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Measurement of orientation and alignment moment relaxation
by polarization spectroscopy: Theory and experiment

Matthew L. Costen,® Hilary J. Crichton, and Kenneth G. McKendrick
School of Engineering and Physical Sciences, William H. Perkin Building, Heriot-Watt University,
Edinburgh, EH14 4AS, United Kingdom

(Received 23 October 2003; accepted 9 February 2004

A diagrammatic perturbation theory description of one-color polarization spectros&pyis
developed which emphasizes the significance of orientation and alignment tensor moments of the
rotational angular momentum, and their collisional evolution. The influences of Doppler motion,
velocity-changing collisions, decay of population, orientation and alignment, and nuclear hyperfine
depolarization on the calculated PS signal are discussed. lllustrative simulations are presented of the
evolution of the PS signal as a function of pump—probe laser delay. These are generated by a Monte
Carlo integration of the derived equations for the signal electric field over typical experimental
pump and probe laser temporal profiles and velocity distributions for a commonly studied system,
the OHA 23 " —X 211 (0,0) band. These predictions are compared with a preliminary set of results
obtained in an experimental apparatus designed for one-color polarization spectroscopy using
independent pump and probe lasers. Measurements are presented using linearly polarized pump
light on theQ,(2.5) transition of the OHA 23 " —X 11 (0,0) band with He as the collision partner.

The decay of the experimental PS pump—probe signal is discussed with reference to inelastic
collisional population transfer rates in the literature. It is concluded that the collisional
depolarization of rotational alignment is rapid, with a rate approximately twice that of population
transfer. This is consistent with previous measurements in atmospheric pressure flames. PS is shown
to be a viable novel spectroscopic method for determining rotational angular momentum orientation
and alignment relaxation rates, which are valuable quantities because they are sensitive probes of
the forces involved in inelastic collisions. ®004 American Institute of Physics.

[DOI: 10.1063/1.1691019

I. INTRODUCTION Reichardt, Lucht, and co-workefsised a numerical solution
to the time-dependent density matrices. These calculations
_ Polarization spectroscop{PS was first developed by jncjyded collisional effects and Doppler broadening, and the
Hansch and cp-worke’rsas a variant of saturation Spectros- jine shapes and saturation effects that result were discussed.
copy. In its simplest form, a relatively powerful polarized Further publications discussed the effects of multiaxial laser

pump laser beam is introduced to the sample, creating 3hodeé and short pulsépicoseconyi lasers’ The results of

unequaim, d's”'b““‘?r_‘ in the ground z_and excited I_evels ©ON" such calculations have been compared to measurements
nected by the transition. A weaker linearly polarized probe . . .
. 2 : made in flames using saturated PS on known concentrations
laser beam, also resonant with the transition, is then co- or . .
f OH, with good agreement being fould.

counterpropagated with the pump beam. A signal beam i8
. bropag w pump '9 I The collisional properties of PS have been the subject of

generated which copropagates with the probe beam, but has

. . 11 .
an orthogonal linear polarization. The signal beam is sepa€Wer Studies. Reichardit al™= have presented a diagram-

rated from the probe beam using a linear polarizer. In the lagl'alic perturbative treatment of PS in which they describe the
10 years, PS has seen increasing use in analytical measuf@Se’ Pulses as exponentially decaying temporal functions.
ments in bright or collisionally perturbed environments They present analytical results for PS signal intensity as a
where the coherent signal beam properties are useful. Theégnction of collision rate for the case where pump and probe
have included a significant number of studies of small radiPulses are coincident in time. They show a decreased depen-
cals in flames, notably OA®NH,* NO > and G..6 Thiswork ~ dence on collision rate for a short pulse ps-laser over the
has mainly focused on the use of PS for relative and absolut@nger pulses from a ns-pulsed laser. The effect of collisions
concentration measurements, along with the determination ¢fn PS is most clearly seen when the relative timings of the
rotational temperatures. pump and probe laser pulses are varied. The relaxation times
There have been a number of recent papers describingat PS signals from OH in atmospheric pressure flames using
numerical approach to the simulation of PS suitable for thepicosecond laser pulses have been measdrédThe re-
strong field regime. Perhaps the most significant of these, bgorted relaxation times are rapid, 120—700 ps, and depend on
J and pump polarization. The results were interpreted in a

dAuthor to whom correspondence should be addressed. Electronic maiperturb"’_ltive theory approach, assuming that the probe pulse
M.L.Costen@hw.ac.uk only switched on after the pump pulse finished, and that the
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pump and probe pulses were short compared to the relaxk THEORETICAL DESCRIPTION OF PS
ation time scale. A. Introduction

