT and hole burning from the viewpoint of the

Doppler-broadened absorption spectrum of the two-level SYShopulation trapping in the nonabsorbing state.
tems is much broader. This is because in gdsés not long

and usually we havé,;=T,/2, whereT, and T, are the life-
times of the population difference and of the coherence, re- Il. HOLE BURNING
spectively(hereT, describes a homogeneous dephasing pro- ) ) o N
cess. It is well known that the half width of the hole seen by ~ We consider a solid at low temperature with impurities
the probe broadens due to the saturation by the pump d#ns or moleculgswhose resonant frequencies are dis-
T§l+v"—T§2+Q§umpT1/Tz, whereQ,m, is the Rabi frequency tributed around some central frequenay according to
(the coupling parametepf the pump; see, for example Ref. Nq(w,) due to crystal imperfections. For simplicity we model
[19]. Therefore the half width of the narrowest hole in aan individual impurity by a two-level systerlLS) with
Doppler-broadened absorption line, which a probe can see, igsonant frequencw,. For each TLS we assume that the
2/T,. This hole has coherent and incoherent contributionsrelaxation timeT,; of the population difference is much
The coherent part originates from the oscillations induced byonger than the dephasing tinfe of the induced coherence.
the pump and probe fields acting simultaneously. The incotn a first, hole burning stage, such an ensemble of TLS is
herent part is caused by the saturation of the POpUlathn dlfprepared by the pump pu|se, which is Sufﬁcienﬂy Strong and
ference of the resonant levels by the pump or, in other wordgong to saturate those TLS whose frequencies are close to the
due to the hole burning. The lifetime of the incoherent part Offrequency of the PUMPwyume When the pump is switched
the hole is defined b, [19]. . off, for example, abruptly, the induced polarization of the
In this paper we propose to produce slow light in solidst) g gecays with timeT,, i.e., much faster than the popula-
ggﬁﬁg \?v%éTethP{Iet%r:ggﬁe?ér:?h%cl)(layhmaesrsa(\j/cé?e?or?y I(ijfi%nr]neo';tion difference modified by the pulse. Then, after some delay
i : : y long - Mime 74, Which is much longer tham, but shorter thai,, we
our scheme, in a first preparative stage, a pump pulse creates -
efi;pply the prqbe pulse. If the frequency of_the probe is in
some delay time shorter thai but longer thar,,, the probe resonance Wlt.h those TLS whpse population difference is
is applied. We show that the probe propagates with slowptlll Saturated(i.e., nearly equalized due to the pumghe
group velocity. In this case the pump and probe are applied dpedium becqmes transparent for the pr_ob_e. .If the frequency
different times. The hole can be made as narrow & 2y  Of the probe is tuned far fromby,y, but still inside the con-
a weak pumF(QSumpTlT2< 1), or it can be made very broad tour of the mho_mogeneous line, the probe field is absorbed.
by a strong saturating purr(m,%umpTsz> 1) because for sol- All three regimes, i.e., pump on, pump off and probe on,
ids T,> T, and on the condition of strong saturation, the halfaré described by the matter equations for tfe TLS,
width of the hole approache€, m,T1/T,. Narrow and
broad holes allow work with long and short probe pulses, o ia X
respectively. Several holes can bge burnt in difFf)erent Barts of 0= (18 = D)oy +i Pl @
the inhomogeneous absorption line. Therefore several probe
pulses with frequencies coinciding with the frequency posi- o )
tions of these holes can be applied simultaneously. They will Wy =ix(on = o) = YW, = 1), 2
all have slow group velocities. This opens wide perspectives ) ) _ )
for the construction of multichannel optical storage devicesvhere on(z,t)=pedz, t)expiwt—ikr) is the slowly varying
(not discussed in this paper amplitude of the nondiagonal component of the TLS density
Our consideration can be applied to the case of a trugatrix p andw,=pyq—pec IS the population difference of the
two-level system with long lifetime of the excited state or to groundg and excitece states. The decay rates of the coher-
the case of an effective two level system having a long reence and of the population difference are definedl'as
laxation rate of the population difference due to the trappinge1/T, and y=1/T,, respectively.w is the pulse frequency
state. For iond; can be as long as several milliseconds, as{®=wp,mpfor the pump andv=w,, for the probe, k andr
for example, in the case of tHe, line of Cr** in ruby (true  are the wave vector and the propagation distance of the field
two-level system For some organic dye molecules, this time inside the medium, respectively,=w-w, is the resonant
can be even much longer because of photochemical readetuning for thenth TLS, andx=2d.4E/% is the Rabi fre-
tions, which alter the whole chemical structure of the mol-quency(x=Q,ymp for the pump andy=Q,, for the probe,
ecule, see, for example, Ref0,21]. The latter is due to the whereE is the amplitude of the pump or probe pulse, which
trapping stateé having almost infinite lifetime. There are also is in general time dependent, adg is the dipole transition
trapping states in solids doped with Shions. In these sol- matrix elementassumed to be real, i.@lg =dge).
ids it is possible to obtain persistent spectral hole burning For simplicity we assume that the duration of the pump is
even at room temperature, see, for example, R2%23. long enough and that it has a rectangular shape, so that the
The paper is organized as follows. In Sec. Il we give aTLS reaches a steady-state saturation at the end of the pulse.

