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Measurement and theoretical modeling of quantum beats in picosecond time-resolved degenerate
four-wave mixing and polarization spectroscopy of OH in atmospheric pressure flames
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Using tunable ultraviolet picosecond laser pulses pump-probe degenerate four-wave (RN and
polarization spectroscopy experiments were conducted in atmospheric pressure flames to investigate the tem-
poral signal behavior in selected rotational transitions of the ®%%—X2I1 (0,0) electronic band. The
relaxation behavior of simultaneously excited main and satellite transitions iQthad P branches was
studied in premixed stoichiometric methane-air and hydrogen-oxygen flames. Experimental signal traces are
compared with expressions from a detailed theoretical treatment of the signal generation process using pertur-
bation calculations. The theoretical approach consists in calculating the energy density in the signal field mode
taking into account the frequency spread of the pump and probe beam radiation, collisional relaxation effects,
and the polarization configuration of the incident beams. Relaxation times for population and orientation
deduced from the fitting algorithm are in good agreement with DFWM line-shape sf@&ig¥illiamset al.,

J. Chem. Physl04, 3947(1996)]. It is shown that quantitative agreement with experimental data obtained for
different polarization configurations of pump, probe, and signal photons can be achieved when appropriate
time correlated interactions of pump and probe photons are taken into account. In addition, it is shown that due
to the frequency spread of the employed laser pulses the different frequency components in the signal beam
contribute with different amplitude to the oscillating and nonoscillating parts in the temporal development of
the signal intensity depending on the relative strength of the simultaneously excited transitions.
[S1050-294{@8)00211-X

PACS numbds): 42.65.Hw, 42.50.Md, 42.65.An, 42.50.Ct

I. INTRODUCTION within a single laser pulsg8-5].
In recent years spectroscopic methods that rely on the
In molecular spectroscopy a common goal of frequencyionlinear response of the medium have been increasingly
domain experiments is to interpret the relative intensity disused for combustion diagnostics and other gaseous reactive
tributions of the scattered light within a measured opticalflows[6,7]. These techniques employ the third-order suscep-
branch. These are influenced, however, by polarization, relibility resonantly enhanced through atomic or molecular
laxation (radiative, energy transfer, quenchingaturation, o'n.etphoton or multiphoton transitions. Due to their high sen-
and dephasing effects. For predictive capabilities of theoretSitivity degenerate four-wave mixinFWM) [8,9] and po-

ical models these contributions have to be taken into aclarfization spectroscopfPS [10,11 are especially attractive
count among these techniques.

i near specroscopic eciquesg. sporianeous R 1 P, 10 PLTD 20 one pove e s o e
man scatteringa one-to-one correspondence exists betweeR quency - : 'g
. ; . generate—via a four-wave-mixing interaction—a fourth
frequency and time-resolved measurements via a Fouri

i f 11 H ) | thi lationship break eam at the same frequency in a direction determined by
rans qrm[ ] OWEVET, In general Inis re1ationsnip breaks ,p,qe matching constraints. The DFWM signal generation
down if nonlinear time-resolved spectroscopic techniques ar

) X X “'tan be viewed as the Bragg scattering of a probe beam at the
employed. It has been shown that in a given nonlinear opticg},,me grating structure formed by the intersecting pump

technique, through proper time sequencing of the interacheams that generate a sinusoidal variation of the absorptive
tions of short light pulses with the molecular species certair,, dispersive parts of the complex refractive index of the
contributions to the macroscopic polarization responsible fopnedium[12,9]. On the other hand, in polarization spectros-
the generated signal intensity can be suppref3edhis can  copy a strong, linearly or circularly polarized pump beam
lead to a simplification in the interpretation of experimentscreates an anisotropy in an absorbing medium that is probed
performed in the time domain. Time-resolved measurementisy a weak probe beam of linear polarization. Its depolariza-
also can reveal interaction induced inherent structures in contion causes light to be observed through a crossed polarizer
gested regions of the spectrum, which in the frequency doin the probe beam path. A common feature of both tech-
main may be significantly smoothed due to inhomogeneousiques is the generation of a background free signal beam,
broadening. One example is sub-Doppler quantum beat spewich can be detected remotely and well isolated from flame
troscopy of superposition states excited simultaneousiuminosity and stray light from a well defined spatial region
determined by the interaction volume of the signal generat-
ing beams.
* Author to whom correspondence should be addressed. FAX: Numerous stable and intermediate species important in
+49 6221 54 4255. Electronic address: thomas.dreier@urz.unicombustion chemistry, such as QH3-15, CH[16], C,H,
heidelberg.de [17], CH, [18], NH [19], CN [20], C, [21], and NO[22]
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have been studied using DFWM or PS via electronic ortions showed that important contributions arise from
ground-state vibration rotation transitions. population, orientation, and alignment in the multipole ex-
Picosecond time-resolved DFWM/PS experiments haveansion to the overall DFWM line intensity.
widely been employed for the study of relaxation and There are several motivations for the present investiga-
dephasing phenomena in small molecules either using akion:
sorption[23] or Raman inducedl24,25 anisotropies in the (@ In atmospheric pressure flames, besides Doppler and
medium. Other four-wave-mixing techniques, such as pseollisional broadening an important part in the contributions
CARS were employed by Akhmanat al.[26] to study ro-  to the overall line shape are elastic collisions that reorient the
tational relaxation processes at low temperatures in molecwabsorbing molecules, i.e., change its orientation and align-
lar beams of nitrogen seeded in argon. ment. Therefore, it would be desirable for spectroscopic
The relaxation of laser-induced rotational alignment intechniques such as DFWM/PS to determine these individual
low pressure samples of NO was experimentally and theocontributions to the total relaxation rate in different environ-
retically analyzed by Schade and co-workg2g]. After pi-  ments in either the frequency or time domain. Williaetsal.
cosecond excitation of NO transitions in t#e’lI-X 3  [35] obtained nearly Lorentzian DFWM line profiles for all
band the time-resolved laser-induced fluorescence intensifys|arization configurations of the excitation beams for most

observed with parallel and perpendicular polarization geomeg their probed transitions, with polarization independent
etry of excitation and detection channels in collisions with|inawidths of 0.043cml. In the present work relaxation

