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In a three-level Cgsystem coupled with two pulsed photon fields, we have observed stimulated emission at

a time when the stimulating photon pulse precedes the pump photon pulse by 2.5 pulse widths. This
counterintuitive time sequence in photematter interaction was interpreted by a model as emission resulting
from photon dressed transient states (superposition of molecular quantum states ificin§ehrequation
approach) evolution. The model calculation is also able to simulate the observed quantum interference between
two populated levels.

I. Introduction of population transfer. We have monitored the stimulated
i ) . . . emission in a pump-stimulating pulse system to investigate the

Photon fields in a multiphoton event may interact incoherently fficiency of population transfer varying with the time difference
or coherently with matter (GSnolecules in the present work).  patween the pump and the stimulating photons. Preliminary

The former can usually be described by a rate equation approachregits in the previous wofkshowed a connection between
To establish rate equations, certain populations 0ccupying efficient population transfer and the counterintuitive order of
defmgd molecular states are essential. The states involved iny, o applied laser pulses. Those results were partially explained
this |ncoherent process are _the_ molecular quantum state y an approximate adiabatic solution to a three-level Stthger
characterized by electronic, vibrational, and rotational states. equation. We have extended Khidekel et &\imrk, by taking

ln th:‘s rgtet equatlf[)nt apfpr”oach,ththe slequence of po?”'?“?nthe detuning of laser frequency and the laser line width into
fralras erH etween tsha es o tOV\fs € Fu S€ iequt(i]nce OI P ? OMccount. The Hamiltonian including the detuning term is solved
I€ldS. However, this IS not aiways true wnen the molecular explicitly. The resulting numerical calculations successfully

quantum states are dressed by strong photon fields. Oreg ®Simulate the emission profile from experimental observations.

1 i i -
aIII'I (j%lﬁgt;:i alz.r;apd Sckl!em?r;n deItQélhave SP%"et,d aso Both the counterintuitive sequence and the quantum interference
cafle . echnique (stimulate aman adiabatic pass_age)of the observed emissions are explained by the dressed photon
to experimentally demonstrate a counterintuitive interaction aoproach
sequence of two photon fields. Using this technique, they PP '
achieved an efficient{95%) state-selected population transfer ]
between a thermally populated vibrational level and a highly !l. Experiment
excited vibrational level of the ground electronic state of gNa) A three-level system subjected to two pulsed laser fields is
and NO. These two levels are coupled to a common level of . L +

depicted in Figure 1.|10representd = 30, (0 0 0), )%zg; 1200

an upper excited state by a pump photon and a Stoke photon. - . N4
The thermally populated level and the upper level are coupled represents = 31, (0 10 0), RB;; and|3Crepresents = 32, (3

by the pump photon while the highly excited vibrational level 18 0), X3 4. Detailed spectroscopic information on the above
and the upper levels are coupled by the Stoke photon. PopulaleVels has been studied by many researchers. The actual
tion transfer between the thermally populated level and the SPectroscopic data used in this work was taken as follows: for
highly excited vibrational level was cut short by applying the J = 30, (0 00), X5 from Wells et al.? for J = 31, (0 10 0),
counterintuitive sequence of the two photon fields. Itis called R®B from Merer et al§ and forJ = 32, (3 18 0), XZJ from
“counterintuitive” because the interaction begins with the Stoke Liou et al?

photon and is followed by the pump photon. STIRAP greatly  The stimulated emission pumping (SEP) was carried out on
improved the efficiency of population transfer, so Gaubatz et CS,. The experimental setup of SEP in a polarization spec-
al# suggested that complete population transfer could be troscopy scheme was described in previous paperBriefly,
reached. It implies that one shall not observe any emission from tywo photon pulses generated by two dye lasers (Lambda Physik
the upper molecular quantum state where no population hasFL.3002) were individually pumped by two excimer lasers
actually accumulated in the process. In fact, this is only true (Lambda Physik Lp208 and Lp200 ic). The time delay between
under the circumstances that the laser fields have zero line Widththese two photon pu|ses was controlled by a d|g|ta| pu|se_de|ay
and in addition the time difference between two laser fields generator (SRS DGSBS) with picosecond resolution. The pu|se
apparently needs to be optimized. On the other hand, theduration of the output of each laser is 25 ns, and the laser line
efficiency could also be influenced by dark resonarkces. idthis 0.2 cntl. The pump photon pulse and the stimulating
Emission, therefore, becomes an indication for the efﬂciency photon pulse propagated in Opposite directions. (From now on
in this paper, to avoid confusion we use s-active photon pulse
* Author to whom correspondence should be addressed. Fax number:to denote the stimulating photon pulse and s-passive photon