brief introduction to the pump-probe spectroscopy, showingrhis state is described by the population differeft@

a hole in the absorption spectrum of the sample. Then aft
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02, T W) |
Wst(An) =1- - gump ; 2 . 3) )(:) )
1+AT2+ qumpTlTZ X'
We also neglect the relaxation of the population during the 0.5

delay timery between the pump and probe pulses. Therefore

the initial condition in Eqs(1) and(2) for the probe pulse is

W,=Ws(A,), 0,=0. We assume that the probe pulse is suffi- 0
ciently weak so that the linear-response approximation is ap-

plicable for the solution of the matter equations. Then one

can consider only Eq1), neglecting the change of the popu-

. .05
lation difference w,, which is supposed to remaim, Xov)
=wg(A,). By means of the Fourier transform W)
+oo ) - 0

F(v) = f f(t)e"dt, (4)
Eq. (1) is reduced to a simple algebraic equation. Its solution 0.5
is 00 200 0 200 400

. V/r
o (v) = Qoo VIWs(Ap) (5) ] ]
n 2AT —i(v+A,)] J FIG. 1. (a) and(b) Frequency dependence of the imaginary and

real parts of the effective linear susceptibility of the TLS ensemble
where Qo v) is the Fourier transform of),,(t) and it is if the pump field is applied in advancg/(») andx’(») (bold lines,
assumed that lim, ..[Qpost)1=0, lim_..[on(1)]=0. For andif not, xo(») and xg(v) (thin lines. Both plots are normalized to
simplicity we consider the case when the frequencies of thao(0). The frequency scale is in units of the homogeneous half
pump and probe fields are the samgym,=wprop Therefore  width, v/T.
Wg(A,) in Eg. (3) contains the same detuning parametgr

aso,(v) in Eq. (5). {1 p [1 N Lo+ Ahp)rinh:| }

The average response of the TLS ensemble is given by X' () = xo(v)

(Tinn + Ap) Ay, v+ Aﬁp
1 (10
<0-(V)> = N_ f O'n(V)Nc(wn)dwny (6)
0
2
where N (w,) is the partial concentration of the TLS with X' (v) = )(g(v){l _FJJT
frequencyw, in the sample and\, is the overall concentra- (Tinn + Ap) oA
tion: Ny=JN.(wp)dw,. The function NJ(w,) is usually a (Co+ Anp)TinnAn
Gaussian distribution. Due to the complexity in the integra- I+ 2+ A2 . (11)
P

tion with the Gaussian distribution, we approximate it with a o
Lorentzian function, Herep=Qpump\I'/ v, Ap=Vp?+I'? is the half width of the dip