C.02.| W&:S :rr:vestlgated. Aélg_nment relaxa]'flonotll_lmgs Vtveretimes are determined directly from time-resolved picosecond
simiiar 10 those measured n our group tor n amo'pump—probe DFWM/PS intensity measurements for some

spheric pressure flam¢28,29. OH " ; i
. ; . transitions in atmospheric pressure flames.
Detailed theoretical models of time-resolved DFWM/PS (b) It has been suggested that for diagnostic purposes in

are scarce or limited to the assumption of cw laser sources

which is quite adequate to describe frequency resolved e)gtmosp_henc pressure flames the use of p|cosecoqd laser
periments performed with ns laser pulses. Reichatdil pulses in nonlinear optical spectroscopy shortens the interac-

[30] used direct numerical integratig®NI) of the time de- tIOI’l. tllme to less than the typical time duration needed for
pendent density matrix equations to investigate theoreticallgellisional quenching processes to occur, thereby reducing
the use of short pulse lasers in DFWM spectroscopy in gashe sensitivity of DFWM/PS to the collision rate.
eous samples. They included Doppler broadening into a two- () Finally, of special interest in the present work are
level model. With parameters most adequate for commogimultaneously excited transitions to create superposition
experimental conditions—equal pump beam intensities angtates, which can be exploited in high-resolution time-
the probe beam intensity set to one-fourth the peak pumpesolved quantum beat spectroscdByd]. For instance, us-
intensity—they calculated for a fixed Doppler width of ing the two-color laser-induced grating technique with nano-
Aw/2mc=0.1 cm'!, a delay of the DFWM signal pulse second laser pulses McCormaekal.[5] observed hyperfine
when the collision rate decreases, whereby the signal pulsguantum beats of NO probed in a molecular beam and dem-
length is almost the same as that of the pump pulse. Thesmstrated a spectral resolution almost two orders of magni-
calculations—although extremely useful for a better undertude better than the employed laser bandwidths. However, no
standing of practical measurements—only analyze the delaguantitative theoretical analysis was given to analyze the
and shape of the signal pulse relative to the input pulsetemporal behavior of the signal traces in different polariza-
simultaneously present in the sample. Instead, in the experiion configurations of the excitation and probe beams. A de-
ments described below the probe is delayed with respect ttailed theory would also be beneficial to quantitatively ex-
both pump pulses and the signal pulse is integrated in timegglain recent time-resolved femtosecond four-wave-mixing
irrespective of its relative delay with respect to the probeexperiments by Schmitét al. [37] who studied the wave-
pulse. packet dynamics in the ground and excited states of iodine
Using the diagrammatic density-matrix perturbation tech-by CARS and DFWM, respectively.
nigue Fujimotoet al. have calculated the time evolution of  Recently, we determined relaxation rates within electronic
the third-order nonlinear susceptibility for monochromatictransitions of OH28] and reported the observation of quan-
external fieldd31] and in the case of very short puld&2].  tum beats in DFWM and PS experiments in atmospheric
The theory of DFWM with strong incoherent pump beamspressure flameg29,398. In the present work these data are
has been developed by Cooparal. [33]. Their results de- analyzed using a perturbative treatment of the time-
scribe the steady-state DFWM signal when intense, broaddependent molecular density matrix. This procedure allowed
bandwidth pump lasers interact with a weak monochromatieis to address the various contributions of the transient
probe in an optically thin medium composed of two-level DFWM/PS signal intensity, and enabled us to determine re-
atoms. Williamset al. [34] developed a perturbative treat- laxation times of population and orientation of coherently
ment with a spherical tensor analysis to describe DFWMexcited states in the OW 2% —X 21 (0,0) electronic band.
signal intensities taking into account the polarization properit is shown that a detailed modeling of the polarization am-
ties of the molecule-photon interaction. They analyzedplitudes as well as the time ordering in the perturbative treat-
DFWM line shapes from selected O 23 —X2II (0,0) ment of the density operator in nonlinear spectroscopic tech-
transitions in atmospheric pressure methane-oxygen flamagques using short laser pulses are necessary for satisfactory
diluted with helium[35]. Furthermore, Liet al. have suc- agreement with experiment.
cessfully used this theory to interpret DFWM signal intensi- The remaining sections of the paper are organized as fol-
ties in supersonically cooled pyrazih@6]. These investiga- lows: Section Il gives the theoretical derivation of the time-
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resolved DFWM/PS signal intensity. Section Il contains awhere the cross is a shorthand notation for the commutator

short description of the experimental setup. Sections IV an@nd £ is the Liouville operator. We further neglect the term

V present the experimental results together with theoreticab,, which represents the thermal equilibriugblackbody

modeling and relevant discussions. Finally, concluding reradiation. Considering the permutation symmetry of photon

marks are offered in Sec. VI. operators, one obtains for the total-{«) energy density
(J/n?) emitted from a unit volume:

Il. THEORY
Z(J)a 3/2
A. General approach g,=— mﬁi( v )
In this section we derive the intensity of the time-
dependent four-wave-mixing process. The polarization spec- XRejw Tr{(d-e,) exp(ik,-Na,p(t)}dt.  (4)
troscopy is treated as a special case of DFWM with copropa- —o “ @«

gating beams. The double interaction of the molecule with
the pump beam in a PS experiment is equivalent to interac-
tions with two pump beams in DFWM. Here, the theoretical
analysis is conducted using the density matrix formalism. The signal observed in coherent spectroscopy, such as
This approach is developed to properly describe relaxatio©€ARS, DFWM, or PS is produced due to the interaction of
phenomena in the medium. The collisional relaxation pro-each electric field mode with two independent molecules
cesses are treated in this work using a Markovian approxif39,40. Therefore, expanding E¢4) up to second perturba-
mation. tion order we only consider terms relating to such a coherent

