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Rotating-wave approximation for the interaction of a pulsed laser with a two-level system
possessing permanent dipole moments
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A rotating-wave approximatiofRWA) is developed to describe the evolution of a two-level system, which
has permanent dipole moments, interacting with a pulsed laser. Comparisons with exact calculations for one-
and two-photon excitations involving the two lowest vibrational states of the ground electronic state of HeH
are given to illustrate the validity of the RWA formula.
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[. INTRODUCTION ecule, the effects of permanent dipoles become important
only if z is relatively large[5—7]. This can arise through a
The two-level rotating-wave approximatiaiRWA) [1]  large difference in permanent dipole momedt§‘giant di-
has been used extensively in the study of laser-atom interagpole molecules’(9,10]), a large electric-field strength[7],
tions[2]. The idea behind the RWA is that the fast oscillat-a small circular frequencyv (e.g., microwave transitions
ing terms in the Hamiltonian, i.e., those that vary as[epp  [11,12), or a combination of all three effects. On the other
with y# 0, tend to average out to zero, and therefore can bband, a situation where these dipolar effects can never be
neglected. This allows simple analytical formulas to be ob-neglected is when there are processes, otherwise forbidden,
tained for the prediction and analysis of the laser-atom interwhich are allowed in the presence of “permanent dipole mo-
action. Analytical RWA solutions for a two-level atomic sys- ments.” An example is the two-photon transition between
tem interacting with a continuous waW€W) laser or a two states of a dipolar molecule; in the two-level model,
pulsed laser are knowhl—4]. More recently a two-level such a transition is forbidden in an atd6,8,1Q.
RWA was developed for a two-levétlipola) molecule in- While the RWA for a CW laser-molecule interaction is
teracting with a CW lasdi5—7]. The purpose of this paper is useful in many contexts, it cannot give reliable results for the
to derive, with illustrative applications, a RWA applicable to dynamics associated with the interaction of a pulsed laser
the interaction of a two-leveldipolan molecule with a with a two-level molecule. For example, it cannot be used to
pulsed laser. In the context of this paper, a dipolar moleculgredict how to control population transfer from one state to
refers to a system where the diagonal dipole moment matrianother state by adjusting the characteristic parameters of a
elements, for the states of the species under consideratiopylsed laser. In Sec. Il, the theoretical development of the
are non-zero 4 #0). RWA for the interaction of a pulsed laser with a molecule is
The RWA analytical formulas for the observables for agiven. The pulsed laser-atom results of Rosen and Z&jer
CW laser interacting with a two-level molecule are identicalare obtained in the limitl=0, and the CW laser-molecule
to the analogous atomic formulas if the atom-CW laser couexpression of Kmetic and Meafb] is recovered in the limit
pling is replaced by the molecule-CW laser couplify.  of “infinite” pulse duration. lllustrative examples, compar-
Aside from issues concerning the structure of the moleculéng the RWA solution for the temporal behavior of the mo-
relative to the structureless atdi,8], the atomic and non- |ecular states with exact calculations, involving one- and
dipolar molecule-laser couplings are the same, since the diwo-photon excitations induced by Gaussian pulses, are dis-
agonal dipole moment matrix elementg are zero in both  cyssed in Sec. Ill. The ground and first excited vibrational
cases. However, for dipolar molecules, the molecular stateates of the ground electronic st48,14 of the very an-

do not have definite parity;; # 0. Then ifd, the difference  parmonic molecule HeHare used as a two-level system for
between the “permanent dipoles” of the two states involvedip;g purpose. A brief summary of our results, including com-

in the transition, is not zero, significant differences can occUents relative to many-level molecules, is given in Sec. IV.

between the =0) atom- and ¢+0) molecule-CW laser pless indicated otherwise, atomic units are used throughout
couplings[5-7]. An important characteristic parameter in ihig paper.

this context isz=(de/w) where ¢ is the electric field
strength andw is the circular frequency of the laser. For
one-photon transitions between two states of a dipolar mol- Il THEORETICAL DEVELOPMENT
The time-dependent Schtimger equation for a two-level

