PHYSICAL REVIEW A

Optimal control of piezophotonic and magnetophotonic switching in a dense medium
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We apply optimal control techniques to maximize the absorptionless index of refraction, the density-

dependent piezophotonic switching between absorption and amplification, and the ground-state energy-level-

spacing-dependent magnetophotonic switching of susceptibility in a dense medium of coherently prepared

three-level systems.
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interesting optical phenomena, such as electromagnetically-
induced transparencyEIT) [1], lasing without inversion
(LW1) [2,3], and large index of refraction without absorption
[4]. In a dense medium, the near dipole-dip@bD) inter-
actions become significant and have to be taken into account
properly[5—7]. It was shown that the NDD interactions can
enhance the inversionless gain and absorptionless index of
refraction, and lead to a density-dependent switching be-
tween absorption and amplificati¢B]. However, it is very
difficult to optimize in a straightforward manner due to the
large dimensionality of the parameter space. The optimal
control technique(OCT), however, has been employed to
manipulate atomic coherence and interference to achieve
various goals, e.g., designing optical pulse shapes to control
EIT [9], LWI [10], and atomic population transfgt1]. Here

we apply it to design material parameters to enhance the
absorptionless index of refraction and optical switching ef-
fects.

We investigate a medium composed of an atomic beam of
three-level atoms. An energy-level scheme of the atoms is
shown in the inset of Fig. 1. The lower two levels, which
may correspond to a magnetic degeneracy, are closely
spaced and initially prepared in a coherent superposition
state. The atomic preparation can be accomplished by a co-
herent pulse, e.g., a microwave field just before these atoms
are injected into an interaction region of voluriveat an
injection rater. A probe fieldE couples the upper level to
the coherent superposition of the two lower levels. Using the
rotating-wave approximation, the equations of motion for the
density-matrix elements afé]
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FIG. 1. Re (solid line) and Imy (dashed ling as functions of
detuningA. Positive and negative Igncorrespond to absorption and
amplification, respectively. Upper and middle panels are obtained
using the initial trial parameteset 0 of Table ) with y,=0.05y,

and vy, respectively. The lower panel is obtained using optimal
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parameters that minimiz&, (set 1 of Table ) with y,= v, . Inset:
A schematic energy-level diagram of the three-level system.
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o _ . 0 ; ; TABLE I. Set 0 is the initial trial parameters that lead to set 1.
=P n— mptlwy ww— (il ! E* p
Poro™ 1 Porp (700 b'p) oo (/7)1 pabEL Set 1 is the optimal parameters outside the bistable region for large
— mppraEL), (1f) index of refraction without absorption, i.e., the parameters that
minimize J; . We have assumegf),,, = p2,=(1—p2,)/2.

Wherepﬂ- are the elements of the initial density matrix of an
injected atom, wittp 3.+ p 0y + pp., =1. Herex' andu are  Set | paa ¢ @prh c

the dipole mg;rix element(s;ssumed realof |a>—>|b’_) and 1072 0.01 3/2 1 1
|a>—>|b>_ transitions, re;pchvel/)Aij =wj— v, Whergv is the 1 1074 0.2072 51503 1.0942 16.616
probe-field frequencyi(j=a,b’,b). We also definey; as
the decay rates out of the various levels and= (y;+ v;)/2

as th‘? dephasing rate of the corresponding transitions. Th[‘raons. Unfortunately, for these parameters, we see from the
detuning from the center of the lower two energy |evels iSpiqqie panel of Fig. 1 that the system now shows broadband
defined as\=Agp + wp/2=Aap— wprp/2 (s€€ the inset of |5qqe with reduced refractive index. We now employ the
Fig. 1. OCT to maximize Rg while simultaneously minimizing

In Eq.(1), E, is_ th(_a local microscopic field that is related Imy at a desired probe detunirg which can be achieved by
to the macroscopic fiel& through the Lorentz-Lorenz rela- minimizing the following objective functions:

tion, E, =E+P/3ey. Here P=—(upap+u'pap’)/V is the
volume polarization of an isotropic, homogeneous, dense
medium.