Oligffdiggzgfgié E-mail: htliou@po.iams.sinica.edu.tw. pulse to denote the stimulated photon pulse). The pump photon
* Tel-Aviv University. pulse was circularly polarized, while the s-active photon pulse
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1997. was linearly polarized. Two polarizers were placed across each
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Figure 2. The stimulated emission vs detuning spectrum. The
|1> h 4 XIZJ“ spectrum was recorded by scanning the frequency of the stimulating
g photon with intensity of 10 mJ, while the pump photon was fixed at
J=30,(000) the exact resonance with intensity of 12 mJ. The time delay between
Figure 1. The energy level of SCsubjected to two laser fieldsQ, two photon fields is zero. Splitting and power broadening in the

is the pump pulse Rabi frequency wavelength at 343.2 Qgis the transition are observed. Points are experimental observations: while
stimulating pulse frequency wavelength at 507.2 nfx, and A, are the solid curve is the simulation resulting from the dressed state
the detunings from the resonance frequencies of the system. approach.

other at the entrance and the exit of the cell tube. The cell is M P/6.53/26
K\“—h_

a 135 cm long stainless steel tube and filled with 350 mTorr of

According to Teets et al%!! for a linearly polarized

excitation photon, the emission intensityas function of e e T L PIBOSAS

detuning frequency is expressed as N y Mwwfiwm
| =10/&+ 67 + b2+ Loaal —1— + Toaal—X— + AN
e 2714 2 g o W-Oom
1 2 1
| A L 1 T T T T T T T T T
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Wheree IS the uncrossing angl,is the, finite tran5|t|on ap = Figure 3. The stimulated emission vs delay time plot. Delay time is
0, bis the birefringence of the cell windows is the length of  hegative when the stimulating photon pulse precedes the pump photon
cell, andAa = o™ — a~ is the difference in the absorption pulse. The frequencies of the two lasers were fixed at the exact
coefficients for the right- and left-hand circularly polarized resonance. The intensities of lasers vary, but the pump laser is mostly
s-active photon pulse components. Ideally, without the terms kept constant. The pump laser of 6.5 mJ and the stimulating laser of
containingg, 6, andb, two polarizers (when crossed with each 2-6 mJ, for instance, are denoted as P/6.5,5/2.6.

other) could totally block the s-active photon pulse but allow _—
s-passive photon pulse to pass through the exit polarizer. This f w.s
s-passive photon pulse was detected by a photodiode and was ,mwmw“\m“
registered as the signal in the scheme of polarization spectros- MW T, PASSA0
copy. e \k
) ) M‘ P/1.0,8/3.5

Ill. Results and Discussion B WMML

To record stimulated emission vs delay time spectrum, the P8RS

first step is to pretune the pump and the s-active photon pulses S BN g o o MMM"WHM P/0.5533

to the resonant frequencies. When the pump photon pulse was ot

fixed at the exact resonance and the s-active photon pulse 60 0 -0 30 20 -0 0 10 20 30

frequency was scanned, it was observed that the single-peaked Delay Time (Nano Second)

feature of|2[1o |3transition gradually splits into a multipeaked _. ) o . L
Figure 4. The stimulated emission vs delay time plot. Delay time is

{eatur_e as the intensity O.f ellther the p””.‘f] laser or the_s-alc_:tlve negative when the stimulating photon pulse precedes the pump photon
aser is increased. A typical spectrum with two Lorentzian line pulse. The frequencies of the two lasers were fixed at the exact

shape peaks is shown in Figure 2. The separation between thgesonance. The intensities of lasers vary, but the stimulating laser is

split peaks increases with the intensity of the lasers. This mostly kept constant. The pump laser of 5.5 mJ and the stimulating

indicated an Autler Townes doublet effedg13 except that it laser of 3.5 mJ, for instance, are denoted as P/5.5,5/3.6.

was observed for a molecule. More complicated features (more

than two peaks) were observed as the photon intensity wasthe efficiency of population transfer to th2[state or/30state

further increased. A double-peaked spectrum generally appearedan be manipulated by detuning the frequency of the s-active

for a strong pump and a weak s-active photon pulses. photon pulse. That is, to achieve maximum stimulated emission,
Maximum emission shifted away from the exact resonance one shall detune the s-active photon pulse from exact resonance.

due to the splitting, as shown in Figure 2. This implies that Also, emission not dropping to zero at the exact resonance
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implies that complete population transfer to st&fgin addition frequencies of the systemE;(t) and w; represent the electric

to counterintuitive interaction sequence, can only be achievedfield and the frequency of the associated photon field, respec-
provided that lasers possess no line width, no fluctuation in time. tively.