*Present address: Department of Physics and Astronomy, P.@ystem interacting with a pulsed laser in the semiclassical
Box 870324, University of Alabama, Tuscaloosa, AL 35487. dipole approximation is
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Integrating Eq.(9) by parts, one obtains

ig a| Has H12) a,
el o Rzl 1 1 [rdf(t)
= — i + - H "4 r
(El 0}/a; (t) Mi11 Mi12) @ Q wof(t)sm(wot 2 wofto dt’ Sin(wot” + 5)dt
= —& . ,
0 E,/\a - Ma1 M2 az (10

1) Generally, the time derivative of the pulse envelopé/{lt)

. . . .. isinversely proportional te, wherer is the duration of the
WhlereEti o enert?]y ocj.th?th statlonetlry sia.te Olf the Otrlgg pulse. Therefore, for a pulse whose duration is much longer
nal systemyu;; are the dipole moment matrix €lements de-y,an (14y,), the second term in E10) can be neglected

fined with respect to the stationary states, arft) is the  relative to the first term. With this assumption, one obtains
time-dependent electric field associated with a pulsed laser.

In order to help identify the resonances in Efj), and to | =exdizf(t)sin(wet+ &)1, (11)
incorporate the effects of the diagonal dipole matrix ele-
ments into the RWA, it is conveniefb] to transform from wherez=d- s,/ w, is a parameter of importance in previ-

the a representation to the interaction representatiode- ous work[5—10] involving CW laser-polar molecule interac-

fined by tions. Using the identity15]
t
a;j=b; exp‘—i{Ej(t—to)—M”.J g(t’)dt’ ] (2 o - _
- to expix sind) = 2 J(x)expikd), (12
k=—x

wheret is the time the pulse-system interaction begins. Sub-
stituting Eq.(2) into Eq. (1) yields Eq. (11) can be written as

d (b 0 Hupl(b, 3 *

"atlbs) i, o )b ® 1= 2 Ji)exdil(wt+9)], (13
where

whereJ,(x) is a Bessel function of integer ordeand argu-
mentx.

Using Eq.(13), via Eq.(8), in Eq. (4) and expanding the

t cosine function in Eq.7) in complex exponential form,

xex;{—iAE(t—to)Hg-J .g(t’)dt’} (4) yields

to

Hi=H3=— M1z €(1)

AE=E,—E,>0, ) Hip=—3(p1p 820) f(t)exdiAEt]

d= sz~ pras ©) x 2 3(zf)){exi(+1)5]

and assuming_m is real. We consider here a “one-color” « (AE—(141 (1=-1)s

pulsed laser where the time-dependent electric field is given ex —i( (I+ 1) wo)t] +exli( )]

by xexfd —i(AE—(I—1)wo)t]}. (14)
&(t)=@eof (t)COd wol +9), (" Imposing the N-photon resonant conditioA E=Nawg,N

where®, &, f(t), w, and 6 are the polarization vector, =1,2,3..., changing the summation indiceskie|+1 and

field strength, pulse envelope, carrier circular frequency, anff=!—1 in terms one and two, respectively, on the right-
phase of the laser: we assurf@)=0 for t<t,. hand side of Eq(14), and making the usual rotating-wave

For our analysis, we follow the methods used previously2PProximation by neglecting the off-resonant or counter-

in the derivation of RWAs for the interaction of a CW laser, 'Otating terms in Eq(14), gives

i.e., f(t)=1, with a dipolar molecule d#0) [5] coupled 1

with those used for the interaction of a pulsed laser with an p _ A
. . . Hyp=—2 . f(O[In_1(zf())+I f(t

atom (d=0) [3]. The crucial part of Eq(4) is the quantity 127~ 5 (12 €e) F(OLIN-1(ZF() + Iy (2 (1))

| =exdid-&e,Q], (8) Xexdgi(AEty+NJ)Jexd —i(AE—Nwg)t]. (15
where The solution of Eq(3) with H,, given by Eq.(15) is gener-