The density-dependent parame@yr which is a measure
of the strength of the NDD interaction and nonlineaf&yin
the system, is defined as

Jl=/31|mx(l,A,wb/b,Cpﬂ%BzRex(l,A,wb/b,Cpﬂx( )
5

where B; and 3, are non-negative weight constants. Setting
B1<¥B, is equivalent to desiring a maximum index of refrac-
N w2 tion regardless of the value of absorption, while setting
2 B>, is equivalent to desiring a minimum absorption re-
gardless of the value of index. Note that the control

where N=(r/y,)IV is the effective atomic density in the parameters must satisfy the constraint€p}=0,

" 2s0fivy’

interaction volumeyv. i=a,b,b’, |ppu|=\pouorrp s and =1y, wherel y, is
The macroscopic susceptibility that accounts for NDD in-the minimum intensity feasible in the laboratory. It is there-
teraction is given by8] fore convenient to introduce real quantiti€s p;, and ¢

defined ad =1 i, + Q% Cp2=p?, andCpy,,, = pppp € ¢ SO
(3)  that the constraints ohandp{) are automatically satisfied.

We then optimize the new parametéis wy,, p;, ¢ using
where xo=P/(€oEL) = — (wpapt &' pan )/ (VeoEL) is the the steepest descent algorithm. Since lebedsidb’ are very

susceptibility with respect to the local field and can be ob-cl0Se, it s a good approximation to assume tb%ﬂ# Pg'b'
tained numerically by solving the linear equatiddsfor p; ~ @nd u=p'. However, our optimal control algorithm is not
with pij =0 (steady state We find thaty, depends on the limited by th_|s. In all numerical calculations, we choc(sg-
parameters, =|uE, /h|%, A, wyp, andCpl. The local- less otherwise statgdl=—0.5, 5,=0, B=1, I ;yp=10"",
field intensityl, is not an observable, but is related to the@nd ¥a=¥,= yp'=1 as the unit of frequency.

_ P X
X= eE  1—xl3’

macroscopic-field intensity=|xE/%|? (an observableby ~ We find that the optimal parameters that minimikelie
the nonlinear equatiof8] in the bistable region. To avoid the bistability, we terminate
the program just before the parameters enter the bistable re-
|L|l—%Xe(|L,A,wb/b,Cpﬂ)|2=|. (4) gion. Thus, we obtain the optimal parameters outside the

bistable region, which are given in Tabléset ). Parameter

The susceptibilityy can be obtained numerically as follows: set 0 is the initial trial parameters used by the steepest-
for a given set of control parametdrsA, wprp, Cpioj, find  descent algorithm. The lower panel of Fig. 1 shows that the
the root of Eq.(4) for |, calculatey,, and then substitute it absorptionless index of refraction is recovefatiA=—0.5)
into Eg. (3) to obtain y. In this way, we can obtain whose magnitude is enhanced by 50 tinfesmpared with
x(1,A, wprp ,Cpioj) numerically as a function of controllable upper panelwith a comparable enhancement in peak gain.
parameters. The nonlinear equati@) may have multiple We now apply the OCT to optimize the piezophotonic
roots, which leads to multistability. switching effect, whereby the system switches from amplifi-

