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Transparency of a short laser pulse via decay interference in a closed-type system
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We study the consequences of spontaneous emission interference in the propagation dynamics of a short
laser pulse in a closel-type medium. We show that, under specific conditions, (tiitberwise opaque
medium becomes transparent to the laser pulse. The influence of incoherent processes on the transparency is
also investigated.

PACS numbgs): 42.50.Gy, 42.65-k, 42.50.Md

In the last decade there has been intensive interest in thdamiltonian of the system in the interaction picture and in
study of quantum coherence phenomena in multilevel atomithe rotating wave approximation is given Ilfye use units
systems. In particular, a number of fascinating effects haveuch thati=1)
been discovered which occur as a result of the coherence
introduced when a resonant pump laser is applied and the
system is probed by a second laggr3]. The constructive
role that dissipative processes can play in maintaining coher- H :mE:O @m[m)(m -+ ; “’kalak
ence in multilevel systen{gl—19 has also been emphasized.

These studies have modified considerably our understanding
of the nature and consequences of quantum coherence on +
guantum and nonlinear optical processes in multilevel atoms.
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Moreover, it is now established that quantum coherence can 2
be exploited to control the response of the laser-atom system. + E 2 Omk/MY(0la,+H.c.|, D
In this paper we study the effects of spontaneous emission m=1 "k

induced coherence in the propagation of a short laser pulse in

a closedV-type medium. In our system two close-lying ex- _ _ : .
cited states are coupled to the ground state by a short las re, {1, = '“.0.“5 (n=12) is the Rab' freq_u_ency of.the
)—|n) transition. The corresponding transition matrix el-

pulse. Both upper levels decay spontaneously to the groun _ . i
level. This system has been studied in the continuous wav@ments, which we take to be real, rg,= son- €= pno With
steady-state limit, and phenomena such as transparency aadeing the polarization vector of the laser field ahldeing
amplification(or lasing without inversion have been shown the peak electric field strength of the laser field. The laser
to occur[14—16. The resonance fluorescence spectrum ofulse envelope is denotéd{, ) and is normalized to unity.
this system has also been analyz&@d—19. In our study we The laser detuning from resonance with the stateis A,
concentrate on the interaction of short, pulsed laser fields- w,,— w, where w,q is the transition frequency between
with the medium. We show that under specific conditions thehe ground state and the excited state. Note that A,
pulse can propagate in the medium without absorption ané- w,;, with w,; being the energy separation of the excited
without dispersion. The conditions for such behavior dependevels. In additiona, (a;) is the annihilationcreatior) op-
on the population trapping conditions and on the degree oérator of thekth mode of the vacuum field having angular
adiabaticity of the laser-atom interaction. frequencyw, andg,, is the coupling constant of the atomic
We note that there has been recent theoretical interest i@ansition|m><—>|0) with the kth vacuum mode.
transparency, soliton wave propagation and lasing without Using a generalized version of the Weisskopf-Wigner
inversion in closed/-type systems which are driven by two theory (see, for example Ref14]) we obtain the following

short, pulsed laser field20,21]. In these studies the propa- equations of motion for the density matrix elements in the
gation dynamics of a probe laser field are influenced by theotating wave approximation:

application of a secon¢toupling laser field, i.e., the neces-
sary coherence is laser induced. However, coherence can
also be created and preserved via inteeskn dissipative p11 VY1Y2

Y
processes of the system, therefore requiring no coupling laser Tor | YipuT pT(p12+ p21)
field [12,13.
In order to analyze the dynamics of the system we use the —iQ (L, 7)por+iQf (L, 7)p1o, 2