¢ ally not attainable analytically unless the pulsed laser is ex-

Q:f f(t’)cog wot’ + S)dt’. 9) actly on the RWA resonance, so thidtw,=AE [3,4]. By
to defining a new independent varialll§t) as
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t , ) o Since, for a pulsed lase€P(N) is a function of time through
Q('f):jt [In-2@Z (") + Ins 2 (ZF(E))]F(L)dt the pulse envelopg(t), it is more convenient for the discus-
0 sion of the validity of the RWA to us€P(N) in the limit

f(t)=1, ly,
=2—thJN(zf(t’))dt', (16) (=1, namely
z to

2N
C(N)= -8eq) — In(2), 22
the transformed equatidid) can be readily solved as a func- (N)=(#12-820) z N(2) 22

tion of Q [3]. Assuming the system is initially in state 1, the
probabilities,P(t), of finding the system in states 1 and 2 atwhich is the CW laser-molecule coupling introduced in the

time t are given by literature previously5]. Since O<f(t)<1, the CW coupling
will usually be greater tha@P(N). Defining the dimension-
Pi(t)=]ay(t)|?>=|by(t)|?=coS[ % u1p 8e,Q(1)], less laser-molecule coupling strength parameter as
) (17)
b(N)= IC(N)| 23
P,(t)=|ax(t)|?=ba(t)[*=Ssir’[ w1, 8e,Q(1)], (18) (AE/N)’

the criterion for the validity of the pulsed RWA will be that

b(N)<1 [subject to o) * being “small’]. This is the
riterion for the validity of the CW laser RWA used in the
iterature[2,5,6,10,16 and past numerical experience sug-

Aside from the assumption involving the RWA itself, the
derivation of the state populations to this point involves only
one assumption, namely, the neglect of the second term i

Eq. (10), which requires ¢o7) ! to be small. Generally, the .
evaluation ofQ)(t) will require a numerical integration of gests that ib(N)<0.1 the RWA works well for a two-level

Eqg. (16). In some situations, one can proceed analytically bynb(?del._ThattLhegv\cv lcnterlon IIS arlJpr_0|?r|atet_|s not gnrlgas?ﬁ-
using the expansiofi5| able, since the aser-molecule interaction underlies the

pulsed laser-molecule interaction, with the maximum ampli-

tude of the electric field for the pulsed laser being that of the
Jion(z). (199 CW laser. The temporal evolution of the molecular states
nt under the influence of a pulsed laser qualitatively corre-

sponds to the cutting off of the analogous CW laser results

Various approximations fof)(t) can be obtained by substi- for times on the order of=7 [7]. In discussing the time-
tuting Eq.(19) into Eq.(16), and truncating the infinite series dependent populations of the states for a pulsed laser, the
in Eq. (19) appropriately. The relevant integrals can beperiod py, for the underlying populations of the analogous
evaluated, as a function of for many choices of pulse en- CW laser case, is often usefili—7,17:
velopef(t). Keeping terms through ordef*! gives

” 1—f2t) /2"
J|<zf<t>>=f'(t>n20M

2
t = . (24
9(t>=ft {[In-1(2)+ (N+1) 3y, 1(2) TN NI
0
=Ny, 1(2) N2t} dt, (20) lIl. NUMERICAL EXAMPLES

where the correction terms to this result begin with order In this section, we give a few numerical examples using
ZN*3. These results yield literature expressions as specidl® pulsed-laser—molecule RWA expression for the state
cases. Choosinf(t) =0 fort<0 andf(t)=1 fort>0, gives Populations derived in Sec. Il. Comparison with exact results
Q1) =2NIN(2)t/z=[In_1(2) +In.1(2)]t  which, upon for the populations will give insights into the reliability and
substitution into Eqs(17) and (18), yields the CW laser- applicability of the RWA. The two-level model used in the
molecule RWA state populations derived previoufy-7]. examples corresponds to the two lowest vibrational states of
Setting d=0, corresponding to z=0, gives Q(t) the ground electronic state of HEH13,14. The relevant
=5N,1f§0f(t’)dt’, and substitution into Eq€17) and (1g) ~ System  properties  are g =pio=pm=—0.354D

reproduces the original RWA for the state populations forl, 0-139@u.), d=(u11~ 1100 =0.259 D(0.102a.u,), _and