To demonstrate the power and usefulness of the OCT, weation to absorption for a small change in density-dependent
examine the particular case of large, near-resonant, absorparametelC, which was first predicted by Manket al. [8].
tionless index of refraction that was first predicted by Scullyln that work, the choice is made thgt=0.05y,, which is
[4] for this system. However, in previous work4,8], the  much smaller thany,. We have confirmed that i, is in-
upper-level decay ratg, is chosen to be 0.0f, which is  creased by a small amount, e.¢,=0.0504y,,, with other
significantly smaller than the lower-level decay rgtg This  parameters unchanged, thenxlris positive for allC and
yields a maximum of the refractive index at a point of zerothus the piezophotonic switching effect vanishes.
loss (upper panel of Fig. )1 However, we believe that it is In this paper, we choose,= vy,,, which is more realistic,
more realistic fory, to have the same order of magnitude asand we will use the OCT to recover and enhance the piezo-
vp- We therefore sety,= v, in all our numerical calcula- photonic switching effect. In addition, we set the lower
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TABLE Il. Set 0 contains the initial trial parameters that lead to states, respectively. The solid line has a much larger slope
sets 1 and 2. Set 1 contains the optimal parameters for piezophotgcross zero compared with the dotted line, which corre-
nic switching, i.e., the parameters that minimizewith A=1.05.  sponds to the initial trial parametéset 0 of Table Il used by
Set 2 contains the optimal parameters for threshold magnetophot¢he steepest-descent algorithm. Therefore the piezophotonic
nic switching, i.e., the parameters that minimizgwith A=1.04.  syjitching effect is significantly enhanced after optimization.
Set 3 contains the optimal parameters for usual magnetophotonigpe slope of the solid line across zero is also enhanced by a
switching, i.e., the parameters that minimizgwith A=1.02. The factor of 1.45 compared with that of RdB]. This is quite
initial trial parameters that lead to set 3 are the same as Setoexcel‘gspectable considering that we have used a much larger
1=10"3, wy,=0.89. We have assumed),,, = pp,=(1—p3,)/2. upper-level decay rate and field strength.

In the bistable region 20.42C<22.66 there are three dis-

Set ! Paa ¢ @b'b c tinct steady states, but only one of them is stable and is
0 1072 0.16 3/ 1 18.5 indicated by a solid line. The figure also shows that
1 1074 0.1599 4.794 0.9784 19.471 C=22.66 is the instability threshold beyond which there is
2 1074 01693 4.8422 09332 19599 no stable steady state. This condition is somewhat similar to
3 12366103 0.1666 4.7456 0.8694 19.066 recent work on the dynamics of a single-mode inhomoge-

neously broadened lasgt2], which showed that the NDD
interactions lead to instabilities and chaos at much lower
bound of the probe field tb,,;,=10"*% which is larger than pumping levels. To fully understand the behavior of the sys-
the probe-field intensity 2.20510 ° chosen in Ref[8]. For ~ tem for C>22.66, the dynamic density-matrix equatith)
field strengths of this magnitude, it is more difficult to en- must be solved, which is beyond the scope of this paper.
hance the piezophotonic switching effect, since a large field In Table I(set ) and Table li(set 1), optimal values of
intensity will wash out the coherence of the lower two levelsare equal td ;=10 This means that in order to maxi-
and reduce the enhancement. To enhance the piezophotoriidze absorptionless index of refraction and piezophotonic
switching effect, we construct the following objective func- switching effects, one should use the smallest achievable
tional: field intensity. We have repeated the optimization leading to
Fig. 2 with largerl i, and found that the slope of lyracross
Jo=Imx(1,A, @y, Cp)IMx(1,A, 055, ACpf}).  (6)  zero decreases. This confirms the intuition that strong fields
wash out the coherence of the lower two levels and reduce
We want to switch Iny from being large positive to large the enhancement.
negative(or the reversewhenC is changed by a factor of Instead of varyingC, one can obtain optical switching by
(we choosex=1.05 in our numerical calculationThis can  varying wy,, as well; that is, the system switches from large
be achieved by minimizing,.
The optimal set of parameters is shown in Tablés#t 1. 40

We plot Imy(A) as a function ofC using these optimal pa- 20
rameters in Fig. ZAsolid and dashed line The solid and
dashed lines correspond to the stable and unstable steady E 0
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_40 ! n . ! ! FIG. 3. Upper panel: Inf(A=—0.5) as a function ofo,, show-
14 16 18 20 22 24 26 ing threshold magnetophotonic switching. Positive and negative