The whole system(radiationr+-matte) is generally de- scattering. In this case, the trace in E4).in the phase space
scribed by the time dependent density matrix) [2]. Then, of the whole system is reduced to the summation over vari-
the total energy density of the field modeexisting in the  ables of radiation and a single molecule:

interaction volumeV is .
Tr{(d-e,) exp(ik,-r)a,p(t)}

B. Calculation of the DFWM/PS signal intensity

3 how, T i
2a0)= 5 TR0 (D} @) == 2I_ﬁN(N— 1)Tfrad{ Tri{(d-e,)e™«"p (1)}

wherea, is the annihilation operator and the dagger denotes

t ’
the Hermitian conjugatécreation operator. The trace gives XJ dt' Tri{a,e” Frtlad P X5 (1)) pragt »
the number of photons produced within the interaction vol- *“’
ume until timet. A nonequilibrium state of the medium is (5)

produced by the preceding pump and probe beams. Further-
more, it is assumed that the external field consists of threhere the subscripts “1” and “rad” label one-particle and
laser beams: one probe be&sn and two pump beamd, 2). field density matrices, respectively. The classical picture can
Subsequently, the emission of the signal photons from thée used for all incident beams because the number of pho-
probe volume is calculated within the dipole approximationtons in each of these modes is sufficiently large. Then, the
for the interaction between the electric field and the mol-evaluation of the trace in the phase space of radiation is
ecules: straightforward. Taking into account the conservation of
the density-matrix trace in time[Tri{exp(—Lt)bpq}

. 27hw, . . =Tr{bp,}, whereb is any molecular operatbrone can
Vo=—1\ —a(d-&) exp(—ika-T), (20 show that the traces in Eq5) lead to complex-conjugate
results. Using the following identity for the convolution of

wheree, is the polarization unit vector of the field mode ~ COMPIEx-conjugate functions

The dipole moment operator and spatial coordinates of the . . .
molecule are denoted ly andr, respectively. In this work 2 Ref f(t)f f*(t’)dtdt’=U f(t)dt
the direction of polarization of the electric field vectors in a — —o —o
laboratory Cartesian frame of reference, Y,Z) is denoted
from left to right by, e.g., XXY X" for pump beams 1, 2, we derive from Eqs(4) and(5) the desirable expression for
probe beam 3, and signal beam respectively. A circularly the energy density of the coherent signal
polarized field vector is denoted with a “1” sign.

The signal emission is described in terms of a second S [ ) )
order perturbation expansion in powers of the interaction op-€a= T(N®,) ‘ J_mTr{(d'ea)exp(lka- r—iw,t)p(t)}dt
erator(2). For this purpose we represent the Liouville equa- 7)
tion governing the time evolution of the system, in the inte-
gral form:

2

(6)

2

wheren is the gas density and the subscript “1” is omitted
it for the sake of simplicity. Note that the density matrix in this

)= pn— — —r(t—t' V< pt)dt, expression is modified from the equilibrium distribution due
P(t)=rpo ﬁf xexr[ ( NVt Va)7p(t) to the interaction of the molecule with the applied electric
(3) fields.
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C. Calculation of individual interactions Case I Case Il
of pump-probe photons

P o
The interaction with a relatively weak probe mode can be il
described by a perturbative approach. Performing the inte- U U

gration in time in Eq.(7) we find

. FIG. 1. Energy level diagrams for the time-resolved degenerate
f exp —iw,t)p(t)dt four-wave-mixing process. Pump photons are denoted as 1 and 2,
* the probe photon as 3, and constitutes the signal photon. Two

Dot scattering channels are distinguished: the case where the interaction
_ _'_ i _ Y with the probe wave follows the scattering of both pump photons
ex —iw t—L(t—t")] : X
h)_w) o (case }J, and where the probe wave interacts with the molecule
before the pump photon&ase 1). 7 is the delay time between

XV(r,t")*pp(t")dt dt’ pump and probe pulses.
=— ;i—(ﬁﬂwa)*lfw exp—iw HW(r,1) % py(t)dt, Now, we have to consider the coherent part of Eip),

namely, diagramse.g., Fig. 1, which provide light scatter-
8) ing in the phase matching direction of the signal beam

k,~ks—k,+k;. Note, that the operatoy(r,t) in Eq. (8)
where V(r,t) =V (r,t) +V,(r,t) +V5(r,t) and p,(t) is the describing the last interaction with the applied field is the
molecular density matrix distorted by the interaction with thesum of V;(r,t) andVy(r,t). These terms determine the sig-
pump-probe field modk. For the incident pulses a Gaussian nal kinetics at long and shotor negative delay times ).
temporal shape is assumed with dispersiohe pump and In the following we call them case | and Il, respectively.
probe beams are centered at times zero andspectively; Correspondingly, one has to calculate two separate coherent
e.g., one has for the probe photon: contributions in Eq(12):

Va(t)=Egexfiwt— (t—71)%20](d-€}). 9 ~ 1 (- t
s(t)=Egexfiot—(t—7)%20](d-€) ©) p(x)ﬁz_z_ﬁzj dtexq—ixt)J dt’
The interaction of the molecule with the probe pulse enve- m o -

lope propagating in the directiam; is described by the inte- X{VB(r,t)Xexp[—E(t—t’)]vg(r,t’)peq
gral
o\ 12 " =V, (r,t) exd — L(t—t")]pegs(r )},
Vs(r,t):(ﬁ) Es(d'%*)J exfiot—iks(w+Xx)-r (13)

e N9 where 8=1,3. Substituting Eqs(8)—(13) into Eq. (7) and
Fix(t=7) = oxf2]dx, (10 integrating over both time variables we arrive at the follow-
where ks(w)~nsw/c is the wave vector anat denotes a Ing result:

frequency variable. In order to accomplish the time integra-

tion in Eq. (8), it is convenient to express,(t) in terms of g, =20(mw,lh)?
the Fourier transfornp(x) defined as

Tr( (d-e)(Ltim,—ik,Vv) !

pp(t): _ ;?I_ftxexq_ﬁ(t_t/)] XJ OOdXqu_(X‘I‘ (l)_a)a)ZO'/Z]XE3(d'e§)X

X[W(r,t") =V (r,t) ] pp(t))dt’ xexpli[ko~Ks(wa =) ] THi(X+ 0= w,)7}
¢ - - X (L+ix)"Tpy(x) +Ey(d-€})*
=f dt’f dxexd — L(t—t")+ixt"]p(x).
—o — oo Xexgi(k,—ki(w,—X)]-r]

(11 2

: (14)

