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Control of population transfer in degenerate systems by nonresonant Stark shifts
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Two simple schemes are presented for the selective population transfer in systems where the target state is
degenerate with a second level. Both states are coupled with the ground state via a one photon resonance. The
schemes use a combination of two laser pulses. The first pulse breaks the degeneracy of the levels by inducing
a Stark shift. The second pulse is chirped across the new levels. The idea is illustrated by numerical simulations
of the time-dependent Schtimger equation for a four-level system. The efficient population transfer is ex-
plained using a dressed state representation. In conclusion, applications for molecules are suggested.
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[. INTRODUCTION system and the possibility of controlling into which of the
two degenerate upper states the population will be trans-
By controlling the time-dependent electric field of a laserferred. Recently, Shaét al. have shown that controllability
pulse (amplitude and phageone can control various pro- in such a system is not possiljie4] if there is no additional
cesses in moleculdd,2]. One of the routes relies on con- level. If the system has at least four levels and
trolling population transfer using an appropriate interference
between quantum pathways. The efficiency of the control is 12 M3
determined by the ability to make this population transfer T
. . . - M24 M34
effective and selective. The simplest example for population
inversion is the two-level system. By amplitude control,

called a7 pulse, a complete population inversion is achiev-mentS between statésand . This svstem is represented in
able[3]. Another scheme relies on chiffhe time derivative ) . J. 1NIS Sy : P d |
Fig. 1. In this paper, two simple schemes based on chirp and

of the phasg where a complete population transfer can be. . o ;

achieved by adiabatic passage, sweeping the frequen d;CFe(f/eslt?_riios?elf\}ZIaé(eofgs\?vri}}el;je. ';:lrln%%?;rlgpe%n kl)nv;rjsjlon

slowly across a resonance. This technique has been used . . . : y !
merical simulation of the four-level time-dependent Sehro

vibrational excitation of heteronuclear molecules5] and dinaer equation and the efficiency of the brocess is explained
electronic excitation{6]. Recently, Rickest al. have pro- ulsir%g thgu drclasse d state relprlese%t afith) 1% The kley ;(dpeal
posed replacing phase modulation by an ac Stark Briit is that the fourth level can break the degeneracy of the levels.

For homonuclear molecules, where one-photon absorptio trona nonresonant fields allow the ener hift to be lar
within the same electronic state is forbidden by symmetry, ong nonresonant nields aflo € energy s 0 be large.

the Raman effect has been used for population transfer be-

tween rovibrational states. The three levelsystem is the [l. DESCRIPTION OF THE SYSTEM AND DRESSED

basic model for such a laser control scheme. Two different STATE REPRESENTATION

approaches have been proposed for population inversion in

A systems, STIRAHS8] (stimulated Raman adiabatic pas-

sage and CARP[9,1(] (chirped adiabatic Raman passpage

The first is resonant whereas the second can be resonant or

nonresonant. STIRAP is based on a counterintuitive se- E

qguence of two laser pulsdwith the pump pulse preceding

the Stokes pulge whereas CARP is achieved by slowly

sweeping the frequency difference of a combination of two \' V

laser pulses across the anharmonicity of a rovibrational lad-

der. Recently, this idea has been usadd predictegfor the

dissociation of diatomics by climbing the M, ladder[11] E E

and aligning excited vibrational statgs2,13. 2 3
The current understanding of all these techniques of popu-

lation inversion using coherent laser source applies to sys- \V Vv

tems with nondegenerate quantum states, and with spacing 12 13

between the final states large compared to the Rabi frequen-

cies. In this paper, we consider the case of a degenkfrate E

(€Y

then the control is possiblg.;; are the transition dipole mo-

The time-dependent Schdimger equation for the system
illustrated in Fig. 1 is written as follows:

FIG. 1. Four-level system associated with E(QR). V;;
*FAX: (613-993-3437. Email address: francois.legare@nrc.ca = u;;E(t) and u,3=0.
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a,(t) Er  Vilt) Vi) 0 Second, resonant Raman coupling between shifted levels has
! V() E 0 V(1) to be included exactly. The matrix element for such coupling
i ayt) | _| Va2 2 24 is, sinceE,=E3=E,
at| as(t) Vi5(t) 0 Es  Vayt) )
2(t) 0 Vot) Valt) E, Vpe s [ o Pzt
4 = By~ EnFhoy En—EiXfioy
ay(t) ,
a,(t) R
X as(t) |’ 2 == T a33. (€))
ay(t)