We have been developing PS as a tool for studying in- o ) ) )
Polarization spectroscopy is a third order non-linear

elastic energy transfer of small radicafsWe are interested _ - 23
spectroscopy, a variant of four wave mixifg\WwM).“> FWM

in the evolution of the orientation and alignment of rotational’ : : . .
. . A . in general arises from the interaction of three beams with a
angular momentum in the course of inelastic collisions.

: . . ) polarizable medium, the nonlinear polarization induced in
Th_ese have been s_hpwn in both reactive an.d |nelast|_c scaﬁie medium producing a fourth coherent signal beam. This
tering tols)e a sensitive probe of the forces involved in thegiqna| heam will propagate in a direction determined by the
collision.*" For example, in perhaps the most sophisticated Of:)hase matching conditions operating on the wave vectors of
the recent applications of related methods to nonreactive cothe input beams. In PS there are only two independent input
lisions, measurements of the orientation and alignment opeams(pump and probeand the signal beam is detected in
NO (X ?II) created in collisions with Ar have been obtained the same propagation direction as the probe beam. The wave
using crossed molecular beams with REMPI-TOF imagingvector for the signal beam is required to be the same as the
detection*®*® Deviations from the simple predictions of the probe beamksigna™ Kprobe: @nd hence two photons from the
kinematic apse model were seen, in particular a preferentigtump beam must be used such thajy,a= Kprobet Kpump
handedness of rotation as a function of scattering angle, il= Kpump- All calculations in this paper are made under an
lustrating the depth of information that can be revealed. ~ @ssumption that the pump and probe beams copropagate. A

We are particularly interested in electronically inelastic "Umber of other possible third order processes may occur in

collisions, and have recently been studying transfer betweewe sample under the influence of these laser fields, for ex-

the A2A and B23 states of CH® Those experiments in- ample, coherent anti-Stokes_ Raman spectrodeRS)_
volved pulsed laser preparation of single rotational levels inanq dege'nerate fo'ur wave mlxuﬁ@WFM)..The'se re;ult n
) X . various different signal beams, propagating in various pos-
either of the glectromc states, fqllgwed by dllspgrse'd fluoresgipie directions and with distinct polarizations, defined by the
cence resolution of the post collision state distribution at thephase matching conditions. However, by taking advantage of
rotational levef* We have observed rapid transfer betweenhe phase matching conditions and detecting a coherent sig-
electronic states with a variety of collideé¥sSimple models, nal beam with orthogonal polarization in the probe propaga-
that may be successful in explaining purely rotationally in-tion direction we restrict our observation purely to PS. We
elastic collisions, do not correctly predict the observed prosimilarly aim to restrict our theoretical treatment to only
pensities for transfer or final state distributions in these electhose interactions in the sample that give rise to this specific
tronic state-changing collisions. Development of moreSignal beam.
successful models would seem to require better information ~We have performed experiments with low pulse energies

on the forces acting in the collisions. Rotational angular mothat correspond to the weak field, perturbative limit. In this

mentum alignment provides just such a detailed window orpublication, we correspondingly treat the problem theoreti-
the forces present cally in the perturbative limit, using a diagrammatic ap-

. . . Broach and angular momentum tensor theory. Williams
However, measurements of changes in orientation an 24.25 . . . ;
. . - . . et al="> have described a diagrammatic spherical tensor
alignment in collisions of excited state species are very rar