: . ) AE=E,;—E;,=2901.44cm?(0.0132a.u.) withuld. The
pulsed laser-atom interactiof], which support only a one- . .-
photon transition. pulsed laser is assumed to have a Gaussian envelope,

Following previous discussion8-7] of the RWA ap-

proximation, one can identify a pulsed laser-molecule cou- f(t)=exd — ﬁ (25)
pling in Eq. (15) for the N-photon transition, |
CP(N) = (p12- €0)[Hn-1(Z (1)) + I+ 2 (2 ()] (1) wherer is the characteristic pulse duration. The system is in
oN the ground state, state O, initially. Both one- and two-photon
. transitions from state O to state 1 will be considered in what
= (paz 8eo) — (D) (1). @D . aeredin i
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FIG. 1. Plots of the left-hand side of E(L0), in the form of
Q/ 7, the first term on the right-hand side of E.0), and their

difference, as a function of/r, for a Gaussian pulse witlw,
=0.0132 a.u. anddjy7) =10.

The exact solution to Eq1) for the state populations is
obtained by using the Cranck-Nicholson metHd@-20.
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(oo‘t=100 Error
0.01 |- ‘ .
ap | | ' ‘ _ ‘ ’ ‘ ' '
-0.01 |- N
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-o.sl — ‘-0,25‘ 't(; — 10.25 ‘0.5
T

FIG. 2. Same as Fig. 1, withu(;7) =100.

=10. These calculations are for the one-photen D reso-
nance frequency, andwg7)=10 and 100 correspond to
pulse durations of 18.325 and 183.25 fs, respectively. For a
given AE and (wq7), the validity of the approximation will

be the same for a one- vershgphoton transition if the pulse

For a small time stepAt, where the pulse can be consideredduration of the latter is increased by a factorelative to the

constant, one has

1—-iH(At/2)
1+iH(At/2)

a(t+At)=exd —iHAt]a(t)~ a(t).

(26)

one-photony.

In Figs. 3 and 4, the RWA result for the population of
state 0,Py(t) given by Eq.(17), is compared with the exact
result for the one-photon-81 transition withwy=AE, the
laser intensityl =5x 10*W/cm [the conversion factor from
intensity to electric field i$ (in W/cm?)=3.5095x 102 (in

Equation(26) is applied repeatedly to obtain the populationsa.u)], and for r=18.325 and 183.25 fs, respectively. The

for all times of interest given the appropriate initial condi-

population of state 1 is juf(t) =1—Py(t). The RWA and

tions. For the examples discussed below, a time step of 0.0the exact results agree well for both pulse durations with the

fs is employed which gives results well within graphical ac-

curacy, as verified by comparison with the results from a

time step of 0.001 fs.

In the RWA calculations presented here, the state popula

tions are obtained using Eq4.7) and(18), with Q(t) evalu-
ated numerically, via Eq.16), by employing a simple trap-

ezoidal scheme with time steps of 0.01 and 0.00 fs. In all

cases, the effective time domain is taken-adr<t<4r.
Finally, while the RWA results for the populations of the
molecular states are independent of the phaséthe laser,
the exact results are generally j@tl], so our model calcu-
lations all correspond to the choiée=0.

