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Coherent control of refractive indices
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The application of coherent control to modify the real and imaginary parts of the refractive indexn of a
material is described. Parameters to control the refractive index, and to minimize absorption, are identified. An
application to gaseous N2 shows that extensive control overn is possible.

PACS number~s!: 42.50.Gy
in
ea
f

re
s

ex

n
se

iv
w

ith
in

im
n
c

x
e
as
i
t

be-

he

-
that

as

be-

g
nt
ht
t
.

e
e

ie
There is considerable ongoing interest in manipulat
quantum interference effects in order to alter the nonlin
optical properties of materials@1#. Here we show that one o
the earliest coherent control scenarios@2,3# affords a versa-
tile means of significantly increasing or decreasing the
fractive index of molecules both off resonance and near re
nance. Previous work on modifying the refractive ind
through coherence effects includes Refs.@4–6#. Harris and
co-workers@4# focuses on broadband generation with co
comitant reduction of the index of refraction in the ca
where electromagnetically induced transparency~EIT! is
used to establish maximal two-level coherence~i.e., uc1u2

5uc2u250.5 below!. Hau, Harris, and co-workers@5# invoke
EIT in a Bose-Einstein condensate to modify the refract
index of sodium atoms by many orders of magnitude, slo
ing down the speed of light in this medium to'17 m/sec.
Scully @6# focuses on increasing the refractive index, w
low absorption, near resonances. By contrast, this work
troduces new control parameters in the weak-field reg
that allow for direct and extensive control over the real a
imaginary parts of the refractive index both off resonan
and near resonance.

We consider a system that has been prepared~e.g., by
two-photon excitation! in a superposition state

uc~ t !&5c1uf1&exp~2 iE1t/\!1c2uf2&exp~2 iE2t/\!
~1!

of Hamiltonian eigenstatesuf i& of energyEi and that is then
subjected to two cw fields of the form (k51,2)

«W k5@Fk exp~ ivkt !1Fk* exp~2 ivkt !#«̂k . ~2!

where«̂k is the unit vector along«W k . We choose (v22v1)
5(E22E1)/\[V21, so that excitation ofuf1& by v1 and of
uf2& by v2 lead to the same energyE5E11\v15E2
1\v2 @2#. Our interest is in modifying the refractive inde
of the material at frequenciesv1 or v2. We examine the cas
of isolated molecules, or molecules in a very dilute g
where collisional relaxation and dephasing effects can be
nored. Further, the system and states are chosen so tha

*Permanent address: Chemical Physics Department, The W
mann Institute of Science, Rehovot, Israel.
1050-2947/2000/61~4!/041801~4!/$15.00 61 0418
g
r

-
o-

-

e
-

-
e
d
e

,
g-
the

radiative decay ofuf1& and uf2& is negligibly small on the
time scale associated with observing the effect described
low.

An application of first-order perturbation theory gives t
average value of the resultant system dipole moment as

^mW &5(
m

cm
(1)~ t !~c1* mW 1me2 iVm1t1c2* mW 2me2 iVm2t!1c.c.,

~3!

wheremW 1m5^f1umW ufm& is the transition-dipole matrix ele
ment, and c.c. denotes the complex conjugate of the sum
precedes it and where the sum is over allufm&. Here

cm
(1)~ t !

5
1

\
c1(

k51

2

mm1
«k S Fk*

ei (Vm12vk)t

Vm12vk2 ig
1Fk

ei (Vm11vk)t

Vm11vk2 ig D
1

1

\
c2(

k51

2

mm2
«k S Fk*

ei (Vm22vk)t

Vm22vk2 ig

1Fk

ei (Vm21vk)t

Vm21vk2 ig D , ~4!

where g is the average linewidth of bound levels that h
been introduced phenomenologically,Vmn5(Em2En)/\,
mW jm5^f j umW ufm& andm jm

«k 5^f j umW • «̂kufm&. Here we assume
that ~a! the cw fields are turned on att→2`, at which time
the system is in its initial superposition state@Eq. ~1!#; ~b! the
medium has no permanent dipole moment; and~c!