Thus, the matrix in Eq(2) can be reduced to a>X383 matrix
with Vi = ui;&(t). wi; are the dipole matrix elements. The for levels 1-3, with nonresonant level 4 adiabatically elimi-
time-dependent coefficients;(t) are calculated using the nated:

Split Operator techniqugl?]. The time steps used in the
integration of Eq(2) are 1 a.u., which correspond to 0.0242 ay(t) Ei  ViAt) Vit

fs. Level 4 may represent a manifold of states with energies iz —| ay(t) [=| | Viu(t) E, 0
close to each other in comparison with the spacing between ~ Jt as(t)
levels 2 and 3 and the manifold. In our modg,=0, E, s Vi) 0 Es
=E;=0.25a.u., and,=0.55a.u. (1 a.u=27.21 eV). a;, O 0 a,(t)

The electric field used for population inversion to level 2 Enlt)? 1
(or 3) is the combination of an intense nonresonant laser T2 0 axn ay ay(t)
pulse which Stark shifts the energy of the levels and a reso- 0 ay azs] as(t)
nant laser pulse with the frequency chirped across the new i
Stark-shifted energies. The electric field is written as follows: €1 Vi) Vag(t) a,(t)

L =[Vt) e Vat)||axt)|. (9
E(t)=E(t)cog wpt) + Er(t)cos( o t+ Eﬂtz) © (3 Via(t)  Vog(t) e; JL as(t)

In Eq. (9), the resonant couplings are in the first matrix, and
nr stands for the nonresonant laser pulse afar the reso-  the nonresonant Stark shifts and Raman coupling are in the
nant laser pulseS, (t) are the electric field envelope. The second matrix. The Raman couplis(t) gives two new
frequency of the nonresonant laser puleg,, corresponds Stark-shifted states. These energies are
to wavelength of 800 nn(titanium sapphirg 8 is the chirp
rate of the resonant pulse. e,+e3 5 5

Before presenting results on exact numerical simulations, &= T V(€—83) T4V, (10
let us describe the physics of the proposed control schemes.
First, the effect of the nonresonant laser pulse on the systemhe eigenvectors associated wéh ande_ are
can be included using perturbation theory. For levels 1 and 4,

the energies are le,)=cog 6/2)|e,) +sin(6/2)|es), (11
o _E _S_ﬁrE ( Mz P le_)=—sin(612)|e,) + cog 6/2)|e3), (12
! . 4 + E3_Elih(l)nr E2—E1iﬁwnr ’ ) h
(@) Wit
2 2 2 A3
e, —E _5_nr2 M24 M34 tam9=2m. (13
4774 4 4 \E,—Eythw, Es—Esthoy)’ 22 733

(5 The field free eigenvectolf;) are close to the Stark-shifted
. statege;) because of the nature of the nonresonant coupling.
For levels 2 and 3, the nonresonant coupling to levels 1 anfote that targ is independent of the nonresonant field and is
4 yields the following energies: not changed after the field is turned offi order to under-
stand our control scheme, we use the dressed state represen-

2
_ Enr tation. The dressed state matrix in the rotating wave approxi-
&=Ei— 7 i, ©  mation is
with Ay() Q1) 3Q4.(1)
1
=S —uh 7 @ 201 (Y e 0 ’ (14
" - Ei—Eliﬁwm E4_ Eiiﬁwm ) %Ql+(t) 0 (S
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6.790 - FIG. 3. Dressed state representation of scheme 2. By launching

e co(6/2) of the population into the pathwdy, and the rest into
6.7851 I',, one can use the phase differefige. (14)] to make on efficient
8.7801 A (1) population inversion to level 2 or 3.
1
6'775320 10 0 10 20 and 3. Then, in order to achieve control, a different scheme
. can be used.
Time (ps)

FIG. 2. Dressed state representation of schenta) Ropulation B. Scheme 2

inversion to |e,)(=|E,)). (b) Population inversion to|e_)

e The second scheme is completely general when condition
~ E3 .