1 N in the functionwg(A), andA,=Ap+T is a half width of the
_*—012' 7 hole seen by the probeg(v) and xj(v) are the real and
7T, (wn = o) + (?2) imaginary parts of the effective linear susceptibility of the

. , i i TLS ensemble if the pump is not applied in advalpe0),
where 17,=I',, is the half width of the inhomogeneous ;

absorption line. This is a conventional approximation, which’
leads to a fairly simple form of the inhomogeneously broad-

Nc(wn) =

ened susceptibility, allowing for a detailed analytical treat- Xo(¥) == A v2+FS' (12
ment (see, for example, Ref24]). Below we consider the
case if pump and probe are tuned to the center of the inho- Nolded? T

. . . . . . " _ 0 eg 0
mogeneous linev, i.e., their carrier frequencies satisfy the Xo(v) = , (13
coNdition wpymp= Wprob= We- i 2+

The polarization induced by the probe field in the en-gnqr =T, +T is the half width of the absorption line seen
semble of two-level atoms is described by the equation  py the probe if the TLS ensemble is in the equilibrium state

P(v) = Nodego(1)). (8) and not perturbed in advance. Figure 1 shows the frequency
_ _ _ . dependence of”(v), xg(v) (& and x'(v),x4(v) (b). The pa-
Performing the integration, we obtain rameters ar&’;,,=100" andA,=10l". The presence of a nar-
P(1) =[x (1) + X" (1) Epra1), (9) row hole is clearly seen at the center of the absorption line.

The dispersion curve, Fig.(i), exhibits a steep variation in
where E,(v) is the Fourier transform of the probe field the same frequency domain where the dip in the absorption
envelope Epo4t), and line is present.
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‘pump 277(1) .
Alv) = T[X"(V) —ix' (v)]. (16)
This equation is integrated as Epodz,v)

=Epotf0,v)exfd (ivz/c)-A(v)z]. If one takes the inverse
Fourier transform, the resulting expression for the probe
pulse envelope is

Epron(Zt) = %Tf ’ Epmb(O,v)eXp{— iv(t - E) - A(V)Zj|dV.

17

This is the general solution for the propagation of a small

Such a frequency dependence of the atomic susceptibilitProbe PulseEyqy(z,1), in a sample with arbitrary thickness
is absolutely similar to the one that is typical for EIT. (I:Eont?r)ung two-level atoms prepared by the pump field
t).
pum
We consider the case when the spectral half width of the
incoming probe pulse);,, is smaller than the half width of
the hole,A,,. Then one can expand the functiéy) in a

. . _ _power series near=0
We consider the propagation of a probe pulse in a thin

slab of an optically dense absorptive medium shown in Fig.
2. This slab has a lengthand a thicknesd(d<1). The probe
pulse propagates along the sléhis path is assumed to be
optically thick. Before the probe pulse is applied, the slab iswherea=2qa,/T' is the Beer’s law attenuation coefficient for
prepared by the pump field. The pump is applied perpendicuthe probe propagating in the medium not excited by the
lar to the slak(this path is assumed to be optically thifthe  pump field. According to Eq910) and (11), this expansion
pump makes a “trench” of optically bleached atoms showrconverges ifv <Ay, Below we show that, i\, <Ay, three

by the area confined between the dashed lines. Siree  terms of expansioiil8) are sufficient to describe the probe
the slab is thin for the pump, but thick for the probe field. pulse propagation in the resonant medium saturated by the
Such a geometry of the pump-probe excitation of an optipump. These terms have the following coefficients:

cally dense medium was experimentally developed in Refs.

FIG. 2. Excitation scheme of a thin slab by the puBm,and
probe Eqp, fields. The length of the slab isand its thickness is
d(I>d).