5 ) i ) &reatment of DFWM in the weak field limit, and Wasserman
This is largely due to the lack of higher-lying excited statesg 52627 haye extended this to include initial ground state
suitable for conventional optical double-resonance expefiyrientation and alignment, such as can arise from photodis-
ments in these small free radicals. We have therefore be%ciation or reaction. These authors made several assump-
searching for a technique that will allow polarization- tions that are not valid in the experiments described in this
sensitive detection without requiring such higher states. Weaper. As noted by Williamet al,>* these monochromatic
believe that polarization spectroscopy provides such drequency domain models for incident and generated fields
method. In an earlier pap&twe demonstrated excellent sig- necessarily demand that the population relaxation and colli-
nal to noise in one-color PS of the O&23 " —X 2I1 transi-  Sional dephasing times must be much shorter than the tem-
tion, under controlled collider conditions in a sealed environ-Poral duration(nominally infinite) of the laser pulse. In sub-

ment. In those experiments, a single ns-pulsed laser was us§gduent finite bandwidth treatmett&’ essentially the same

to generate both pump and probe pulses, which were esseﬁ)_rmalism has been applied in situations where the pulse

tially coincident in time. The effects of collisions on the PS .urat|ons are ”?“Ch .shorter than the decay rates. The func-
onal forms derived in these treatments consisted of the sum

S'g”r_]jl were explored.(l;):j Increasing ]Ehe r;:arnasl p.resslure 0gver all interacting levels of a numerator, containing a four-
collider gas. Very rapid decay rates for the PS signa WET%o1d transition matrix element, and a denominator, containing

found, which it was suggested might be the result ofye resonant frequency and collisional dependence of the sig-
velocity-changing collisions. Here we develop the theoretical,5| The separation of the numerator and denominator was

framework for the general analysis of one-color PS signalgchieved by assuming that the relaxation and dephasing rates
with arbitrary pump—probe delay and demonstrate the appliwere independent of thm, sublevel. The numerator could
cation of the method to an illustrative set of new measurethen be evaluated using the spherical tensor treatment. The
ments for OH. result is a separation of the geometrical factors introduced by



7912 J. Chem. Phys., Vol. 120, No. 17, 1 May 2004 Costen, Crichton, and McKendrick

the different photon polarizations from the dynamical contri- lg) (g lg) (el

butions arising from population, orientation and alignment of Paignat y ‘ Dogra Tk !

the sample. Phenomenological decay rates for these paran D probe )y (e 1, O ) ]ﬁ (2] 1,

eters were then introduced to the resonant denominatorIA “T ,-'"J “T IB

However, the experiments described in this paper are per. 0 2)y (], o))y (gl .

formed as a function of pump—probe delay rather than in the o Yl $n(e] ] o Jel dlell

frequency domain and measure decays on a time scale sic e _— ' - ‘

nificantly longer than the laser pulsewidth. The measurement & & ) (el

of true orientation or alignment moments rather than phe- 0,pylg) (gl 0pgl€) (el

nomenological decay rates is their primary purpose. The 0 B 1[73<g. . o e jt%(g'

main development that we describe here is a tensor momerIIA P'_:’.r' X ’ ~ X g B

approach to pump—probe PS measurements that isolates trt g) ’z<g, J_,.n* g) Tz<g, _,J'"

orientation and alignment decay rates. t ) ‘[T B D promp t Ry ‘[T T D ot
The diagrammatic approach to nonlinear optical calcula- 4 ; ._’CT, Ul R :_’;:{:mp

tions greatly simplifies the calculation of the polarization lg) (g lg) (g

density matrix responsible for the generation of the third lg) (g ; g) (¢ ,

order nonlinear sign&P~3!The complete density matrix can il Dogar g

be broken down into individual contributions from each pos- L o) M (8] D prope t l2) X3<g © NIB

sible time-ordered sequence of photon interactions, repre-IIIA T, 7 -

sented by a double-sided Feynman diagram. At each interac Jov el deoy el

tion time, t,, the quantum states participating are O bl 30T 0, L) kel

represented above and below the interaction point. Betweet l2) (g l 2 (g 1

the interaction times;<t,<t;<t, corresponding to the ) (g e

three photon interactions that generate the final signal wave Dsigra i 4 Dsigra t

at time, t, we have the respective delayg, ,, and 7. WA Aesiel e Ae) jtr3<g'| _,.g’ VB