of Eq. (1) applies. The example that will be demonstrated in
this paper is fot 33— a,) <| apg. Nevertheless, the general
with Q1. =pu:&(1), A()=e;+hw(t) and o, (t)=w,  condition for complete population transfer to any target state
+Bt. u,. are calculated using Eq&l0)—(12). The diago-  will be given. Note that in the limitass— ay) <|ayg, |ey)
nalization of the matrix gives the time dependent dresse@nd|e_) are almost equal superpositions|&f,) and|Es).
states. Two schemes for efficient population transfer to these Compared with the first scheme, instead of sweeping only
levels will be presented. across|e, ) or |e_), the frequency of the resonant field is
swept across both states. The nonresonant pulse has now a
Gaussian envelope of 20 pBWHM) in the intensity profile,
the same as the resonant pulse. In Fig. 3, the dressed state
The first scheme applies Whefiss— 0> |asd. When represgntation for this scheme i§ shqwn. Thg population
such condition applies, the angteis close to zero and the starts in thg leve|E,), and the adiabatic evolution of the
Stark-shifted eigenvectore,) and |e_) are close to the corresponding dressed state is shown as pathHowever,
field free state$E,) and|Es). Sinced is independent of the if the ch_lrp rate |s_not too slow, a nonadiabatic tra_nsmon at
nonresonant field intensity, it is better to use a higher nonth€ avoided crossing makes a part of the population follow
resonant field in order to increase the energy splitting beth® pathl’;. The phase difference between these two path-
tween|e, ) and|e_), and thus make it easier for the resonantWays[16,18 controls the population transfer at the end of
field to distinguish the two Stark-shifted states energeticallyth® Pulse. The phase difference is given by the following
A larger splitting also allows one to increase the chirp ratefduation:
(and the resonant fieldvhole maintaining the adiabatic pas-
sage. Turning off the nonresonant field afterwards does not
change the population transferred into the field-free degener-
ate states.
The dressed state representation associated with thiEhe timet; is the time where the avoided crossing occurs.

A. Scheme 1

t

scheme is presented in FiggaRand Zb). In Fig. 2a), the
inversion of the population is from level 1 to levés, )
(=~|E,)) and in Fig. 2b) from level 1 to level |e_)

(=~|E3z)). The nonresonant laser pulse for this control
scheme has a plateau envelope and the resonant pulse has a

Gaussian envelope of 20 pfull width at half maximum
(FWHM)] in the intensity profile. If the angl@ is far from
zero, then this control scheme cannot be used. For example,
if |a@zz— ayy <|a@yg, then|6|~ /2 and the new statde, )

and|e_) are an equal superposition of the original states 2

The condition for complete control can be established by
rewriting the field free eigenvectors as a linear combination
of |e,) andle_):

0 9

|E2>~Cos§|e+)—sm§|e,>, (16)
0 9

|E3>~cos§|e+)+sm§|e,>. a7
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FIG. 4. Time-dependent population transfer for schemeall. 5.0x10 1.0x10 . 1.5x10
See Fig. 29). (b) See Fig. ). Pump intensity (W/cm®)

FIG. 5. Final population in level 2 and 3 for scheme 2. ®he

To control the population, one can launch %(65‘2) into I'y axis is the intensity of the nonresonant laser pulse.

and sirf(6/2) intoI",, which can be done by tuning the chirp
rate (or the field of the resonant laser pulse. Then, for the
phase differencé ¢= 7 one would only populatéE,), and i ible while still satisfvi h : : -
for A¢p=2 all population will end up inEs). The phase fil(s)nast as possible while still satisfying the adiabatic condi
differenceA ¢ is controlled by the intensity or the duration of '
the nonresonant laser pulse.

guency of the resonant laser pul[ge], making the process

B. Scheme 2

In the case of scheme 2, the dressed state representation is
IIl. RESULTS AND DISCUSSION shown in Fig. 3. The dipole matrix elements aggi,= w34
A. Scheme 1 =5, u1,=0.8 and u3=1 and the intensity of the non-

. . resonant pulse(Gaussian intensity profile with a 20-ps
Without the presence of level 4, it has been demonstrategeWHM) is a control parameter. Tuning the intensity of this

that the pgpulgtion ratio between levels 2 and 3 is given b3f)ulse changes the phase differeri&e. (14)] between the
P2/P3=u1J ui3[14,19. Adding the fourth levelor a mani- 4 pathways in Fig. 3 and tuning the chirp réte the field
fold of levels allows one to control the population transfer. o the resonant laser pulse makes the right superposition of
Consider first the case when the condition for scheme 1 arg,q amplitudes launch into pathwals andT,. The inten-
satisfied. The dipole matrix elements qrg,=w13=1, 424 sty of the resonant laser pulse i<20° W/cn? (Gaussian
=2, andug,=10. The dressed state representation is shoWhtensity profile with a 20-ps FWHMand the chirp ratgg is
in Figs. 2a) and Zb). The intensity of the nonresonant pulse _ g g1 104 eV/ps. Becauseu,s=mzs, |azz—am) is
(plateau envelopeis 1x 10" W,/szj that of the resonant gmga|| compared to the Raman couplinfr2y, the angled
pulse is 2<10° W/cn? (Gaussian intensity prcifjlle with a [Eq. (12)] is approximately equal te-m/2. Then, the eigen-
20-ps FWHM), and the chirp ratgg| is 4.11x 10™* eV/ps. _ vectors given by Eqs(10) and (11) are: |e,)~(|Ey)
Becauseass— a,, is much greater than the Raman matrix _ |g_y)/v2 and|e_ )~ (|E,) +|Es))/V2. If w1, converges to
element 2vp3, [e_)~|Es) and|e, )~|E;). Then, by sweep- , .~ “then|e, ) approaches more and more a dark sfa@
ing the resonant frequency acros,) or |e_), efficient  anq the control becomes difficult to achieve: see @g. In
population transfer either to level 2 or 3 can be achieved. oy case, the controllability condition is satisfied since

