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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 nnoea
material is described. Parameters to control the refractive index, and to minimize absorption, are identified. An
application to gaseous,Nshows that extensive control overis possible.

PACS numbdis): 42.50.Gy

There is considerable ongoing interest in manipulating-adiative decay of¢,) and|#,) is negligibly small on the
guantum interference effects in order to alter the nonlineatime scale associated with observing the effect described be-
optical properties of materiald]. Here we show that one of low.
the earliest coherent control scenarj@s3] affords a versa- An application of first-order perturbation theory gives the
tile means of significantly increasing or decreasing the reaverage value of the resultant system dipole moment as
fractive index of molecules both off resonance and near reso-
nance. Previous work on modifying the refractive index . .
through coherence effects includes Ré¢#-6]. Harris and ()=, cH(t)(c* figme™ i+ c3 fome” Pm) +c.c.,
co-workers[4] focuses on broadband generation with con- m 3
comitant reduction of the index of refraction in the case ®)
where electromagnetically induced transparedByT) is . .
used to establish maximal two-level cohererite., [c,|>  Where u;n=($1|u|¢m) is the transition-dipole matrix ele-
=|c,|?=0.5 below. Hau, Harris, and co-workef§] invoke =~ ment, and c.c. denotes the complex conjugate of the sum that
EIT in a Bose-Einstein condensate to modify the refractiveprecedes it and where the sum is over|ail,). Here
index of sodium atoms by many orders of magnitude, slow-
ing down the speed of light in this medium te17 m/sec. c{1(t)

Scully [6] focuses on increasing the refractive index, with

low absorption, near resonances. By contrast, this work in- 1 2 - e (Qm1— ot e (2mit ot
troduces new control parameters in the weak-field regime — gclgl Pm| Fi le—wk—i'y+Fka1+wk—iy
that allow for direct and extensive control over the real and
imaginary parts of the refractive index both off resonance 1 2 el (Qm2— et
and near resonance. + gczz M;k2< e —
We consider a system that has been prepdeeg., by k=1 m2— k1Y
two-photon excitationin a superposition state el (Qma T ot
+F ], 4
ka2+wk_|7) @

| (1)) =cq|pr)exp(—iE t/h)+Cy| dpoyexp —iE,t/h)

@) where y is the average linewidth of bound levels that has

been introduced phenomenologicall®},,=(E,—E.)/%,
of Hamlltonlan e|gen§taté$bi> of energyE; and that is then ﬁjm:<¢j|ﬁ| bm) a”de,'%:((ﬁjUz' x| dm). Here we assume
subjected to two cw fields of the formk1,2) that(a) the cw fields are turned on &t — o, at which time
the system is in its initial superposition stdkeg. (1)]; (b) the
g =[Frexpliogt)+F¥ exp —iwgt)]&. 2) medium has no permanent dipole moment; afa)
(¢1|,J,| ¢,)=0 due to parity requirements discussed later be-
low. Inserting Eq.(4) in Eq. (3) gives 32 term contributions
Fic - to (u): half are proportional tdc,|? or |c,|? and hence
=(E;—~Ey)/fi=Qy, so that excitation of¢;) by @y and of  jnyoive the independent effects ef, and w, and half, pro-
|$2) by w, lead to the same energ¥=E;+/w1=E;  orional tocc*(i#]), are interference terms originating
+hw, [2]. Our interest is in modifying the refractive index ¢, the fact t]hat we are dealing with an initial coherent

of the material at frequencies, or w,. We examine the case g,,ermosition of ;). Of these 16 interference terms, eight

of isolated molecules, or molecules in a very dilute 98S45 not oscillate with frequencyw, or w, and hence do not

where collisional relaxation and dephasing effects can be 'g‘]%ontribute to the susceptibility(w) at these frequencies.

whereg, is the unit vector ann@k. We choose ¢,— w)

nored. Further, the system and states are chosen so that the . - > .
b ys oting that & () = (eo/p) x()F(w)explaot), where eg is

the permittivity of the vacuumi(w) is the electric field at

*Permanent address: Chemical Physics Department, The Wiefl€quencyw, anP is the density of material, and using the
mann Institute of Science, Rehovot, Israel. expression fou(w) obtained as described above, we have
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eohix(wq)lp over x(w;) is minimal since the corresponding interference
term is proportional td=; /F; . Hence, effective control over

22 |Cl|2ﬁ1mﬁm1( 1 4 1 _ ) thg refractive index. is possible only at one @11 or ;.

m Qm-—o1—iy Qpto—iy Third, the assumption of perturbation theory implies that
|c,|? cannot exceed=0.2, the value used below.