As discussed in Sec. Il, the derivation of the RWA ex-

pression for the populations of the molecular states require:
the neglect of the second term on the right-hand side of Eq

(10). The condition for this to be valid i3r>w51 or
(wo7) " 1<1. To verify that keeping the first term on the
right-hand side of Eq(10) is sufficient for practical pur-

poses, we have evaluated the left-hand side numerically an

compared it with the approximation forwg=AE
=0.0132a.u. anddy7) *=0.1 and 0.01, respectively. The

T

N=1 L
1=5X10"2Wiem? %
0.8 | | i

©=18.33fs : Exact

> 1w 7)=0.1 H

|_

; 0.6 -

= I

< { Lol

o RWA ————» ©

Qo4 | i

E !

o

| Pulse envelope —» |

0.2

F .
o ). | 1 1 FORRS | " | N 1 1 1 2 1es | L H

Time (in units of 1)

FIG. 3. Plots of the population of the ground state as a function

results are shown in Figs. 1 and 2, where they are plotted igf t/r with r=18.33fs forN=1 (one-photon transition The solid

the formQ/ 7 versust/ 7. As can be seen, the approximation
is a very good one even for the smaller value afyf)

curve is an exact calculation, and the dashed curve is the RWA
result. Also shown is the pulse envelope.

013403-4



ROTATING-WAVE APPROXIMATION FOR THE . ..

PHYSICAL REVIEW A 63 013403

1 T ¥ T T T T "\ T T T T
N=1 G os |
_ 12 2 Bl .
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Sost | Exact 1 2
é , '.1 -4— EXxac 8
RWA — [
8 L | E 0.4
4 : s
T ° ] ! I
o | Pulse envelope —»;\ L
i 02} Noy
L i B
02 | A = 183.25fs
‘ [ 1=5x10"2 W/em?
| o[
0 I ! e 1N -2 -1 1

2 Time (in units of 1)
Time (in units of 1)

FIG. 5. Plots of the ground-state population for the case
=1.5 (see the text for explanatipnResults ford=0 andd+#0 are
shown for comparison. The exact and RWA results track each other

agreement improving as increases, as expected. In both very well for either case. The results for nigd=0) have three
cases, the RWA is valid, since the laser intensity is such that 'ma compared to two for the results wilh
the dimensionless laser-molecule coupling is relatively weak, ) - ]
b(1)=|C(1)]/AE~0.12. The period oPy(t) for a CW la- W+e now consider the two-phqton—@l transition in
ser, i.e.f(t)=1, ispy_,=2m/|C(N=1)|~91.7fs, and one HeH". The effects of permanent dlpoles are very important
can see the periodic nature Bf(t) unfolding in Figs. 3 and for two-photon transitions, since this transition is forbidden
4 as the pulse duration lengthens, appropriately modified du the two-level model fod=0 [5,6,8,11. Furthermore, for
to the “cutoff’ imposed by the pulse envelope for larfie many-leyel dipolar systems, the_ _dlrect permanent dlpo_le
For the laser intensities associated with Figs. 3 and 4, thE'echanism for two-photon transitions can be more effective
effects ofd=#0, i.e., of permanent dipoles, are minimal for than tklmse involving virtual statdd7]. For wo=AE/2 and
one-photon transitions. The results b+ 0 are graphically | =10""W/cn?, the agreement between the RWA result for
indistinguishable from those given in Figs. 3 and 4 &br the population of _the ground_stat_e is compared with the exact
—0.102a.u. For this value ofl, z=d-@eo/w, is about re;ult, as a function oft(7), in F|gs.(6)—(8) for pulse du-
0.092, and soC(1)~ gy &, Which is the well-known rations =8, 20, and 40 ps, respectively. The reason for

atomic (d=0) result derived by Rabil] many years ago. In
order to see a more pronounced effect of permanent dipole: T
for one-photon transitions, avalue such thad;(z)/z is not I
close to thez=0 result of 0.5[5-7] is required. For ex-
ample, let us consider the case=1.5 where J;(2)/z 08 |-
~0.372. To achieve thig for the one-photon 8-1 transi- I
tion in HeH' requires a laser intensity 10"°W/cn?. Thisz
can also be obtained by atrtificially inflatirgfrom 0.102 to

FIG. 4. Same as Fig. 3, with=183.3fs.