Imy correspond to absorption and amplification, respectively. Solid
and dashed lines are obtained with the optimal parameters that
FIG. 2. Imy(A=-0.5 as a function ofC showing the piezo- minimize J; (set 2 of Table II. Here solid and dashed lines denote
photonic switching effect. Positive and negativeydeorrespond to  stable and unstable steady states, respectively. The dotted line is

absorption and amplification, respectively. Solid and dashed linesbtained using initial trial parametefset 0 of Table Il. Lower
are the results of optimal parameters that minimize(set 1 of  panel: Rg(A=—0.5) (solid line) and Imy(A=—0.5) (dashed ling
Table 1). Solid and dashed lines denote stable and unstable steads functions ofw,, for the optimal parameters outside the bistable
states, respectively. The dotted line is the result of initial trial pa-region that minimizel, (set 3 of Table IJ. The figure shows the
rametergset 0 of Table I). usual magnetophotonic switching in the presence of gain.
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absorption to large gaifor the reversefor a small change in  the bistable region, which result in Rgumping discontinu-

the level spacingv,,/,. Sincewy, may be controlled by a ously from positive to negative for an infinitesimal change of
dc magnetic field, we will call this magnetophotonic switch- wy . A phase-sensitive magnetometer, however, is based on
ing, which can be exploited to build a threshold magnetomecontinuous and rapid change of Revith a magnetic field

ter. To achieve this, we minimize the following objective instead of a discontinuous jump. We therefore limit the pro-
functional: gram to parameters outside the bistable region. We then ob-

tain the optimal parameters that are just outside the bistable
Jz=Imy(l .A,wb'b,CPﬁNmX(' ,A,)\wb,b,cp?j), (7) region(Table Il set 3. We have used the initial trial param-
eters shown in set 0 except 10 ° and w;,,=0.89. We
We choose\=1.04. Again we use set 0 of Table Il as the display Re/(w,,) (solid line) and Imy(wy,1,) (dashed lingfor
initial trial parameters. The optimal parameters are shown inhe optimal parameters in the lower panel of Fig. 3. It is
Table Il (set 2. The upper panel of Fig. 3 displays inas a  remarkable that optimal Rechanges continuously from
function of wy, using the optimal parametefsolid and  positive to negative with almost infinite slope across zero
dashed lines Here, as before, the dashed line indicates theand with gain(Imy<0). This is ideal for a magnetometer.
unstable state. The solid line has a much larger slope across In conclusion, we have applied the OCT to design mate-
zero compared with the dotted line, which corresponds to theéial parameters to maximize the absorptionless index of re-
initial trial parameter(set Q. This means that the magneto- fraction and the piezophotonic switching. We are able to
photonic switching effect is significantly enhanced after op-enhance these effects for a more realistic upper-level decay
timization. Note thatw=0.9754 is the instability threshold rate, which is of the same order of magnitude as the lower-
beyond which there is no stable steady state. level decay rate. We have also reported here the magneto-
Usually, a magnetometer’s sensitivity is based on a larg@hotonic switching effect due to the NDD interactions, as
slope of refractive indeXRey) that crosses through zero. well as the enhancement using the OCT. To that end, we
This slope is essential to the phase measurements in @btain Re that changes continuously across zero with al-
interferometer-type devicgl3]. To enhance this slope, we most infinite slope and with gain.

minimize the following objective functional: i :
g bl We (N.W. and H.R) acknowledge financial support from

J,= ReX(l,A.wab,Cp%)ReX(l,A,)\wbrb,cpioj), (8) the U.S. Army Research Office and one of (#sS.M.) ac-
knowledges the National Research Council for financial sup-
with A=1.02. We found that the optimal parameters are inport.
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