Ill. PULSE PROPAGATION THROUGH A DOMAIN
BLEACHED BY A TRANSVERSE PUMP

AW =23 (-iv)ay,

18
22 (18

[25,26]. ay= L, (19
We do not consider the transverse structure of the probe (Finh + Ap)Ap
field and describe its propagation inside the slab by the one-
dimensional wave equation for the slowly varying amplitude 1 {1 or Aﬁ+ 2 } 20
y=—|1l-—-—"7""7"7"71,
of the probe E,(z,1), 174, Ay (Tint Ap)Agp
Jd 190 _agh
(— + ——) Epodzt) =i—~(0(z,1)), (14) 1 2F  (Ap=-T)(To+Ap)
dz cat deg a,= e . (2
(Cinn + Ap)App L T AnpAn

where the right-hand side is the response function of the

atoms located in a plane with coordinaéfor a derivation
of this equation see, for example, Rg27]). This function
(o(z,t)) is the inverse Fourier transform ¢tr(z,v)). The
parameteiyy= 277N0|deg|2w/ fic is the resonant absorption co-
efficient of the sample with concentratidly of the two-level

For the input probe pulse a=0 we take a pulse with a
Gaussian envelope Ep)0,t) =Egexd —(Aipt/2)?].  The
Fourier_ transform of this pulse is Ey0,v)
=(E02\577/Ain)exp(—v2/Aﬁ1) and the half width of its spec-
trum is A;,. If we take into account only three terms of the

atoms. The probe pulse is considered as a plane wave wigkpansion ofA(v), i.e., A(v) = a(ag—ia;v—a,%)/2, the inte-

wave vectork,, parallel to thez axis directed along the
slab. The variation of the probe field amplitude in thg
plane perpendicular ta is neglected and it is assumed that

Eprobe iS confined in the domain between the dashed lines

shown in Fig. 2.

The wave equationil4) for the Fourier transform of the
probe field enveloper,, o4z, v), can be rewritten as
d i

(— -—v+A(v)
c

pe (15

)Eprob(zu v) =0,

where

gral (17) for the Gaussian pulse can be easily calculated,

A az 1
Epa(zt) = ﬁ:tEoexp{— %7~ ZAgut(t -t)?], (22
wheret is actually the local timé&-z/c and the subscripf
designates that this is an approximate solution. Hegg
=A,/\1-a,A7(ez/2) is the half width of the spectrum of
the output probe pulsé, is assumed to be negative in our
case, ty=a;az/2 is the delay time of the probe pulse.

The first term of theA(v) expansion, with the coefficient

ay, describes the absorption of a zero frequency Fourier com-
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ponent of the probe pulse envelofe=0), i.e., the absorp- 1 - - @
tion exactly at the center of the hole. This Fourier component E...05)
is the pulse area, which is the time integral of the pulse, i.e., E"Ll
2deq (T 2l st 4
Oa(2) = 7e9 f Eprot(z )dt= 6(0)e %72, (23)
Here 0(0)=4\s’7_rdegE0/Ainﬁ is the pulse area at the inp( T
=0). pr

We consider the case of strong inhomogeneous broaden-
ing of the absorption linel’;,,>1". We also assume that
>y or, in terms of the relaxation times, th&<T;. The
pump satisfies the condition of strong saturation:
qumpT1T2> 1, which leads to the approximatioy,,~ Ay,
~p=Qpump\T1/ T,. In this case the coefficie, is approxi-
mated asap~1/(Qpump\ T1T2). In Eq. (22) the first term in
the square brackets of the exponengyaz/2, reflects the o1 !
absorption at the center of the hole, which follows Beer’s w00 1020030
law if 8,=1. In case of a deep hole, the absorption coefficient Aat