N=2
I=10" Wicm?
1=28ps

1.663 a.u. while keeping the laser intensity fixedl at5
X 10"Wi/cn?. The results of Py(t) versust/r, for d
=1.663a.u. andd=0, are shown in Fig. 5, withr

I Pulse envelope —p!

i a=0.0003

=183.25fs. In both cases, the pulsed RWA and the exac

>
=
=
m
<
m
Q
o
a

0.4

RWA

calculation agree well. The effects of permanent dipoles are ; : :
clearly seen through the decrease in the laser-molecule cou 92 |- | 7
pling for d#0 versusd=0; more Rabi-type oscillations oc- I ! : ]
cur for d=0 relative tod#0. The dimensionless coupling
strength parameter and the Rabi periodder1.663 a.u. are 0 e e
b(1)~0.093 andp,;=123fs, while ford=0 they areb(1)
~0.13 andp,=91.7 fs. Permanent dipole differences, ic.,
of 1.663 a.u. or larger can occur in the IR for molecules FIG. 6. Plots of the ground-state population as a functiotf of
considerably more anisotropic than HeHSuchd values can  for N=2 (two-photon transition Exact calculations forr=0 and
be more common in the UV, and are of importance in the3.0x10 * (see the text for explanatiprand the RWA result are
optical properties of “giant dipole” molecule$9,10,17 shown. Also shown is the pulse envelope which has8 ps.

Time (in units of 1)
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AT (HWHM)@ of the resonanc¢8,10]. Thus the two-photon
f4—— =00 ] resonance will often be missed or significantly reduced in the

] exact calculation whewy=AE/2, and hence there is signifi-

s cant discrepancy in Figs. 6—8 between the RWA and exact
] results.

] For a pulse-laser—molecule interactioly»® and

. HWHM® are functions of time, and expressions for these
1 gquantities are not available. Again one can use the CW ex-

] pression for these quantities, which are availdil@], as a

: guide. For a field strength corresponding to the peak field
T strength of the pulse associated with Figs. 6—8, the values of
] Aw® and HWHM? are 2.8<10 ¢ and 1.5¢10 % a.u., re-

/=°'°°°32 - spectively. The corresponding values for the one-photon

11—

N=2
I=10" W/iecm?

0.8 [ t=20ps

Pulse envelope —p |

PROBABILITY

i RWA
0.2 |-
I transition are AoM=1.0x10"%a.u. and
HWHM®=1.1x10"“*a.u. The CW estimates show that the
frequency shiftAw(® is larger than the HWHIM of the
two-photon transition. To obtain better agreement with the
RWA results, one needs to use a “shifted” resonance fre-
quency in the exact calculation. Since there is no expression
for the frequency shift in the pulsed-laser situations, an ef-
fective resonance frequency can be found only by using a