Maxwell-Bloch formalism. The dynamics of the atomic sys-
tem is described using a density matrix approach. The

dp2o VY172
9 Y2~ pT(P12+ p21)
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Note thatp,m=ph, and=:_opan=1, as we study a closed Time T Time T

atomic system, and thai,, is a function of{ and 7. These FIG. 1. The magnitude squared of the pulse envelope and the
equations are written in the retard¢dcal) frame with 7 atomic populations as a function effor different values of, with
=t—2z/c and/=z. The spontaneous decay rate of sfae ;=0 (solid curve$, {={ma/2="50 (dotted curvel and {= {pmax

is v,, and interference occurs through the tepWy;y, =100 (broken curveks For clarity the; =50 results have been omit-
wherep= 10 t2oo/ (| s21d | Loz ) denotes the alignment of the ted in the population plots. The initial pulse was taken tof b&

two spontaneous emission dipole matrix elements. If thes@ 07) =sir’(m1/7;), with 7, being the pulse duration. The param-
matrix elements are paralléantiparalle) then p=1(p= eters used, in corresponding units pf, were 7,=200, wy;= 59,

—1) and the system exhibits maximum quantum interfer-2"d0:1= —10. For the left-hand plot®, = 1/5 and{),=2/5 while
ence, while ifp=0 no interference occurs. Finally,,,, de- for the r'ght'hand_ploml_ZS anEIQZ=16. Here and in the_ sub-
notes the dephasing rates, e.g., due to collisions. In the repauent figures, =4, ay=1, a,=4. In addition, note that in the

. . - lots h d in the following fi > oo,
of this work we will consider the case of nondegenerate up- ' PO nere andin e folowing figUres.= pz

per states ¢,;#0) andp=1. [22] Q
The propagation of the laser pulse in the medium is gov- M: 2 (9)
erned by Maxwell's wave equation, which in the slowly poA £, 7) 0

varying envelope approximation reduces to L . . . .
ying pe app Substituting this result into Eq.7) and using the relation

2 2 1

of(r) _ a1la,=01/Q5, we find that
Ql&—gz ai1poi({,7) FivajazpeAf,7),  (7) ;
Wherean=27TN,uSnw/C is the absorption coefficient of the ¢
medium having ato_mic der}sity/’. Equations(2)—(7) must _ Therefore|f(¢,7)|2=|f(0,7)|? for all £ and hence, if the
be solved self-consistently in order to study the propagationomic medium evolves adiabatically in the laser field, the
of the laser pulse. _ _ pulse propagates without absorption or dispersion. At this

Due to the complexity of Eqst2)—(7) general analytic  qint we note that both the population trapping condition and
solutions are not possible. However, several limits give valuine dark state given by E¢B) are the same as those obtained
able insight in the behavior of the system. Initially we as-j, the case of a four-level system with spontaneous emission
sume that the dephasing rates are unimportant, angt . set interference6,10,1.
=0. Then, as has been discussed by several aujthtrsl9, The existence of transparency when the trapping condi-
the analysis of Eq42)—(6) shows that population trapping is tjons are satisfied is demonstrated in Fig. 1 where the mag-
possible in the system if;=—yjw51/(y1+72). In this  pityde squared of the pulse envelope at different positions in
case the system can be characterized by an effective “darkihe medium as a function afis shown. Also shown are the

state corresponding populations of the field-free atomic states.
The results were obtained by solving numerically E@$-—
g & 7)) =N(Z, 7) V7172w21|0> (7) for an adiabatically applied laser pulse for parameters
ar 1 ’

that fulfill the trapping conditions. The results on the left-
hand side of Fig. 1 show the propagation of a weak laser
pulse, whereas on the right a strong laser pulse is considered.
In both cases the propagation of the pulse is both loss- and
dispersion-free, as predicted.

whereN(¢Z,7) is the normalization factor. Therefore, under  Approximate analytic solutions can also be derived for the
adiabatic excitation of the systefand if the trapping condi- case when the laser-atom interaction is weak. The problem
tion is satisfiegl we obtain can now be analyzed using a perturbative solution of Egs.