During these delays, the system evolves field free. Any re- T ¢ T 4 e

laxation during these delays is the property of the system tha N &) "rz (e| B "72 (e

we are interested in measuring. o B Re 2 Oprte B L
Inspection of the diagrams shows clearly which interac- g ‘—\f‘":mp g hf‘\’;;ump

tion sequences contribute to the measured signal, and th ) (gl l&) (g

relevant density matrix can then be calculated. When only ‘Pump-probe’ ‘Coherent’

two isolatedJ states are involved, one in the ground elec- ) ) L
. d in the excited electronic state. and OnIFIG. 1. Feynman diagrams for the eight possible time-ordered sequences of
tronic state and one 'n_ o ’ o . Xhoton interactions giving rise to PS signals. First column, “pump—probe”
the ground state has initial population, it is readily showndiagrams IA-IVA, second column, “coherent” diagrams IB—IVB.
that only eight diagrams can contribute to the signal. These
relevant diagrams are shown in Fig. 1, and can be broken
down into two groups. The first group of four, labeled B. Perturbative derivation
szlrjmfzﬁc?vrv%t:je’b m;/r?éve rt(\)’\g;m_tri?sgogz V:;g];hfeplrjerzzr:?_th The detailed derivation of the signal field contribution
' y b ' . 9 P ffom diagram IA is given in the Appendix: here we discuss
only processes that generate the signal when the probe pultche

is sianificantly later than th lse. Th di e key features only. The measured signals are integrals
IS sighincantly fater than the pump puise. 1he second 1ol o e temporal characteristics of the experiment, princi-

labeled “coherent,”.are those Wherg the probe interacts Wi,”bally the pulsewidths of the pump and probe lasers. The
the sample laser either before, or in between, the pump ing|ayation time scales and laser pulsewidths may be of simi-
teractions. When the probe pulse is well before the pumpy, . magnitude in our experiments, precluding any simplifica-
pulse only two of these diagrams will contribute to the sig-(jon of the integrals. The integration over the laser pulse-
nal, whereas all four will be significant when the pump andyigihs is in general not a straightforward analytical task,
probe pulses overlap. The “pump—probe” diagrams alsayen if we were to assume an idealized functional form to
contribute when the pump and probe pulses are coincidenfepresent the complicated, not well defined, experimental la-
and hence all eight of the diagrams are important in thisgy pulse profiles.
situation. Instead, we evaluate the signal field for specific, unique
The Feynman diagrams may be used to direct the calcuimes and numerically integrate the results over suitable ex-
lation of the signal electric field generated by each of theperimental parameters for the laser pulsewidths and detection
possible time-ordered sequences of interactions in thgate in a Monte Carlo fashion, a procedure discussed in Sec.
sample. Because the temporal evolution of the electric fieldll. The calculation proceeds from an initially isotropiand
strength of our ns-pulsed lasers is much slower than the oflrence diagonalground state density matrix. We assume that
tical cycle frequency, the resulting signal intensity that isat some timet; it undergoes an interaction with the first
detected experimentally will be a cycle average of the squarphoton. The resulting density matrix can be found by appli-
modulus of the signal electric field strength. cation of the dipole operator. The result will be a linear su-
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perposition of the ground and excited states, oscillating at the 025 o
transition frequency. With the aid of the Wigner—Eckart

theorem the result can be rearranged and expressed in terrr

of an expansion in state multipoles and spherical terors. 0.20
Provided the medium is isotropic, which is the case for our
experiments, the characterization of the relaxation of the

state multipoles that describe the expansion will be 0.15
straightforward®> All projections,Q, of a state multipole will

relax at the same rate, but different ranks,will have dif-

ferent rates. The density matrix after this first interaction is 0.10
described by a single multipole of rarkk=1, representing
coherence between the ground and excited states, or oscilla