In Fig. 4, results related to Fig. 2 are presented. A virtu-— ,, .| the real world, the nonequality condition will be
ally full population inversion to any target sta or 3 is  jays satisfied because two degenerate states have different
achieved in Fig(4). The residual population in level@r 3) quantum numbers, making for example the Clebsh-Gordan
for Fig. 4@ [or (b)] is given by P;(5)= sinf(62) with 0 coefficients different. Then, by making an appropriate coher-
given by E_(g.(lS). In our case,§=—0.373rad andPz(3)  ent superposition dfe_) and|e. ), population can be trans-
=3.44x10 . The numerical simulation , ves Ps  ferred to either level 2 or level 3. In Fig. 5, the numerical
=3.51x10"“ for Fig. 4@ and P,=3.42<10"“ for Fig.  yesults associated with the scheme of Fig. 3 are presented.

4(b), close to our analytical prediction. Note that the RabiThey confirm the validity of the control scheme.
frequency of the resonant pulse has to be small compared

with |e, —e_|. With the condition enumerated in the previ- V. CONCLUSION

ous paragraph, the ratio betwelen —e_| and the Rabi fre-

quency is approximately 10. Sinagis independent of the From numerical solutions of the time-dependent Sehro
intensity of the non-resonant laser pulse, high intensitydinger equation for a four state system, it is shown that popu-
should be used so large Rabi frequency for the resonant lasktion inversion in the presence of degeneracy can be con-
pulse can also be used in order to sweep rapidly the fretrolled using laser induced Stark shifts. Two schemes have
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been presented. Both schemes use a combination of two lasgystem is of interest in photochemis{4]. Often, fragmen-
pulses, one nonresonafimtense and another resonant. The tation channels are degenerd®?] and using only resonant
intense pulse breaks the degeneracy of the system and theser pulses yields population ratios associated with the di-
second one is swepthirped across the new energies. A pole moment ratid14,19. In the present model, discrete
complete general formulation requires only a knowledge oftates are used as compared to multiple or quasidegenerate
the Stark matrix of couplings to the nonresonant laser fieldcontinua in real systems. The first scheme, which uses only a
a9y, a3z, anda,z. The two cases studied in this paper areStark shift, should be easier to implement experimentally.
| og < | agz— @py] (sCheme Land|a,g>|as3— ayyl (scheme  Scheme 2 is strongly phase dependent, and one can expect
2). Scheme 1 is only efficient when conditiqt) applies. that it would be more difficult to implement in practice, es-
Scheme 2 is completely general and the condition for compecially for systems with continua where couplings are en-
plete inversion to any target state is defined using B~  ergy dependent. On the other hand, scheme 2 will be efficient
(7). in atomic systems, where a similar interference scheme has
The first scheme uses the difference between the couplingeen used to control the atomic population inverdib8].
of the degenerate states to a manifold of stétee fourth  An extension to molecular degenerate systems will require
level). Because of the different coupling, these degeneratéurther numerical simulations for establishing the limitation
states move differently in the presence of the intense lasef this control scheme which is based on differentiating the
field. By sweeping the resonant frequency across one of thkevel via their Stark shifts, which is essential for controlling
new Stark-shifted states, an efficient population inversiorpopulation transfer in system where the target states are de-

can be achieved for any of the two target states. generate.
The second scheme uses the phase difference between the
two pathways created by the nonresonant laser pulse. By ACKNOWLEDGMENTS
sweeping the frequency of the resonant photon across these
two pathways and by launching &0€2) into I'; and F.L. thanks NSERC and FQRNT for grants supporting the

sirf(6/2) into I',, an efficient population inversion can be present research. Also, F.L. thanks Dr. A. D. Bandrauk at
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