! 4 ! _ ) As an example of this general theory we consider modi-

m— 01—y Qmte;—iy fying the refractive index of gaseous,NSample control
results forn(w), both off resonance and near resonance, are
shown below. The off-resonance computations, carried out to
convergence, included over 120 transition dipole matrix ele-

(5)  ments from rovibrational states of the grouX®, elec-

tronic state to the vibrotational states bf'S}, ¢"S 7,

+ |C2|2l22ml2m2( Q

MimMm2 Mm2Mim

+(c} SIFT - -
(cic2F2/F3) Om—o1=iy Qmto—iy

€ofix(w2)/p e">r, b'Il,, ¢TI, and OTI, electronic states. The near-
1 1 resonance computations approximatgaé a three-level sys-
— 2~ - H i
= c — + - -
% |c4 ﬂlmMml(le_wZ_w le+w2_w) tem. We assume the Condon approximation, use the elec

tronic dipole transition matrix elements of Staletlal. [8]
1 1 ) with radial wave-function overlap calculated via uniform

WKB, and include all vibrotational states needed for conver-
gence. Control is shown as a function of the relative laser
phasef=26,+ 6,— 6, where 6, is the phase oFg and
6;(i=1,2) is the phase df} .
Figure 1 shows the dependence of the fpahel(a)] and
6) imaginary [panel (b)] parts of n(w;)=n"(w;)+in"(wy),
Below we assume that all of the incident light is linearly Which are linked by causality, olff,/F | for various differ-
polarized along the axis and denote the laboratazy com-  ent values off. Results are shown for the nonresonant
ponent ofy asy,,. The desired index of refraction is given excitation of a superposition state comprised |af,)
by n(w;)=V1+x,{w;). Control over both the real and :|Ul:0"]21f0’M1:9> plus5|¢2>:|02:(i~]2:27'\/'2:0>é
imaginary parts oh(w) is of interest. where|c,|?=0.2, w,=3X 10" Hz, andw,=2.99775 10"

Examination of Eqgs(5) and(6) shows thaiy(w) is com-  Hz. The quantitiesy; ,J; ,M;) denote quantum numbers for
prised of two terms that are proportionallttﬂz and that are  Vibration, rotation, and for the projection of the angular mo-
associated with the traditional contribution, plus two field-mentum along the axis.
dependent terms, proportional th);=cy c;F}/F, which Consider first the case ¢f= — w/2. Heren"(w,) =0 (i.e.,
results from the coherent excitation |af,) and|¢,) to the  no absorption of the fieldandn’(w,) is seen to grow lin-
same total energyf=E;+%w;=E,+#%w, As a conse- early on the log-log plot fofF,/F4|)10; i.e., once the inter-
quence, changing;; alters the interference between excita- ference term in E(6) dominates. Extensive control ovef
tion routes and allows for coherent control over the suscepis evident; e.g.,n’ has changed by well over 10% by
tibility, and hence control over the refractive index. |Fo/F;|~10% This is in sharp contrast with the tiny
Experimentally, this control is achieved by altering the pa-refractive-index changes associated, for example, with the
rameters in the state preparation in order to affecic,  optical Kerr effect or self-focusinge.g., changing the index
and/or by varying the relative phafg] and relative magni- of refraction of N by as little as 108 via either of these
tude ofF,,F,. effects requires laser intensities Bf10'% W/cn?).

Three comments are in order. First, withh,) and|¢,) Figures 1a) and Xb) display a broad range of behavior of
assumed to belong to the same electronic state, nonzero di- andn”. For example, for the case #=0 andw then’
pole products such gs;um, require thaf ¢,) and|4,) be  increases fofF,/F4|>1100. Forg=0 this increase is ac-
of the same party. Thus, a superposition state that allows fgfompanied by positiva”, and hence by the absorption of the
control must be prepared via a parity-preserving procesdi€ld- By contrast, the case &= = shows negative”, i.e.,
e.g., by two-photon absorption. In this case, using a laser Othe field is amplified. Also of interest is the casedst /2,

frequencyw, and of field amplitudeF &, gives which shows rapidly decreasing with increasingF,/F,,
p PP accompanied by zero”.