using pulses of longer duration, relative to the one-photorPrute force method. We define a parameteny the relation
case, is that the two-photon coupling is weaker and therefor@o=(1+«)AE/2. The exact solution for the population of
a longer pulse duration is required to probe the Rabi periodState 0Pq(t), is calculated as a function of Thea that has
Even though the two-photon coupling parametef2) @ steady state population, i.&e(t=,a), that comes clos-
~0.0005 is much smaller than 0.1, the agreement betweedst to the RWA result is taken to correspond to the resonance
the RWA results and the exact calculatidiusirves labeled  shift. The results obtained using this method are included in
a=0) is very poor, except for small times where the pulse-Figs. 68 for comparison. For=8, 20, and 40 ps, the
molecule interaction is very weak. This discrepancy arise¥alues(or equivalently the effective frequency shiftw(®)
because the RWA two-photon resonance frequency is not iff @AE/2) are 3.0¢10™*(2.0x10 °a.u.), 3.107*(2.1
good agreement with the exact resonance frequency for th& 10 °a.u.), and 2.510 *(1.7x10 ®a.u.), respectivel-
laser-molecule interaction except for extremely weak lasery. As expected, the shift is less than the Bloch-Siegert shift
molecule couplings, i.e., at small times. For two-photon tranfor the peak pulse field strength.
sitions, in contradistinction to one-photon transitions, the With the use of the parametes; we were able to match
Bloch-Siegert shiftA »® of the exact resonance frequency the final ground-state population quite well. The RWex-
away from the RWA value oAE/2 is generally greater than, ach steady statet(=) ground-state population for the cases
or of the same magnitude as, the half width at half maximunghown in Figs. 6-8 are 0.6520.656, 2.1x10 °(7.70
% 1073), and 0.9940.997, respectively. Inspection of Figs.
6-8 illustrates how the appropriately modified CW temporal
1N behavior of the populations of the molecular states unfolds as
N=2 ¥ =00 ] the pulse duration increases from 8 to 40 ps for a constant
[ =10"" W/em? ] laser intensity of 18t W/cn?. Figure 7 shows a case of com-
©=40ps plete population transfer from the ground state to the excited
state after the laser-molecule interaction has ceased, while
Fig. 8 shows the return of the population to the ground state
for a longer pulse. We note, however, that the agreement in
the overall temporal behavior of the ground-state population
between the RWA and exact results is not as good for the
longer pulse duration of 40 gsee Fig. 8 as compared to the
shorter pulse durations. This is understandable in light of the
fact that the Bloch-Siegert shift is a function of time,
whereas we are using a constant frequency shift in our exact
@ =0.00025 1 calculations throughout the pulse duration.

Time (in units of ’E)‘

FIG. 7. Same as Fig. 6, with=20 ps. The exact calculations
are fora=0 and 3. 104, respectively.

1 ———T—

0.8 -

0.6

| Pulse envelope —»

PROBABILITY

RWA

4 IV. SUMMARY

Time (in units of 1)

RWA formulas for the interaction of a pulsed laser with a

FIG. 8. Same as Fig. 6, with=40 ps. The exact calculations two-level system possessing permanent dipole moments
are fora=0 and 2.5<10™4, respectively. have been derived. The derivation requires the pulse duration
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to be larger than the inverse of the carrier frequency in adachieve the desired population transfer from the initially
dition to the usual RWA conditions; these requirements argoopulated state.

achievable in many cases. For example, for IR excitation, a This paper is concerned with the RWA for two-level sys-
pulse duration in the picosecond range is generally sufficientems where simple analytical results can be derived for the
Numerical examples, comparing results obtained using thphysical observables of the system as it interacts with a laser.
RWA expression with exact calculations for one- and two-Generalizations of the RWA to the interaction of a many-
photon excitations of a model two-level system based on thé&evel system with a CW laser have often been discussed in
two lowest vibrational states of the ground electronic state othe literature, both with and without the inclusion of the ef-
HeH", are used for illustrative purposes. The one-photorfects of diagonal dipole matrix elements, see for example
results agree very well. For two-photon excitation, there is 414,22,23. In such applications, even when full analytical
complication because the Bloch-Siegert shift of the resoformulas are not possible, the generalized RVGRWA) is
nance frequency is larger than the HWHM of the resonancestill very useful since the static Hamiltonian is known ana-
Hence a comparison with the exact results is more difficultlytically. For example, solutions based upon numerical inte-
An effective frequency shift was found, in a brute force way,gration of the time-dependent Schinger equation can be

to allow a comparison. Since the frequency shift is a functiordone with much larger time steps within the GRWA, relative
of time, utilizing an effective frequency shift becomes lessto exact solutions, thereby increasing the computational effi-
effective as the pulse duration increases. This trend can baency. While the two-level model in this paper is useful in
seen in Figs. 6—8. The problem with the frequency shift doests own right, it also provides a basis for constructing a
not make the two-photon RWA formula less effective, sinceGRWA for a many-level system interacting with a pulsed
in practice the true resonance frequency must found by scamaser.

ning the laser carrier frequency whenever the shift is larger

than the HWHM. TheT .Bloch—_Siegert shift is not a problem ACKNOWLEDGMENTS
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