- x<£+ix>—153<x>}
A simplified solution forp(x) is obtained within second or-

der perturbation theory:
P Y where the permutation property of the Liouville operator:

~ 1 (= . explky-r)L=(L—ik, V) explk,-r) [41] has been em-
P(X)w—mﬁwdte M) +V (] ployed.

o ft dt’e’m’t’)[V(r,t’H—V+(r-t')]XPeq, D. Polarization properties of DFWM/PS signal intensity
- One of the most important questions for any pump-probe
(12) measurements in the gas phase is to find out which relaxation
times govern the decay of the signal, i.e., which information

wherep, is the equilibrium density matrix of the molecule. about the rotational relaxation process can be extracted from
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the measured kinetics. The problem is usually treated invheree, is a spherical basis vector am: .y is the
terms of the rotationally irreducible vectors in the Liouville Einstein coefficient for the transitiad' .k’ —J",k”. Expand-

space of the moleculgt2]: ing p in the irreducible basis séi5) we calculate the trace
over magnetic quantum numbers in E@4) for the matrix
li;(f)";K,Q))= 2 (—1)%mckQ elements(16). The result is represented in the rotationally
' Y . R A . . A 7
m; Mg invariant form where the polarization dependence of the sig

|35 k) (3gmy K- (15) nal intensity is determined by the factdi28]

Here,J andm are the total angular momentum and its pro-
jection along a laboratory fixed axis, whereladabels all . _ _ 13N * ~K,
other quantum numbers of the selected state. Contrary to thg(el’ez’K’Q)_n§2 (Z1)(e-ey)(e-€y) Clvn(filﬁnz'
magnetic quantum numbermj, the rankK of the multipole (17
moment and its projectio® along a laboratory fixed axis are
conserved. This is because the relaxation operator has to be
invariant with respect to any rotation in the isotropic me-In the Appendix mathematical details can be found describ-
dium. According to the Wigner-Eckart theorem, the polariza-ing DFWM signal deconvolution in terms of the multipole
tion dependence of the dipole operator matrix elements isnoments(15).
completely determined by the Clebsch-Gordan coefficients
[43]:

E. Time dependence of signal intensity

J'm’ k'|(d-e,)|J",m" K" . . : o .
{ |(d-&) ) For arbitrary pulse duration the signal kinetics described

h €oCS . by Eqgs.(Al11), (A13a), and(A13b) is rather complex. How-
= w3—A}{Z_k,;J/,,k,,Cj,,jﬂ,,;lyn, (16)  ever, in the particular case of very short pulses<0) the

J7 K53k equation is simplified:
1674 » 3222 N VN
£a(7>0)= = 7= {(TN*0 EEZE; % P(€3,6,;K,Q)*P(e,,6;,K,Q) Z VAL gy F 10 K0T Ay A e
! I"Il,n2
23, (K) ¥, 1)
>< 2J’+1 2J,+1 _1 1ex _£/ ’
(23;+1)(2J,+1)| (—1) o nl,nzf) K. 1, 9
- J, I, 1)(3, 3, 1)]?
F(—1)1H2exp — £ , 18
( ) q n",n T) K, 1, JH K, 1, JH ( a
4 2 3r2-2p2 2 *
£a(7<0)= 7 {(T)n" B E3EzexH — (kvr7)7/2] K% P(e;,e,;K,Q)*P(ey,65;K,Q)
X 2 V(L o (ko) 2121 Ko Ay oAy o
ng.n, 2
, ) oy o J, 3, 1)°
X (231+1)(235+1)| (—1) 1exr[(£n,,’né+lwa)7'] < 1 3
+(—1) 1 % exd (LY +iw,)7] B3 L% 3 1] (18b)
- "ot Wy)T y
n,nl K, 1, JH K, l, J"

where V(x) is the complex Voigt functionA7), andvy  negative delays is illustrated in the scattering diagrams
=2kgT/m is the average thermal velocity of the probedshown in Fig. 1. The density matrix is diagorelith respect
species. It is interesting to mention that the signal behavior @0 the main quantum indgxafter two interactions with the
negative delay time€L8b) is strictly nonexponential and de- pump photongcase ). The contribution from Doppler mo-
termined by the thermal distribution over translational ve-tion is canceled if both pump beams are copropagating. This
locities. The difference between DFWM at positive anddecay of populations is known in the literature &B;‘relax-
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[45,46. The alignment of all beams was facilitated by plac-
Ploosecond- ing two masks with circular holes in the corners of a square
aser system . . K K
T at 400 mm on either side from the crossing point above the
D';/ burner. This arrangement also determined the beam crossing
angle of 2.86°, which corresponds to a grating spacing
=\/2sin®/2)=6.2 um for the excitation beams. The sig-
nal beam emerging from the interaction region then passed
through the fourth unoccupied corner of one of the masks
and was directed through a lens-pinhaleH, diameter
100 wm) combination onto a photomultipliéHamamatsu
| The electrical outputs from the photomultiplier and an en-
i ergy monitor were captured by gated integrator§®| SRS
250 and were further averaged and processed on a PC. The
integrators are triggered by a fast photodiog@ese time
<1 ns, not shown in Fig.)2 which monitored the 532-nm
pulse at the exit of the Nd:YAG pump laser.
DZ The pulse duration was estimated from fitting a gech
i PMT | function to a measured Kerr signal trace obtained in metha-
nol. The frequency distribution of the uv pulse was deter-
Q I mined from the spectral intensity distribution in the exit
plane of a 0.7-m spectrograp8PEX, Model 187¥recorded
with a charge-coupled-device came(BG+G, OMAIII)

FIG. 2. Experimental setup for pump-probe DFWM in atmo- with a SpeCtral resolution of 0.017 nm/pixel. OH radicals
spheric pressure flames using a 3D forward folded box beam awere generated in methane-air flames stabilized on a McK-
rangement. BS1/2, beam splitters; pr, probe beam; DL, optical deenna flat flame burner. Its porous stainless steel plate of
lay line; P, polarizer\/2, half wave plates; M1/2, masks; PMT, 60-mm diameter was kept at 323 K through a cooling water
photomultiplier; Bl, boxcar integrator; M, monochromator; PH, pin- supply. Measurements were done in the center of the flame 6
hole. mm above the burner surface, where a temperature of 2060