(2]
ing dipolar bulk polarization. The relaxation of this multipole g 0.05
during the time intervak;=t,—t; is determined by a single §,
dephasing ratd; 4. 2

At this point, the density matrix can be expanded once & 0-00
more in terms of the state operators, the second photon in“g
teraction is applied and the same procedure repeated. Thi§ 0.12
time, after some angular momentum manipulation, we find g
that the density matrix spans only the ground state, or only's 449 _| (b)
the excited state, depending on which diagram is considered £
This corresponds physically to time-invariam;-dependent @
population transfer from the ground to excited states. The 0.08
hole burned in the ground state; distribution mirrors the -
populations created in the excited state. The density matrix 0.06
may be defined in terms of tensors of rakk=0, 1, and 2. o.
These are population, orientation and alignment tensors, re: LN
spectively. Their evolution is the target of the experiments, 004 - R LN
and is discussed in detail in Sec. IIC. They evolve with . LY
differing rates,l"Kz, during the periodr,=t3;—t,. This pe- 0.02 '\ ‘\ ."°~o-.\._.
riod may be long if the pump and probe pulses are widely \":t ‘1‘ 0-0-0-9-0-¢
separated in time, as is possible with independent laser sys 0.00 ) 4*“&&‘4-‘-‘-3-‘
tems. N e T T T

The third photon interaction is then applied in a similar 0 2 4 6 . 8 10

) - . : . Ground state rotation, J
fashion, giving a density matrix that relaxes with rit@s, g

once again descrlb_lng a superposition of the gf_OU”O_' and &%, 2. (3 Orientation,K =1, dependence of sum of squared &ymbols
cited states. The signal field associated with this third-ordefrom Egs. (1) and (2) as a function of ground state rotational quantum

density matrix may be found by Calculating the trace of then_umberJg in half—integer increments. Filled tri_angleﬁ’, branch; filled

product of the density matrix with the dipole operator. SomeFircles.Q branch; and filled square branch.(b) Alignment, K =2, depen-
. dence, symbols as fdg).

straightforward angular momentum algebra shows #at

=1 only, and consequently the relaxation rE';@S during the

time r3=t—t3 is the same a¥ 4 during time ;. 1 3. 3.2
Similar calculations may be made for all eight diagrams, ~ p3)(t).g} = Che Tdntm)> { € g]
and it is found that the signal electric field generated by all of K (Je 1 Kp
the diagrams can be described in a simple fashion. The dia- e
grams forming ground state orientation and alignméifs XF(e1828384;,K5)€ 1,72, 2
lIA, 1B, 1IB) produce These equations have a clear physical meaning. The first

term, C, contains the dependence of the signal field on the
number of molecules presemMl, and the magnitudes of the
1 3. 3.2 three incident electric fields;,,. It also depends on the re-
p(3>(t).£z :Ccpe*Fd(fﬁTs)z (J 19 Ke] duced matrix element carrying the transition line strength,
Kz g 2
_ NEEE (Il (1) VI

J
X F(&18,8384;Ky)e 1. (1) 8ifi%(2J4+1)

()

A coherent term, defines the phase-matching resulting
from the time-ordered sequence of events and the field-free
Those diagrams forming excited state orientation and alignevolution of the system. The expression that holds for cases
ments(ll1A, IVA, llIB, IVB ) result in I and Il is
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TABLE |. Polarization factors=(e,,£384:K,) for different tensor ranks  |evels is required for orientation, and a minimum of three is
K, and both left-hand circular and 45° linear pump polarizations. Values forrequired for alignment Hence. for example aIignment signal
right-hand circular pump polarization are the same as for left circular other tb ted ) 0 5’ t it ! both d
than a change of sign fdt,— 1. cannot be generate on@(0.5) transition, as both groun
and excited states only possess g substates.