is reduced by a factafpumpy T, T>. ) . o FIG. 3. (a) Comparison of the analytical solutidi,(l,t), for
The second term of thA(») expansion, with coefficient e output probe pulse, EQ2), shown by the thick line, with the
ay, describes the pulse delay This delay originates from field of the probe that would travel the same distance in free space,
the steep dispersion at the center of the hole, which results ishown by the thin solid line. Here fdg,o40,t) we takez=0 and
slow group velocity of the pulse, the distancd, which the probe would travel in free space, is taken
only in the local timgt, i.e.,t—1/c. (b) Comparison of the analytical
Vg: c/[1+cay(al2)]. (24) approximationEpa(l,t) (solid line) with the numerical calculation
If the pump is not appliedp=0), the slope of the dispersion ©f the envelope of the output probe pul&g,ql,t) (dots, given by
at the line center is negative—1/T,. If the pump burns a E0- (17) whereA(») is not approximated but taken from EQ.6).
deep hole in the absorption spectrum, the dispersion slope ﬁf}']pk’ts are normalized to the amplitud&,. Time is in unitsiint,

; e wheret is the local timet—1/c. The parameters atg,,=9.5 GHz,
the hole center is positive and steefl/Qpump T1/Ta [S€€ 1355 7)1, ) Zag 1z, 00500 kHz, Ap=30 MHz, and

Fig. 1(b)]. We assume thal'y>Qpmp\T1/To>T. In this  /0-15
case the delay time of the pulse is approximatedtgas
~ az/2Ay,. The group velocity of the pulse reduces\4gc

=2A/ca, i.e., as the ratio of the hole widit2A;) and the UA(D) = J+w IE.\(z.0)|2dt= U(O)A_Oute—aoaz 27)
product of the speed of light in vacuu¢n) and Beer’s con- IR A ’
stant(a).

The third term of the expansiofd(v) with coefficienta, — BoE 2/ A . .
produces probe pulse broadening in time or its spectrum na\r/yhere U(O)_\‘—u—zw Eo Z/A'“ Is the input pulse energy. Since

Agud Ain~1/\1+azA2 12AZ, the attenuation of the probe
pulse violates Beer’s law in the case of hole burning.
Figure 3a) shows a comparison of the output probe pulse,

rowing with distance. The spectral half width of the output
probe pulse can be expressed as follows

Ai Eq. (22 (thick line), with a pulse that would propagate the
out= W (25 same distance in free spaithkin line). The delay of the pulse
in’ eff is obvious. The pulse amplitude decreases because of the
where residual absorption at the center of the hole and due to the
pulse broadening in time. Figurél shows a comparison of
A= 2(ipn + Ap)Anp (26) our analytical solution Eq22) (solid line) with the numeri-
eff ﬂ[% _ ZF_F] cal calculation of the integrdll7) whereA(v) is not approxi-

mated but given by Eq(16). The parameters aré',
is the effective half width of the hole at distanzéor athick =95 GHz, T,=0.45usec, T;=4.2msec, and Qump
sample. If the saturation is strof@},,,T1T>> 1), the effec- =500 kHz. They are typical, for example, for tRg line in
tive half width is A= A,\2/az, whereA;, can be consid- ruby (Czochralski-grown crystal of concentration 0.05 wt. %
ered as the hole half width for a thin sample. Thus for a thickCr,0O5), which is excited by a laser beam of moderate power
sample the effective half width of the hol&gy, narrows as  at liquid helium temperature and 3-kG magnetic field; see,
~1/yz It follows from Egs.(25) and(26) that the spectral for example, Ref[28]. The half width of the hole i\,
width of the output pulsed,, tends toAg4 with the increase  =48.3 MHz. The spectral half width of the input pulse is

of z. taken A;,=30 MHz. The delay time of the pulse ig
The energy of the output pulse or its time integrated in-=48.5 ns for the sample witlw=12 cni! and I=2.5 cm.
tensity decreases with distance as During a time interval of;=48.5 ns, the pulse would propa-
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gate 14.5 m in free space. For ruby crystal with 0.05% @ |lo ¢

atomic weight doping by G¥, we estimate the group veloc- Coupling

ity of 4.75X 10° m/sec , which is~10° times smaller than Probe "

speed of light in vacuum. g

Figure 3b) shows a small deviation of the analytical ap-

proximation, Eq.(22), from the integral17). The fit can be © ~ ¢

improved if one takes into account the fourth term of the Rad decay ¢ SEJ?‘ coupling

expansion(18) with the coefficient d —é— b
1 p? pAITE+ ApAnT5+ToAn,+ A7)

B=- F, + AAS + AAL T3A + T ) : FIG. 4. (a) Excitation scheme for the persistent hole burning.