Time delay scans were taken by recording the intensity of First consider the case with, = 0, butAs= 0. By defining
stimulated emission at each delay time. This delay time is the

arrival time difference between two laser pulses. Negative delay . Qp

time means that the s-active photon pulse preceded the pump sing = (Q 240 2)1/2 (6.1)
photon. The frequency of the pump photon pulse was fixed at P °
the exact resonance, while the s-active photon pulse, based on Q
the energy resolved spectrum such as Figure 2, was tuned to cosf = ﬁ? (6.2)
the frequency where maximum stimulated emission occurred. (R + Q)
Time delay scans taken under various intensities of the pump
laser and constant intensity of the s-active laser are shown in (sz + 952)1/2
Figure 3. tan6 = (Q 2+ 0 2+ A 2)1/2_ A (63)

Scans taken under various intensities of the s-active laser and p s p P
constant intensity of the pump laser are shown in Figure 4. .

S ! . ; the eigenvectors can be expressetl as

The emission at negative delay gradually increases with the
laser intensity, as indicated in both figures. The emission could 0 :
even be observed at60 ns delay time, more than 2.5 pulse |a’t= cos |10~ sin 630 (7.1)
durations of the laser, where two laser pulses are hardly + ; ; :
overlaped. These observations cannot be regarded as a STIRAP &’ 0= sing sin O[10+ cos¢[20+ sin¢ COS‘9|3D(7_2)
experiment in which the adiabatic following condition has to
be fulfilled. From the rate equation approach point of view, it |a = cos¢ sin 8|1~ sin ¢|2[H- cos¢ cosH|30
requires specific molecular state to be occupied to initate (7.3)
emission or absorption. Molecular states’ properties confine .
[Aj20= 0, 2|30= 0 at any time. Consequently, without and the eigenvalues ¢&*Lland || are
interaction no emission can be observed unless molecular states 4 1 5 5 01
interact with photon fields yielding2|Q,|10>= 0 to make 0= _E[Ap F(A,”+ Q7+ Q) g (8.1)
[3|Q/20F= 0. At the delay time of-60 nsQ, = 0, it is difficult
to see how to build up the population in stgg&] which is = —A, (8.2)

essential to stimulated emission. Thus, from population transfer
point of view, one may regard Figures 3 and 4 as the The wave function, coupled to the radiation field, can be written
experimental observations indicating a counterintuitive interac- g2

tion sequence in the scheme of stimulated emission. However,

viewing from the dressed state approach, the emission does not PHO= o jJa () o |2+ o a0 (9.1)
necessarily result from a stationary state that is prepared by

interacting with photon field. “Counterintuitive sequence” may In the adiabatic following condition,

be described as a consequence of transient state evolution. In

the dressed state expression the evolution is illustrated to be W ()~ [0 (9.2)
11,2,3Q,0 11,2,3Q,0Q,01,2,3Q,00 Experimentally this condition is ensured by
At
In the following, we derive the dressed state wave function VO + QT > T (9.3)

and establish the density matrix. This density matrix can be

phenomenologically probed by stimulated emission in the whereT is the half-width at half-maximum of the pulse duration
scheme of polarization spectroscopy during the evolution. We andAt is the time delay.

show that the results can be used to explain the observation. Interaction begins with the s-active photon pude> Q,

A. Theoretical Consideration. Under the assumption that  to make co¥9 ~ 1 and sind =~ 0, leading to|[1|a’] ~ 1 at
magnetic sublevel is degeneratédi® the Hamiltonian that  early time. Later, the arrival of the pump photon pulse toward
describes the moleculdrlevel interacting with the two-photon  to the end of the interactiof2, > Qs to make sind ~ 1, leading
field in a matrix form is expressed as to |[@°30 ~ 1. This implies that the population transfer from
state|100to state|3[) provided that the evolution of the state
vector |W(t)follows |aOadiabatically throughout the interac-

—2A, 2, 0 tion. Consequently, no population is accumulated in gite
H = §h Q, 0 (2) in the above process. It implies that no stimulated emission
0 Qg —2A shall be observed. However, this is the ideal case and is only
1 E (1) true under the circumstances that spectral line widths are
Q =17 (3) negligible. This can be understood more clearly from the plot
P h of the population of stati?vs the detuning given in Figure 2
) of ref 17 as well as in Figure 2 of this work. The population
Q.= hs (4 of |20state in ref 17 was represented by the fluorescence
intensity, while in this work it is represented by stimulated
1,0/ —iot emission. In the two figures the profiles of populati@histate
B =5(E®Me ™ +c.c) ®) show a double-peaked feature. The splitting between these two

peaks can be described by a Lorentzian hole that centers at zero
Qp is the pump pulse Rabi frequenc§; is the s-active pulse  detuning. The full width at half-maximum of the hole is
frequency. Ap and As are the detunings from the resonance proportional to the square of the Rabi frequency of both the
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pump and the probe photon fields. The splitting implies that a e T
detuning, whose value depends on the strength of the applied Z, o

fields, will be introduced once the molecular states are dressed i=ab,c N;

by the interacting photon fields. Furthermore, because the

system interacts with pulsed fields, this detuning shall also have Then the element of the density matrix can be expressed as
profiles in time domain. Since the detuning is appreciable, as