^f1umW uf2&50 due to parity requirements discussed later
low. Inserting Eq.~4! in Eq. ~3! gives 32 term contributions
to ^m&: half are proportional touc1u2 or uc2u2 and hence
involve the independent effects ofv1 andv2 and half, pro-
portional to cicj* ( iÞ j ), are interference terms originatin
from the fact that we are dealing with an initial cohere
superposition ofuf i&. Of these 16 interference terms, eig
do not oscillate with frequencyv1 or v2 and hence do no
contribute to the susceptibilityx(v) at these frequencies
Noting that mW (v)5(e0 /r)x(v)FW (v)exp(ivt), wheree0 is
the permittivity of the vacuum,FW (v) is the electric field at
frequencyv, andr is the density of material, and using th
expression formW (v) obtained as described above, we hav
z-
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e0\x~v1!/r

5(
m

uc1u2mW 1mmW m1S 1

Vm12v12 ig
1

1

Vm11v12 ig D
1uc2u2mW 2mmW m2S 1

Vm22v12 ig
1

1

Vm21v12 ig D
1~c1* c2F2* /F1* !F mW 1mmW m2

Vm12v12 ig
1

mW m2mW 1m

Vm21v12 ig
G ,

~5!

e0\x~v2!/r

5(
m

uc1u2mW 1mmW m1S 1

Vm12v22 ig
1

1

Vm11v22 ig D
1uc2u2mW 2mmW m2S 1

Vm22v22 ig
1

1

Vm21v22 ig D
1~c1c2* F1* /F2* !F mW 2mmW m1

Vm22v22 ig
1

mW m1mW 2m

Vm11v22 ig
G .

~6!

Below we assume that all of the incident light is linear
polarized along thez axis and denote the laboratoryzz com-
ponent ofx asxzz. The desired index of refraction is give

by n(v i)5A11xzz(v i). Control over both the real an
imaginary parts ofn(v) is of interest.

Examination of Eqs.~5! and~6! shows thatx(v) is com-
prised of two terms that are proportional touci u2 and that are
associated with the traditional contribution, plus two fie
dependent terms, proportional todi j 5ci* cjF j* /Fi* , which
results from the coherent excitation ofuf1& and uf2& to the
same total energyE5E11\v15E21\v2. As a conse-
quence, changingdi j alters the interference between excit
tion routes and allows for coherent control over the susc
tibility, and hence control over the refractive inde
Experimentally, this control is achieved by altering the p
rameters in the state preparation in order to affectc1 ,c2
and/or by varying the relative phase@7# and relative magni-
tude ofF1 ,F2.

Three comments are in order. First, withuf1& and uf2&
assumed to belong to the same electronic state, nonzer
pole products such asmW 1mmW m2 require thatuf1& anduf2& be
of the same party. Thus, a superposition state that allows
control must be prepared via a parity-preserving proce
e.g., by two-photon absorption. In this case, using a lase
frequencyvp and of field amplitudeFp«̂p , gives

d125(
n

m2n
«pmn1

«pFp
2* F2*

~Vn12vp!~2 ig!F1*
. ~7!

Here the«p superscript denotes the component of the vec
matrix element along«̂p . Second, Eqs.~5! and ~6! make
clear that control overx(v i) is expected to be substantial
Fi /F j is large. However, under these circumstances con
04180
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over x(v j ) is minimal since the corresponding interferen
term is proportional toF j /Fi . Hence, effective control ove
the refractive index is possible only at one ofv1 or v2.
Third, the assumption of perturbation theory implies th
uc2u2 cannot exceed'0.2, the value used below.

As an example of this general theory we consider mo
fying the refractive index of gaseous N2. Sample control
results forn(v), both off resonance and near resonance,
shown below. The off-resonance computations, carried ou
convergence, included over 120 transition dipole matrix e
ments from rovibrational states of the groundX(g

1 elec-
tronic state to the vibrotational states ofb81(u

1 , c9(u
1 ,

e9(u
1 , b8Pu , c8Pu , and 08Pu electronic states. The nea

resonance computations approximate N2 as a three-level sys
tem. We assume the Condon approximation, use the e
tronic dipole transition matrix elements of Stahelet al. @8#
with radial wave-function overlap calculated via unifor
WKB, and include all vibrotational states needed for conv
gence. Control is shown as a function of the relative la
phaseu52up1u22u1 where up is the phase ofFp* and
u i( i 51,2) is the phase ofFi* .

Figure 1 shows the dependence of the real@panel~a!# and
imaginary @panel ~b!# parts of n(v1)5n8(v1)1 in9(v1),
which are linked by causality, onuF2 /F1u for various differ-
ent values ofu. Results are shown for the nonresona
excitation of a superposition state comprised ofuf1&
5uv150,J150,M150& plus uf2&5uv250,J252,M250&,
whereuc2u250.2, v15331015 Hz, andv252.9977531015

Hz. The quantities (v i ,Ji ,Mi) denote quantum numbers fo
vibration, rotation, and for the projection of the angular m
mentum along thez axis.

Consider first the case ofu52p/2. Heren9(v1)50 ~i.e.,
no absorption of the field! and n8(v1) is seen to grow lin-
early on the log-log plot foruF2 /F1u&10; i.e., once the inter-
ference term in Eq.~6! dominates. Extensive control overn8
is evident; e.g.,n8 has changed by well over 10% b
uF2 /F1u;104. This is in sharp contrast with the tin
refractive-index changes associated, for example, with
optical Kerr effect or self-focusing~e.g., changing the index
of refraction of N2 by as little as 1026 via either of these
effects requires laser intensities of.1012 W/cm2).