0 h=hp h=hp™ 0% T 2 inh g,e, andt are the ground, excited, and trapping states. The pump

(28)  field is shown by the bold arrovi;, is a fast nonradiative process
shown by the bold arrow with the white strip. For a dye molecule in
a polymer, this can be a photoinduced transformation of the mol-
ecule.y is the decay rate of the trapping state. The decay process is
shown by the dashed arrow. The lifetinig of the trapping state
tends to infinity for the molecule. For &rthis is a radiative life-
time, which is long because of the small dipole matrix element for
this transition. The open circle shows a “hole” in the population of
the ground state. The filled circle in statshows population trap-
ping. (b) Excitation scheme for ElTg,e, and m are the ground,
excited, and metastable states. The thin arrow shows the excitation
y the probe. The bold arrow shows the interaction with the cou-
ling field. The filled circle shows the population of the ground
state.(c) The same excitation scheme as(i but in the basis of
darkd and brightb states. The continuous arrow shows the effective

ThenA(v) = a(ay—ia, v—a,?+iagzr®)/ 2 and the output pulse
is presented as a convolution of E§2) and the Airy func-
tion, Ai(x), i.e.,

A i} *°° :
Epm(zt) = A—?UtEoe 2az/2 f Aist A (Agis(T)

n
e Aot =toa= 7l (29)

where Agi=(3aa52/2)"12 is a pulse distortion parameter.
This expression originates from the integral representation og

the Airy function[29],
1 (™ »®
|Agisd Al (£]Agisd 7) = —f exp - i(vri —3> dv, coupling of the bright and excited states. The strength of the effec-
27 ) 3|Adist| tive coupling is defined as a particular combination of the Rabi
(30) frequencies of the probe and coupling fields. The dashed arrow
shows the radiative decay froeto d. The open circle shows a hole
in the population of the bright state. The filled circle shows popu-
lation trapping in the dark state.

and the convolution theorem

l +oo ) +oo
i —ity ., — —
ZWJ_w F1i(»)Fa(v)e™dv = f_w fi(t=nfa(nd7, (3D scheme of a three-level atom interacting with a probe and a

coupling field. An excited state is a short-lived state, de-
whereF(v) is the Fourier transform ofi(t), k=1, 2. caying to the ground stage A metastable stata has a long
If o> Qpump T2/ To>T, the pulse distortion parameter is lifetime. Therefore the coherenag-m, induced by a two-
Agis=An/ 33az/2. 1t can be showri30] that the pulse dis- duantum gxcitgtion of the ground—§ta§e atom by the_ probe
tortion is small if Ay, < Agise This condition is well satisfied @nd coupling fields, has also long lifetime. One can find an
for all Zs if the spectral width of the input pulse is smaller €igenstate of the Hamiltonian of the three-level atom inter-
than the spectral width of the transparency winday, acting with the probe ar_1d c_oupllng fields. T_hls isa dark_ _state
< Ay). Thus for any optically thick absorber a Gaussian pulsd©F uncoupled staje which is an asymmetric superposition

of spectral width smaller than,, keeps its Gaussian shape ©f 9roundg and metastablen stateg/9]. One can also intro-
with distance. duce another superposition of the same staes)dm, but