Y1t y2

+QZf*(§17)|1>_Qlf*(§17-)|2> ’ (8)
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(2—(7). For weak fields, poo(¢,7)=1 and pq:(<,7) 1.0F 1.0
=p,A,7)~0. Keeping terms to first order if({,7), EQs.
(4) and(5) reduce to % o
S 0.5} 0.5 G
J 71 VY172 . = =
(a_T_|A1+7)Por"TPoz:'Qlf({,T), (1D
0.0 0.0
1.000 < ~ 71.0
VY172 J Y2 . o N /
—5  Pot| oo HArt o pe=iQLf (4 7). (12 o998} . / {os &
1 1 L O-O
These equations are solved using a series expah&@in o 0-0030 = 08
Keeping terms in the solution up @f/Jd7 we obtain, under % 0.0015k / \\ dos
the population trapping condition, = N \ =
< 5.0000 LS ' 0o &
(714 7)Q 50 100 0 50 100
pos(£7)~ Mf((ﬂ') Time T Time T
Y172021 FIG. 2. Same as Fig. 1, howeveg= 100, =20, andd; =
. —4. For the left-hand plotg =400 while on the right{
C(nt 72) Q2= 21 (y1+ v2)°Qoy2021 9F(L,7) —-200. PIOSmax Imax
291%73%05 or
(13) Finally, we consider the influence of decoherence effects
on transparency. Both for the weak and strong field cases,
only numerical solutions of Eq$2)—(7) will be presented. In
(y1+72) > - : - : :
pol {,7)~— ——2F({,7) Fig. 4 we show the propagation of a pulse in a medium with
YV2W21 the same parameters as in Fig. 1, but for an inhomoge-
4 . 2 neously broadened system. In this case, both in the weak and
+(71+ ¥2) Qo+ 2i(y1+ v2) Qoy1wr1 (L, 7) ~ the strong field regimes, complete transparency does not oc-
2y1v50% ar cur. Due to the partial destruction of quantum coherence,
(14) absorption of the pulse by the medium can be seen. As the

Substituting Eqs(13) and(14) into Eq. (7) results in

V 19
_+__

al v It f(¢,n=0,

(19

wherev = (y2y,w5)/[ a1(y1+ 7,)°] is the group velocity of

the laser pulse in the retarded frame. This means that as a
first correction, nonadiabatic effects lead only to a reduction
in the group velocity. In this case too, the result obtained
here is the same as that obtained in the study of a four level

system with spontaneous emission interferefit®]. Nu-

laser pulse intensity increases, and hence the Rabi frequen-
cies become much larger than the dephasing rates, the pulse
becomes more resilient to absorption. Similar results can be
seen in Fig. 5 when the evolution of the system is strongly
non-adiabatic.

In summary, we have investigated the effects of quantum
coherence in a closeW-type medium, where two excited

merical verification of this perturbative result is shown on
the left-hand plots of Fig. 2. Stronger nonadiabatic effects
will lead to both absorption and dispersion of the laser pulse.
This is shown in Fig. 3. However, in this case the pulse will
still propagate for many absorption lengths in the medium.
We also note that as the pulse penetrates the medium the
interaction of the pulse with the medium becomes more adia-
batic and the rate of absorption of the pulse by the medium
decreases.

To investigate the strong field and nonadiabatic regime,
we resort again to numerical solutions of the Maxwell-Bloch
equations. The results of the calculations are shown on the
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right-hand plot of Fig. 2. In this case, the front edge of the F|iG. 3. The evolution of the system for a pulse duratign
pulse is absorbed, however, afterwards adiabaticity is re=s50. The magnitude squared of the pulse envelope is shown for
gained and the pulse then propagates in the medium withoyt=0 to ¢,.,=300 in steps of{ /4. The populations are given in
absorption. This behavior is similar to what occurs duringsteps of a{mn./2. The parameters used ar@,=1/5, Q,

the propagation of matched puldes].
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FIG. 4. The same as in Fig. 1, howeveg,= ygo= vy1o= 1/2.
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FIG. 5. The same as in Fig. 2, howevep; = y¢,= y1,=1/2 and
Lmax=50.

states decay to the same ground state and the system dgchy/.type systems could be performed in several systems
driven by a short laser pulse. We have shown that undey) Examples include atomic media in de-electric il

specific conditions, namely, the conditions that lead to a dar

olecular systemp7] and semiconductor quantum well sys-

state in the system, the medium can become transparent mes[S].

the laser pulse when the evolution of the system is adiabatic.

Nonadiabatic effects and decoherence effects have also beenThis work was supported by the United Kingdom Engi-
discussed. Experimental investigations of transparency ineering and Physical Sciences Research CoUBEERQ.
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