Figures 1~a! and 1~b! display a broad range of behavior o
n8 andn9. For example, for the case ofu50 andp the n8
increases foruF2 /F1u.1100. Foru50 this increase is ac
companied by positiven9, and hence by the absorption of th
field. By contrast, the case ofu5p shows negativen9, i.e.,
the field is amplified. Also of interest is the case ofu5p/2,
which shows rapidly decreasingn8 with increasingF2 /F1,
accompanied by zeron9.

Additional computations indicated a strong dependence
control onuci u and on the particular choice ofuf i&. For ex-
ample, results for initial superpositions comprised ofuf1&
5uv150,J150,M150& and uf2&5uv2 ,J2 ,M250& de-
pended weakly on the choice ofJ250 or J252, but were
heavily dependent onv2. In particular, the larger thev2, the
smaller then8 at fixed uF2 /F1u. This behavior is a direct
consequence of the reduced size, for largerv2, of the radial
1-2
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overlap matrix elements which, in turn, lower the value
dipole products such asmW 1mmW m2, and hence reduce the in
terference contribution.

Altering uc1u, either in a controlled fashion or, e.g., due
thermalization of population among various states, leads
change inn. For example, Fig. 2 showsn8 for the case of
u52p/2, but where coefficientsuc1u2 are extracted from
state populations atT5298° K. Two examples are shown
the first is associated with having prepared a superpositio
uv150,J150,M150& with uv251,J250,M250& and the
second for a density matrix comprised of (2J111) of super-
positions of uv150,J156,Mi& with uv251,J256,Mi&, Mi
52J1 to J1, where (v150,J156) is the most populated
state at the givenT. These superpositions~only a part of the
full density matrix! would result from preparation via exc
tation @Eq. ~7!# that is two-photon resonant with the ener
spacing between the indicated levels. The results in Fig
show a significant reduction in control over that shown
Fig. 1. Nonetheless, extensive control is predicted.

Consider now near-resonant excitation of the superp
tion state used in Fig. 1. Excitation withv151.900 884 279
31016 Hz, andv251.900 659 42031016 Hz excites the sys-

FIG. 1. Dependence ofn(v) on F2 /F1 in N2 ~in the superpo-
sition state described in the text! for different values of the relative
laser phaseu. ~a! Real partn8(v) for u52p/2 ~solid!, u50 andp
~dashed!, and u5p/2 ~dot-dashed!; ~b! imaginary partn9(v) for
u52p/2 andp/2 ~solid!, u50 ~dashed! andu5p ~dotted!.
04180
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FIG. 3. Real and imaginary parts of the index of refraction of2

as a function of the detuningD for the initial superposition state
described in the text withF2 /F151000. ~a! u52p/2, ~b! u
5p/211026.

FIG. 2. Dependence ofn8(v) on F2 /F1 for a superposition of
uv150,J150,M150& with uv251,J250,M250& where~solid line!
molecules are in the ground state withuc1u2 determined by therma
populations atT5298° K and~dashed line! for a density matrix
comprised of superpositions ofuv150,J156,M15(26 to 6)& with
uv251,J256,M25(26 to 6)&.
1-3
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tem, on resonance, to theuv50,J51,M50& bound state of
energyEb of the b1Pu electronic state of N2. Consider then
the refractive index as a function of detuningD ~i.e., E
5E11\v15E21\v25Eb2\D). Figure 3~a! shows n8
and n9 as a function of the detuningD for the choice
u52p/2, F2 /F151000. Here large values of the index
refraction are seen to be associated with negligible abs
tion at D.20 GHz, and the group velocity of lightvg
5c/@n81v1dn8/dv1# in this regime@5# can be estimated to
be 150 m/sec. The sensitivity to the control parameter
evident by changingu to p/211026, shown in Fig. 3~b!.
Here n9 is negative, corresponding to amplification of th
beam. One should note then that a rich range of behavio
possible in near-resonance cases as the control variabledi j
em

,

re
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are altered. Numerous examples are provided in Ref.@9#.
In summary, this simple control scenario affords the p

sibility of a broad range of control over the refractive inde
Applications to N2 show that the control range is extensiv
The scenario discussed in this Rapid Communication, wh
a superposition of two levels is excited by two cw lasers
just one of many possible coherent control scenarios
take advantage of quantum interference effects@3#. Other
coherent control scenarios, as well as the possibility of las
in the region of negativen9, are currently under investiga
tion.
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