By= (16.3)

shown in Figure 2Asin eq 2 shall be considered non-zero. p11=P1P1 (17.1)
Now we consider the cask, = 0, As = 0. In the dressed _pp a7.2)
state approach, by defining the following P22 22 .
R=A+3Q7+3Q7 (10.1) P33 = P3Ps (17.3)
P23 = B2'Ps (17.4)
— oA 3 2 2
B =2A; — 18A L, + 9A L (10.2)

The above density matrix elements could be probed by various
experimental schemes.

B. Comparison with the Experiment. The signal registered
under the scheme of polarization spectroscopy is the last term
of eq 1. In terms of density matrix form the signal can be
expressed as

—+oo0 —
10 f_w (228" = PappsRY” clt

wherey represents the total relaxation @f,. State|30in this
case is] = 32, (3 18 0), Xy state which posesses a long
lifetime. Therefore, the relaxation pgs can be neglected. The

6= —4ASQ7 +8AQ" — 4Q ° — 200 *Q PQ 2
—-129.'Q2 - AJQS - 1290 %0 - 4Q° (10.3)

Sh= (B3 + /27(6))**

the eigenvalues of Hamiltonidd in eq 2 can be expressed as

(10.4)
(18)

3Sh

_A, sh
5413

0= (11.1)

. s s polarization Aa)? is represented byge "t — p33)2. The term
. = és_i_ 1 /3 sh 27%) 1 sh 27 (023R2s)? represents stimulated emission registered in the scheme
b3  2"7\gg®  3Sh 2\54¥3 ~ 3Sh of polarization spectroscopy. The relaxation and stimulated
11.2 emission in the above equations are phenomenologically treated
( ) q p gically
A sh oo\ 1 sh ol to resemble the intensity of the stimulated emission in a rate
——s_1 _ _3 equation approach.
= 3
@3 2f(541/3 SSh) 2(541/3 3Sh) Each of the applied laser field is represented by a gaussian
(11.3) pulse
and the eigenvectors can be expressed as Q,= Cpe—terz (19.1)
1 A —Ast o —iTy(t) teC2T2
@ —ﬁi(@(‘zﬁ 1)\1“ a7 e Q,=Ce (192)
12.1
( ) C, andC; are the magnitudes of the Rabi frequency for the
()= ft od i=ab.c (12.2) pump and s-active transitions, respectiveG.is the delay time
| —o0 | 1 ’ ] .

and is negative when the s-active pulse precedes the pump pulse.
The half-width at half-maximum of the pulse duratidn,was
measured to be 12.5 ns with a 2.5 ns fluctuation. The two pulses
do not have phase relationship because they were generated by
two separate lasers, and the spatially varying laser intensity was
ignored!® One could experimentally pretune the frequency of
the s-active photon pulse to the exact resonance but could not
assume that detuning is zero. One has to take the detuning
caused by the splitting into account. This non-zero detuning is
associated with spectral line width and power broadening. The
detuningAs, therefore, is expressed as

where N; is a normalization factor. The general solution is
expanded by the linear combination &f

W= Z(lid)i, i=a,b,c (13)

Using the initial condition®|t — —o — |10one obtains
Q (—A

S

(14)

w;

—I—l), i=a, b,c

S

Ay=[Cy+ ST g (20)

The general solution expanded by linear combination16f

|2L] and|3Cis expressed as As processes both time domain and frequency domain profiles

and varies with the s-active photon pulse intensity. The
magnitude ofAs consists of two termsC,y represents the pre-
detuning, whileS,(X) represents detuning caused by spectral line
width and power broadeningS,(X) is assumed to be linear
function with line width. The term &~%%T represents the
profile in time domain. The term&/? represents the profile

in frequency domain. The laser line widghis 0.2 cntl,

Figure 5 shows the time delay scans recorded under various
experimental conditions. The points are the experimental
(16.2) observations, while solid curves are simulations based on eq
i 18. The signal profiles are sensitive to the experimental factors

W = |10+ B,]204 f4/30 (15)

where

(16.1)

—A,+ o\ 71O

S
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Figure 5. The delay time scans. The experimental factors for each scan are listed in Table 1. Points are experimental observations, while the
curve is the simulation results the from dressed state approach. Scans 5a and 5b show a comparison of applied weak stimulating laser intensity
with strong one. Scans 5a and 5c comparatively illustrate that the profile of delay time scan varies not only with laser intensity but also with
detuning, relaxation, and line width. Scan 5d shows a profile with four-peaked feature which results from two incoherent pulses interacting.