+250 K can be assumed7]. For the hydrogen-oxygen
ation” [44]. In contrast, at negative delaysase I) the -  flames a homemade burner of similar design with a 25-mm
dependence of the signal is observed after the one-photagtiameter brass sinter plate was used, which was supplied
interaction of the molecule with the probe wave. In this casevith a stoichiometric mixture of 3.6 slrtstandard liter per
the density matrix is off diagonal and the Doppler term isminutg hydrogen and 1.8 sim oxygen. For this mixture a
significant. The temporal decay of the off-diagonal densitytemperature of 1600 K can be estimafdé] 5 mm above the
matrix elements is known as phase relaxation, s felax- ~ burner surface.
ation” [44].

quarz
plate

Computer

converter

IV. RESULTS

The DFWM and PS signal intensities in Eq&ll),

Using a picosecond laser system time-resolved DFWMA13a), and (A13b) were calculated numerically using a
and PS signal intensities from selected transitions in the elecomputer algebra prografmApPLE V). The sums ove® pro-
tronic A2 -X 21 (0,0) band system of OH were acquired jections of the polarization factors E(L7) for “case I” in
in one-color pump-probe experiments. Tunable ultravioletEqg. (A13a) and for “case II” in Eq.(A13b) are represented
radiation was provided by an amplified and frequencyin Table | for different polarization configurations of the in-
doubled distributed feedback dye lag®FDL), which was  put beams. We have summed E411) over the frequency
pumped by the second and third harmonic output of a pspread of the signal photons() and varied the center fre-
Nd:YAG laser. The laser system as well as the experimentajuency of the spectral intensity distribution within the signal
PS setup are more fully described[i28,29. Therefore, in  beam for best agreement with experimental data. This varia-
Fig. 2 only the optical arrangement realized in the DFWMtion can be justified because the exact frequency position and
experiments is shown schematically. The uv beam aroundpread of the(degenerateinput beams may change from
310 nm was split into two pump beams and one probe bearshot to shot and, therefore, was not known during the experi-
(pr) by beam splitters BS1,2, and the probe beam was semhent in which, in addition, several pulses were averaged for
through an optical delay linéDL), which consists of a roof each position of the optical delay line. The frequency range
prism mounted on a computer controlled translation stagéo be considered in the modeling is determined by the band-
(PI, M-535.22. To avoid saturation effects of the pumped width of the incoming beams. Also, the relative strength of
transitions all three beams are combined without focusinghe two simultaneously excited transitions determines which
into a forward folded box phase matching configurafid4. part of the spectral intensity distribution of the incoming
The pulse energy in each beam under all conditions wabeams dominates the signal intensity. This situation is sche-
below 1 xJ, which corresponds to less than the calculatednatically illustrated in Fig. 3. In the experiment the center
spectral saturation intensity of 500 kW/(tem 1) for the  wavelength of the laser beam, as determined with the spec-
main Q-branch transitions in the investigated band at 1 atntrometer, was chosen to be located between the two closely

Ill. EXPERIMENT
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TABLE I. Polarization factorsP(e;,e,;K,Q) [from Eg. (17)], which determine the DFWM-PS signal
strength as a function of polarization configuration of input and output beams. Subscripts on the polarization
unit vectore denote the pump beant& and 2, probe bean(3), and signal beamd), respectively. The
values for two scattering cases | anddiscussed in the texare listed separately for each component in the
multipole expansiorniK) of angular momentum coupling,Y,Z denote the polarization along the Cartesian
coordinate axis in the laboratory frame, and™ a circularly polarized beam.

Polarization Population=0) Orientation K=1) Alignment K=2)
configuration cf.

€,6,63€, Fig I I | Il | Il
XXXX 6(a) 1/3 1/3 0 0 2/3 2/3
XXYY 6(b) 1/3 0 0 1/2 -1/3 1/2
XYYX 6(c) 0 1/3 1/2 0 1/2 —-1/3
XY XY 6(d) 0 0 -1/2 —1/2 1/2 1/2
++XY 5 0 —i/6 —il2 —il4 0 5i/12

spaced lines of the main and satellite transition of OH. How-computation time for calculating the whole signal trace but
ever, its precise value was not known during the experimenelearly does not correctly reproduce the experimental data at
tal run. In particular, in the simulation of the polarization zero time delay. Finally, the dashed line also results from a
spectroscopy experiment in the methane-air flame with sisimplification of physical assumptions in the theoretical
multaneous excitation of thB,4 and P;4 transitions the model in that it only considers the intuitively more obvious
laser frequencyw was fixed at 32214.3 cnt. The corre-  contribution of case | in the set of important permutations of
sponding resonance frequencies and Einstein coefficients appimp and probe photons in the relevant energy level dia-
given in Table Il. In the following, to simulate the experi- grams depicted in Fig. 1. However, as is obvious from the
mental PS signal trace the different contributions to the sigfull simulation the case Il interaction of pump and probe
nal intensity of the various frequency components were calphotons more properly accounts for the “negative delay
culated as a function of the temporal delay between pumgime” effects at the beginning of the signal trace and has to
and probe photons. As Fig. 4 demonstrates, the signal conipe included in the simulation.

ponent at the laser frequency (= w) shows an almost mo- One of the most interesting features in time-resolved
noexponential decay, whereas the kinetics at frequency conpump-probe DFWM experiments is the strong dependence of
ponents shifted from the laser line center by less tharthe signal kinetics on the polarization geometry of the pump
0.5 cni ! exhibit an oscillatory behavior. As a result, the photons, which has been recognized by several authors in
sum over all signal frequencies contains an observable oscifrequency-resolved measuremef84—36. For coherent ex-
lating contribution above the noise level of the experimentakitations of transitions with short laser pulses the polarization
data(crosses in Fig. b In this plot, three theoretical curves dependence of the coupling strength of the angular-
are shown in addition to the data points of the PS experimomentum states of the participating transitions is decisive
ment: the solid line is a fit to the experimental data as de-