+|Col2 tomu — 4 .
| 2| MZmMmZ(sz_wz_ly Qm2+w2_|'y

M2mMmi MmiM2m
Q= w—iy  Qpte,—iy]

+(cic5 F1/F3)

°p PP 2X X Additional computations indicated a strong dependence of
dpp=> anfnl P 72 (7)  control on|c;| and on the particular choice ¢#;). For ex-
N (Qp—wp)(—iy)FT ample, results for initial superpositions comprised| &f)

. =|v1=0J,=0M;=0) and [¢;)=|v;,J5,M,=0) de-
Here thee superscnpAt denotes the component of the vectohended weakly on the choice d5=0 or J,=2, but were
matrix element along:,. Second, Eqgs(5) and (6) make heavily dependent on,. In particular, the larger the,, the
clear that control oveg(w;) is expected to be substantial if smaller then’ at fixed |F,/F4|. This behavior is a direct
Fi/F; is large. However, under these circumstances contratonsequence of the reduced size, for langgrof the radial
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FIG. 1. Dependence of(w) on F,/F in N, (in the superpo-
sition state described in the texor different values of the relative
laser phasé. (a) Real parin’ (w) for 6= — /2 (solid), #=0 andm
(dasheg, and 6= /2 (dot-dashel (b) imaginary partn”(w) for
6= — /2 and /2 (solid), #=0 (dashedl and = 7r (dotted.

overlap matrix elements which, in turn, lower the value of

dipole products such aﬁlmﬁmz, and hence reduce the in-
terference contribution.

Altering | c4|, either in a controlled fashion or, e.g., due to
thermalization of population among various states, leads to
change inn. For example, Fig. 2 shows’ for the case of
6=— /2, but where coefficient$c,|? are extracted from
state populations af=298° K. Two examples are shown,

the first is associated with having prepared a superposition o

|v;=0J,=0M,;=0) with |v,=1J,=0M,=0) and the
second for a density matrix comprised ofJg2- 1) of super-
positions of |[v;=0J,=6,M;) with |v,=1J,=6M;), M;
=-—J, to J4, where ¢,=0J,=6) is the most populated
state at the givefl. These superpositiorienly a part of the
full density matriy would result from preparation via exci-
tation [Eq. (7)] that is two-photon resonant with the energy

spacing between the indicated levels. The results in Fig. 2 50 40 30 20

show a significant reduction in control over that shown in
Fig. 1. Nonetheless, extensive control is predicted.
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FIG. 2. Dependence of' (w) on F,/F, for a superposition of
|v;=04J,=0M,=0) with |v,=1,J,=0M,=0) where(solid line
molecules are in the ground state wjth|? determined by thermal
populations aff =298° K and(dashed ling for a density matrix
comprised of superpositions pf;=0,J,=6M,=(—6 to 6)) with
lv,=1J,=6M,=(—6 to 6)).
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FIG. 3. Real and imaginary parts of the index of refraction gf N

Consider now near-resonant excitation of the superposias a function of the detuning for the initial superposition state

tion state used in Fig. 1. Excitation with, =1.900 884 279
X 10'® Hz, andw,=1.900 659 426 10'° Hz excites the sys-

described in the text with-,/F;=1000. (a) 6=— /2, (b) @

=7/2+1078.
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tem, on resonance, to thie=0,J=1M =0) bound state of are altered. Numerous examples are provided in F2éf.
energyE, of thebIl, electronic state of N Consider then In summary, this simple control scenario affords the pos-
the refractive index as a function of detunirdg (i.e., E  sibility of a broad range of control over the refractive index.
=E;+hw;=Es+hw,=E,—#AA). Figure 3a) shows n’ Applications to N show that the control range is extensive.
and n” as a function of the detuning for the choice The scenario discussed in this Rapid Communication, where
¢=—ml2, F,/F1=1000. Here large values of the index of a superposition of two levels is excited by two cw lasers, is
refraction are seen to be associated with negligible absorgyst one of many possible coherent control scenarios that
tion at A>20 GHz, and the group velocity of lighty  take advantage of quantum interference effd@ks Other

=c/[n’+w;dn’/dw, ] in this regime[5] can be estimated to ¢oherent control scenarios, as well as the possibility of lasing
be 150 m/sec. The sensitivity to the control parameters ig, ine region of negative”, are currently under investiga-
evident by changing to 7/2+10°8, shown in Fig. 8b). tion.

Here n” is negative, corresponding to amplification of the _ _
beam. One should note then that a rich range of behavior is Support from the U.S. Office of Naval Research is grate-
possible in near-resonance cases as the control varidples fully acknowledged.
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