TABLE 1: Values of Experimental Factors and Fitting The splitting, which ranged from 0.1 to 0.5 chresults in the
Parameters Which Were Used in Figure 5 value ofCq being on the order of 20~ 101 (s71) and the value
5a 5b 5¢c 5d of § one to three times larger than the laser line width. Among
lp (J) 38 37 5g 1.0 these parameters the relaxatignis the most sensitive. It
Is (MJ) 0.38 3.2 0.48 13 represents both radiative decay and nonradiative decay. Because
pre-detuning no 6.16 yes yes of the latter, the value of varied with the pressure in the cell.
(10%s) The pressure could not be maintained constant, instead it
Cp (109) 0.25 0.72 0.22 0.72 . . .
C (10 012 49 0.3 5’5 gradually increased during the experiment. The _pressure
C, (109) 3.0 0.04 45 0.04 increase was caused by degas from the cell wall and dissociation
S 1.0 1.0 3.0 1.0 of CS,. The latter was significant under the laser intensity
14 0.5 2.0 0.41 25 applied in the experiment. This drawback was difficult to be

such as laser intensity, detuning and pressure. The simulationContrOIIed by the experiment. Additional drawback caused by

has five fitting parameter§,, Cs, Cg, S andy. The value of the C$S pressure is that intensity of the lasers was attenuated
Py s gy y . i ..

the experimental factor and the resulting fitting parameters are by the burns_on th_e window of the cel!. 'I_'h|s IS °°”_‘m°r!'y

listed in Table 1. The guessing value of each parameter Couldencpuntered ina hlgh-power laser application, eSp?C'a"y na

be estimated from the associated experimental factor eQsept statl'c cell case. Since the degree of burn was varying, neither

The estimated value o, was deduced from the absorption the intensity of the pump photon pulse nor the s-active photon

cross section of the pump transition and intensity of the pump pulse cogld be f:onsio_lered constant val_ues during the experiment.
photon pulse. The absorption cross sectiomavas measured But the simulation, without compensating the above drawbacks,
to be, = 1.71 x 10719 cr? which corresponds to an oscillator reasonably resembles the experimental result at least qualita-
strength of 6.5x 10~7. To estimate the photon intensity the tvely. For instance, the value @ is smaller in Figure 5a
beam waist was measured to be 6:51.0 x 102 cm. The than that in Figure 5b, which is consistent with the photon
above values yiel@, of 10* ~ 10F/s which is consistent with ?ntensities applied to yield the two figures. The intensity_effect
the fitting value ofC, listed in Table 1. Although the value of IS not always apparent, as is illustrated from a comparison of
Cs could be qualitatively estimated from the plot of splitting vs  Parts a, b, and ¢ of Figure 5, when the characteristics of spectra
intensity of the s-active laser under the assumption that the were dominated by relaxation or detuning. Figure 5d shows a
splitting is proportional toQ? + Q2),'7 the estimation was not ~ SPectrum with a four-peaked feature. |t was surprising and
guantitatively acceptable. Besides, the induced transition dipole difficult to understand how it could result from two incoherent
momentus is not easily measured directly. Therefo@ was pulses interacting. The intuitive answer is that this feature might
treated as a free fitting parameter in the simulation. The best be an “interference pattern” provided that the pulse relationship
fitted value ofCsis on the order of 10 Hence udu, is on the was somehow defined by the process of stimulated emission.
order of at least 10 The studies of the lifetime (on the order ~On the other hand, such a multipeaked feature was successfully
of us)! and the fluorescendeof |2[state excludes large Frank ~ simulated by using the dressed state approach in which no
Condon overlap from the possible reason for such a large value.defined phase relationshiop between two lasers was needed. The
The strong emission may be caused by collective emissionterm “interference” in dressed state approach might find its
effect?® Thus, the physical meaning af is ambiguous andis  analog to the cross terms of combined wave function as
rather to be regarded as an effective transition dipole moment.expressed in eq 15. However, influenced by detuning and
Both the values o€y andS; are closely related to the splitting.  relaxation it is implicit to link the two together during the
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