scribed above, where only the relative frequency position 1.0
and width of the incoming beams are varied within experi-
mental uncertainty. The dotted line is a calculation assuming =
infinitely short laser pulse@elta function in timg This sim- g 01
plification [cf. Eqgs. (189 and (18b)] significantly shortens £
z
E 0.01 -
=
Aw, X
32214.3 cm™; 1 - 0.001 +——————————————
Z : 40 0 80 160 240 320
Delay time (ps)
FIG. 4. Calculated time-resolved PS signal intensities for simul-
pump - probe taneous excita_tion of th€®,4 and P;A transitions_ of OH with
4 beam circularly polarized pump pulses. The pulse duration of pump and

probe pulses was 36 ps. The solid line is the PS signal at the center

frequency of the laser pulse envelopeeg=32214.3 cm? (cf.,

Fig. 3. The dashed curves show, respectively, the signal at the
FIG. 3. Schematic representation of upper state OH energy levdtequency of the?,4 line with w,=32 214.74(lower curve, and

structure for main and satellite transitions excited in the DFWM/PSat the frequency of th&,4 transition withw =32 213.95(upper

experiments '=J'*+1/2). Also shown is the approximate fre- curve. The horizontal axis is the delay timebetween pump and

quency spread and position of the 36-ps excitation pulse. probe pulses.
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TABLE Il. Transition frequencies and Einstein coefficients for OH in & —X 2I1 (0,0) electronic
band[49] excited in the DFWM/PS experiments. The listed relaxation times are deduced from modeling of
the experimental DFWM/PS signal traces. The contributions due to relaxation of population and orientation
are listed separately.

Frequency Einstein coefficient Relaxation tin{ps)
Transition (cm?) (10° 7Y 1r© T 1T
P,4 32213.95 3.822 240
P,A 32214.74 1.376 240
Qi1 32474.56 4.104 215 145
Q51 32474.22 5.712 215 145

for the appearance or nonappearance of quantum beat oscil- As one can see from Table I, the DFWM signal intensity
lations in the temporal DFWM intensity profiles. As shown in the case of parallel polarized pump beanXXX and

in parts(a) and (b) of Fig. 6, if the polarization vectors of XXYY) contains a nonvanishing isotropic pak£€0). The
both pump beams are parallel, the decay curve does not shagotropic term provides a dominant contribution, which is
any oscillations caused by the coherent excitation of the twaletermined by values of the psymbols in Eqs(A13a) and
upper molecular levels, at least within the scatter of experi{A13b). Specifically, for theQ,1 line (3"=J;=J,=1) we
mental data taken in the methane-air flame. The respectivigave
polarization configuration applied in the experiment is shown

as an inset in the upper right corner of each figure. The 1, 1, 1)?
theoretical trace, however, exhibits some residual oscillatory [K ]
behavior. This is visible in the full calculatiorisolid line) as
well as in the two limiting cases of infinitely short laser 1 1 12 1
pulses(dotted ling and the case | photon interaction only [ S ] :{ '
(dashed line, cf. Fig. )1 On the contrary, in the case of

orthogonally polarized pump beams the decay curve exhibits

oscillations with a beat frequency corresponding to the splitOn the other hand, the oscillating part is forbidden for pure
ting of the excited state energy levdsarts(c) and (d) of ~ population gratings K=0), because the two excited mo-
Fig. 6]. To illustrate the relative importance of the nonoscil- lecular states have different total angular momentum, and
lating (n) and oscillating(o) contributions to the total signal ©One obtains

intensity, we have calculated the maximum amplitudes of

these terms in the particular case of infinitely short pulses J7, 3, 1
[Eq.(188]. The results are shown as a bar graph in the lower K=0, 1, J}
right corner of each figure. Note that the heights of the left

bars in each figure are summed up to the vertical size of th¢herefore, it turns out that the oscillating term is much
graph. smaller relative to the nonoscillating contribution if the po-
larization vectors of both pump beams are parallel. When the
polarization vectors of the electric fields are orthogonal the
isotropic term is forbidder(see Table ), and the relative
contribution of the oscillating term to the total signal inten-
sity becomes much more important. This is obvious in Fig. 6.

K=1, 1, 1

1, 12
K=2 1 1 ~0.028. (19

]OC(SJi’Jé. (20)

1.0

V. DISCUSSION

Intensity (arb.units)

In time-resolved pump-probe techniques for combustion
diagnostics picosecond laser pulses constitute a compromise
between sufficient spectral and temporal resolution: charac-
teristic vibronic spectra of many small radicals important in
flame chemistry exhibit open spectral regions which allow

Delay time (ps) the excitation of single transitions with coherent radiation of

FIG. 5. Experimental PS dat@rosses and model calculation modest bandw[dth (0'5__2 cm). Th‘?s‘? pulse characterls-_
(solid line) for the simultaneous excitation of tHe,4 and P4 tics can be_ achl_eved with transform |II’T_1I'Fed ps laser pulses in
transitions of OH. The calculated kinetics is summed over the entirdN® UV, which simultaneously are sufficiently short to probe
range of possible signal frequencies . The dotted line shows rélaxation and quenching processes at atmospheric pressure.
the limiting case of very short pulse lengths given by Ea8a and From the theoretical derivations and the experimental
(18b). The signal contribution for the case when the probe waveindings(cf. Fig. 6) it has been shown that in the weak-field
arrives after double interactions of the molecule with the pumplimit the signal intensity in time-resolved DFWM/PS is de-
beam(case ) is shown by the dashed line. The delay time is givenpendent on the spatial anisotropy of the total angular mo-
in ps along thex axis. mentum distribution induced by the input fields, which turns

-40 0 80 160 240 320
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kinetic collisions of OH and nitrogen in atmospheric pres-
sure gas at 1900 K.

In their DNI calculations Reicharét al. [30] found that
the inclusion of Doppler broadening, which is the most im-
portant molecular contribution to the overall linewidth for
the present flame conditions, leads to destructive interference
(the different excited velocity groups radiate—with slightly
different frequencies—out of phase with each otherich
shortens the length of the signal pulse. This was shown to be
different for a purely homogeneously broadened line, where
the nonlinear polarization—provided collisional dephasing is
slow compared to the pulse length—persists in the medium
for quite some time after passage of the pump pulses. Con-
sequently, in our experiments the deduced relaxation times
as listed in Table Il are dominated by rotational energy trans-
fer and population relaxation caused by the environment in
both the ground and excited electronic state manifold con-
nected by the exciting laser radiation.