orthogonal to the dark state. This is a bright statecoupled
statg [9]. The dark state is uncoupled with the excited state
because of destructive interference of the transition paths,
while the bright state is coupled with the excited state be-
cause of constructive interference. Initially the atom is in the
One can show that there is a strong similarity betweerground stateg and hence both dark and bright states are
persistent hole burning and population trapping in the darlpopulated. Continuous excitation by a cw probe and coupling
state. In persistent hole burning, an ion or molecule isfield depopulates the bright state; see Fig) 4With the help
trapped in the state with the help of the pump inducing a of radiative decay of the stat this population is collected
transition of the ground-state particle to the excited seate and eventually trapped in the dark state. Therefore the me-
and then via a fast nonradiative decay or via a moleculelium becomes transparent for the probe field. Some recent
transformation the particle ends up in the long-lived state discussion of the atom evolution in the basis of dark and
[see Fig. 49)]. In this way a medium becomes transparentbright states can be found in R¢81].
for the probe field. For EIT and hole burning we have a dip in the absorption
EIT can be explained if one introduces a new basis oline. In case of EIT this dip appears for a single atom since a
dark d and brightb states. Figure @) shows the excitation single atom(or each atom of an atomic ensemhbiketrapped

IV. SIMILARITY BETWEEN THE PERSISTENT HOLE
BURNING AND EIT
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in the dark state. This trapping is very sensitive to the Ramaa solid. If the relaxation time of the population difference is
resonance condition, which i~ wcoup=wmg Here w, is  long, the probe field can be applied after some delay time.
the frequency of the probe fieldy,,,is the frequency of the This method has several aspects in common with electro-
coupling field, andwp,g is the resonant frequency for the magnetically induced transparency. The pump field creates a
transitionm—g. Actually the latter is represented by the Ra- transparency window for the probe. The dispersion of the
man induced coherengg,. Its decay rateyn specifies the resonant particles has a steep slope and its derivative has a
depth of the hole for a given value of the Rabi frequency forsign opposite to the sign of the usual resonant dispersion at
the coupling field Q¢ i.e., the absorption is reduced by a the line center. Therefore the group velocity of the pulse
factor of ngup/(l“ymg), whereI" is the decay rate of the appreciably slows down. In the EIT scheme, one can make a
coherenceg—einduced by the probe. Fé.,,,<T', the half-  transparency window as large as the Rabi frequency for a
width of the EIT hole isﬂgoupll“ and the dispersion slope is strong-coupling field).. Usually, the width of the EIT win-
also close tcﬂgoupll*. dow is much smaller and roughly equal @F/T if Q <T,

For hole burning each particle is saturated differently dewherel is the decay rate of the polarization induced by the
pending on its detuning from the frequency of the pumpprobe field. Persistent hole burning due to the saturation
field. The absorption of the resonant particles is reduced by Broadening phenomenon allows the creation of a much
factorQSump/ (T'y). For particles slightly detuned from reso- broader transparency windowQ,,mo\I'/ ¥> Qpymp Where
nance, the absorption decreases less. The response of an enis the decay rate of the population difference<I’).
semble of inhomogeneously broadened patrticles exhibits &herefore hole burning can produce slow light for much
hole in the absorption spectrum for the probe. The half widtrshorter pulses whose spectral width must, however, be lim-
of this hole isQ,umpT'/y and the slope of the dispersion is ited by the hole width. One further advantage of persistent
defined by this half width. Comparing EIT and hole burning, spectral hole burning over “regular” EIT is that the shape of
we find that in both cases the depth of the hole is stronglyhe spectral hole can be arbitrary, as long as the features in
dependent on the decay rate of the trappiogdark state. the spectrum are not narrower than the homogeneous line-
However, in case of EIT the hole width is narrower than forwidth. For example, one can make a spectral hole which has
HB if Qc,,p<I" and we take the same Rabi frequencies forsteep edges, but a very low flat absorption in the middle. The
the coupling field and the pumf{)cq,=Qpump. the same group delay produced by such a box-shaped hole will still be
decay rate for the coherence induced by the prdbeand large, but the residual absorption will be less than for a regu-

the same values for the decay rate of the trapping statdgr shape of the hole.
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V. CONCLUSION
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