Considering ground- and excited-state populations as well
as the polarization properties of angular momentum distribu-
tions, DFWM signals can be regarded as arising from con-
tributions of 12 different grating$34,35. In addition, in
frequency-resolved experiments contributions from thermal
gratings can even dominate the DFWM signal at high densi-
ties when collisional relaxation and quenching processes take
place on a time scale short compared with the temporal pulse
length of the signal generating bearf®0,51. This often
complicates the interpretation of experimental data obtained
in both the frequency and time domains. However, the for-
mation of thermal gratings can be avoided by polarization
selection of the incoming beams, and the number of different
grating contributions may be reduced by multicolor
frequency-resolved experimer&2], or through proper time
sequencing in short pulse pump-probe measurements.

The relaxation times determined in the present wafk
Table 1) are in good agreement with our previous results
[29,38. In addition, although slightly larger, they correspond
well with fitted relaxation rates of OH in helium diluted
hydrogen-oxygen flames deduced from high resolution po-
larization sensitive DFWM line shape studies[B5]. They
estimate an average homogeneous dephasing rate for low

1.0 ;

Intensity

Intensity

0.0 ek Sl gy (J=1.5) and high §=8.5) rotational excitation of OH of
- 80 160 240 320 0.047 and 0.038 cit, respectively. However, our mea-
Delay time (ps) surements are only sensitive to contributions from population

and orientation relaxation in the multipole expansion. The
FIG. 6. Experimental DFWM datécrossesand model calcula-  variation of the rate for alignment relaxation in the fitting
tion (solid line) for the simultaneous excitation of t@,;1 and  algorithm does not have any significant influence on the cal-
Q.4 transitions of OH(see Fig. 5 for explanation of individual culated transients.
curves. Four different polarization configurations of input and out-
put beams are displayed as insets in the upper right port@n&d)
of each figure(a) XXXX (b) XXYY, (c) XYY X and(d) XY XY. VI. CONCLUSIONS

In addition, next to each polarization geometry are depicted the . . . .
relative amplitudes for the nonoscillating) and oscillating (o) A still unresolved question in a theoretical understanding

contributions in Eq(18a, respectively. See text for further expla- Of fr'equency. as W_e” as timg-res'olved nonlinear spectro-
nations. scopic techniques is the relative importance of the various

grating types to the overall signal intensity. In the present
out to be especially important when multiple transitions ofwork the dependence of the DFWM/PS signal intensities on
different strengths are excited simultaneously. For our puls¢he polarization configuration of the interacting beams was
envelopes of ~38 ps full width at half maximum the gen- investigated and compared with a detailed theoretical treat-
erated signal is in a transient regime, and the signal intensitgnent of the signal generation processes in a forward folded
will be dependent on the total collision rate. Using simplebox beam phase-matching geometry. A fully quantum-
ideal gas law one calculates 120 ps for the time between gasechanical picture of the light-matter interaction in
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DFWM/PS experiments was developed to describe the tenthreefold frequency integration in EA11). In this case a
poral behavior of the transient signals excited in selectedlirect numeric integration becomes extremely time consum-
transitions of the OHA 23 —X 2I1 (0,0) electronic band sys- ing and further theoretical analysis is necessary to solve this
tem in atmospheric pressure flames. It was found that iproblem.

guantum beat experiments a quantitative description of the For future work, experiments are underway to extend the
temporal behavior of the signal intensity rests on threemeasurements to other spectral structures of small radicals
grounds: first, the polarization dependent factors deriveduch as NH in ammonia-oxygen flames, where different col-
from the angular-momentum couplings for each spectrotisional environments prevail than in the presently studied
scopic branch excited in the experiment are incorporated intmethane-air and hydrogen-oxygen flames. The NH
the expression for the signal intensity. Second, if not knowrA, 3I1-X 33 triplet electronic band system exhibits derge
accurately enough from experiment adjustment of the peakranch and opeR-branch structures, which offers the oppor-
position and width of the frequency distribution of the inter- tunity to study the gradual change between clearly isolated as
acting laser radiation within experimental uncertainty is ap-well as simultaneous excitation or relaxation phenomena
propriate to correctly predict the relative importance of thewith the short pulse laser system presently available. Further-
oscillating and nonoscillating contribution to the temporalmore, it is planned to study ground-state relaxation processes
signal intensity. Third, it is important to analyze all relevant through the selective depletion of one populated energy level
interaction terms in the perturbative treatment of time or-via a saturating pump beam and a subsequent DFWM-PS
dered energy level diagrams to correctly describe especiallgrobe experiment. This allows a separate study of rotational
the early temporal behavior of the signal trace where all laseenergy transfer rates in the ground- and excited-state mani-

pulses are present simultaneously in the sample. folds for molecules in collisionally dominated environments.
We have calculated the DFWM/PS signal intensity ac-
cording to Eqs(A11)—(A13) assuming that both pump and ACKNOWLEDGMENTS

probe beams are coherent. In other words, the frequency

o ; The financial support of the Deutsche Forschungsgemein-
spread of the radiation is completely determined by the tem- )
pgral profile of the laser pulségee, g.g., Eq9)]. Hoxever, schaft(Grant No. Dr 195/12and the Stiftung Volkswagen-

the laser beams used in the present experiment containvgterk (Grant No. 1/70 491 is gratefully acknowledged. The

significant incoherent contribution. This means that their fre_guthors are thankful to J. Wolfrum for his continued interest

guency distribution is broad in comparison with the Fourier'” this work.
transform limit of the temporal pulse profile. To describe

incoherent scattering terms one has to take into account a

complex amplitude factoE—E(w) exp(¢) for the pump Our goal is to represent Eq14) in a form that can be
and probe beamig.qg., in Eq.(9)], where¢ is the phase of directly compared with experimental data. First, we expand
the photon mode ). The final result has to be averaged the density matrix in this equation over multipole moments
over all phases and integrated over all incoherent field moded5). Using Eq.(16) one calculates the trace over magnetic
w, as was done, e.g., ifB3]. This leads to an additional quantum numbers in Eq14) and obtains

APPENDIX A
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where the prime means that the summation over translational velocities is excluded from the trace. The dependence of the
DFWM-PS signal intensity on the polarization configurations of the pump and probe photons is completely described by the
polarization factors? in Eq. (17). The matrix elements of the Liouville operator are given in terms of transition frequencies
and linewidths determined by the relaxation operator /:gf);nzziwnl'nﬁ Fﬁ,'i);nz. Here, advantage is taken of the fact that

the relaxation process does not couple multipole moments of different ranks.
We now have to calculate the molecular density matrix distorted by the pump electric field. It is convenient to represent Eq.
(12) in the following form:

~ 1 (= © ~ ~ ~
Pa00=— 32| dy [ atTitrix-y) exd — (24 iy OV, ~y)peq- Ty 0 exi ~ (£+iy)thoeu(r)),

(A2)
where the Fourier transform of the interaction operator with the pump field is given by
B o\ 12
Vn(r,x):(ﬂ) Enexd —ikn(X)r—(x— »)20/2)(d-€"). (A3)

Substituting Eqs(A3) into Eq. (A2) one obtains

~ EiE; . * * 2.2 : ; X
Pl(X):O‘mzeXF[—'(kl_kz)'r]j_deJo dtexp{— o[ (x—y)+y-12—iyti{exp{i[ka(y —x) —ki(y)]r}(d-e,)

Xexg —(L+io—iky-V)tlpeqd-€) — expli[ky(y —x) —Ka(y)Ir}(d-€7 ) “exf — (L—iw+ika-V)t](d-€;) peq
(A4)

where the wave vector at the average frequency of the pulse envelope is denoteki(ag . It is assumed that both pump and
probe photons are almost collinear. In this case, the dependence on the translational coordinates can be negle&ddl in Eq.
In the present experiments a system with two closely spaced transitiéasn; andn”—n;) in resonance with the external
field is considered. Equatio\4) describes the change of the equilibrium population in the gronfigl énd excited Ki;,n5)
levels, which is induced by the interaction with the pump field. Calculating the matrix elements we derive, respectively,

~ o
P1XV) = — WElEzexq—xzaM)z (€] - dnrn) (€ Ay ) [V (@ =XI2V) + V7, (@+XI2;V) ] ped V),
n/
(A5a)

~ (o
pl(x,v)ni = WElEzexq —X2a14) Y, (& d”i ICE dn”,né)[vni n(—XI2;v)+ V:é (@ FXI2V) ]ped n”,V)
nH

2

(A5b)
with
Vo (@, V) =V[Vo( Loy p—io+ik-v)], (AB)
where the Voigt function/(x) can be expressed via the complex error function:
V(x) = exp(x?)erfox). (A7)

The interaction with a second pump and a probe pUlsg given by Eq.(13) can be calculated in the same manner. However,
this procedure leads to a rather complex functional dependence on the delayrliletyeen pump and probe pulses. In
contrast, the time decay in case | is determined by a simple Fourier transformation (AXgqIn other words, the entire
kinetics can be obtained by a single integration over frequeria@sg the fast Fourier transform algorithriThe kinetics in
case Il also can be written in terms of the Fourier transformation if we change the order of integration (b3Egad (14).
After some algebra one arrives at the following result:
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J dxexf — (x+ o= 0,)20/2][(L+iX) Tpa(X)]n, n,
J dxexd — (X+ w—w,)?0/2+i(Xx+ 0— ) TIVn, (0= 0, +XI2; O)P(l)(XaV)nl,nz

+§) [V, ny (0= ©,+%/12,0) =V, o(0=XI2) 15 (X,V)n_ 0 in (A8)

Wherep(l) determines the contribution to the DFWM signal when the scattering of the probe photon precedes the interaction

of both pump photons with the molecule. The transformation of the density matrix in this case is given for the ground and
excited states, respectively, as

g 1 1 H - 4
gl)(x,v)nn'n,,z—WE3E2exq—xza/4)2 (65 dyr ) (820 ) (Lo s +iw,—iX—ikV) “pedn”,v), (A9a)
n

2

-~ g H H H - ”
p(31>(x,v)n1,n,=WEsEzexp(—xZUM)Z (€Ut ) (€% - Uy ) (Lo + i@ =X —1K-V) peg(n”,v).  (ASD)
nrr

Similarly, p‘® describes the scattering signal when the probe photon arrives between the pump photons in the interaction
region. In this case, due to the preceding interaction with the pump phatgntife density matrix is off diagonal. This
intermediate state is of importance in the last sum in @) and is labeled by the third additional index. For the matrix
elements in the ground and excited states one has, respectively,

()

P3 (X,V)nrrlnrr;nr— Zﬁ E3E2€Xq X 0'/4)(% dnlrn )(ez n’ nrr)(,cnr’nr/_,cnu‘nu |LL) +ix+ik- V pe[{n

(AlOa)

g H H H - ”
) (XV)ny g i =577 EaE X = X2014) (€ Ay 11n) (5 - Ay o) (Liy v = Loy g~ 01X +TKV) Tpedn”,v).
(A10b)

Expanding the distributiongA5), (A9), and(A10) in terms of the multipole moments and using them in &ql) we derive
the final result for the energy density of the DFWM signal:

&,={(T)N20°ESESES f dxexp[— o[ (X+ o — w,) %2+ x?4] +ix 7}

eXF( —MmMv 2/2kBT) , , roor o [N ) ’
Ani;n”Ané;n”(ZJl—F1)(232+1); {81(nf,n5,n";K)+S5(ny,ng,n";K)}

Xfiodv E

1
n!.nj L‘i],,) ,-I—Iw —ikv
(A11)

where the subscrigK) defines the multipole rank of the Liouville operator in E47). The temperature dependence/¢T)
is determined by the Boltzmann population distribution within the ground level

772C66c2) En//
2:0°Q(T) A ™ kgT
with the partition functiorQ(T). The contributions to the DFWM signal provided by the scattering processes in cases | and

Il are denoted a$; andSs, respectively:
Ji, J, 13, J, 1
K, 1, JJ|K, 1, J

><(—1)Ji+Jz(,c<n5 n,,+ix)*l[vni,n,,(w—x/z;u)Jrvj:, (@ +X12;0)]
L

m 2
(M=17 (A12)
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