Left circular pump polarization  Linear pump polarization The final termF(e,e,€3€4;K5) in Egs.(1) and(2) con-
Diagram  K,=0  K,=1 Ky=2 Ky=0 Ky=1 Ky,=2 tains the geometrical dependence of the signal on the polar-

izations of the pump, probe, and signal photons. For cases |

IA 0 i/2 0 0 0 12 and IlI this has the form
A 0 i12 0 0 0 1/2
A 0 i12 0 0 0 1/2
IVA 0 i12 0 0 0 1/2 Ko)= —1)Q (1)
B il6 4 -sil2 U6 U4 112 Ferezeseaiky) 1%,% (D72t Do) =g,
1B i6 i/4 —5i/12 16  -1/4 112
! i/6 i/4 -5i12 16 -14 112 X(e$)P_o (e5)P_, (e
IVB i/6 i/4 —5i/12 16  -1/4 112 (22)0,-0,(Fa)o,-0,(#4);
1 1 K,
X
Q:-Q1 Q1 —Q
(D:e*iwstJrikS-rei73(w57wJng)eiTz(wlfwg)eiTl(wlf‘”\]e\]g) 1 1 K
' 2
4 X ) (6)
. . Q2-Q3 Q3 —Q
The signal frequencyws=w;— w,+ w3, With w; and w,
from the pump laser and; from the probe laser for cases IA and for cases Il and IV the result is
and IlIA. For cases IB and I1IB we must swap the sources of
wq and w3, so that the probe photon comes first. The wave K= S Ko+ Q,
vector defines the propagation direction of the signal beam, ©(£1£2€3€4;K2)= 50 (=1 (2K2+1)
ks=k;—k,+ks. The functional form of® for cases Il and
IV is slightly different, namely, ><(8’1’)%1(82)81)7(32(83)82)7(23
CD:e*intJrikS'rei73(w57w‘]e‘]g)eiTz(wszl)eirl(wJngfwl). 1 K
2
(5) x(sj{)gl;x B B )
. Q-Q1 Q1 —Q
NOW ws= w,— w1+ w3 With w1 andw, from the pump laser
and w5 from the probe for the “pump—probe,” case IIA and 1 1 K
IVA, whilst for the “coherent” case IIB and IVB we must X Q,-Q3 Q3 —Q,) (@)

swapw, andws so that the probe photon comes second. This
time the wave vector is given by,=k,—k;+ k3. The experimental geometries used in polarization spectros-
All of the cases are affected equally by the dephasingopy define the probe and signal beams to have orthogonal
rate,I'y, during the combined times, + 75. The population, linear polarizations. The pump photons must, by definition,
orientation and alignment sensitivity is contained in the sunboth have the same polarization, which is either circular, or
overK,, which is restricted t&,=0, 1 or 2. The 6} sym-  linear(normally at 45° to the probe polarization, maximizing
bol in Egs.(1) and (2) reflects the transition sensitivity to the signal at the choice of the experimenter. Using these
these different moments, depending on whether the momemfolarizations in the different cases to defie and the rel-
describes a population, orientation, or alignment in thesvant Eqs(6) or (7), theF(e,£,£5¢,4;K,) can be found and
ground or excited state. The total signal electric field will are listed in Table I. The “pump—probe” diagrams IA—IVA
result from the sum of the fields contributed by the differentare found, as might intuitively be expected, to be dependent
diagrams. To illustrate the tensor moment dependence of then a single tensor moment only, eités=1 (orientation if
signal electric field on different transitions we evaluate thethe pump photons are circular, 8,=2 (alignmen} if the
sum of the squared §-symbols appearing in Eq$l) and  pump photons are linear. Crucially, the evolution of the sig-
(2). Figure 2a) shows the results for the orientation depen-nal when the pump and probe lasers are well separated in
dence,K,=1, and Fig. 2Zb) for the alignment dependence, time, when only these diagrams contribute, will therefore
K,=2. The sum is shown fdP, Q andR branch transitions, enable the relaxation of a single tensor moment to be studied.
as a function of the ground state rotational quantum number,
Jg, in half-integer steps. Strong dependencies on rotational
branch and quantum number are seen. Fig@agshows the
expected rapid decrease in orientation sensitivity @a
branch transitions with increasinly, together with a more The previous section showed how the signal is depen-
gradual decline if° andR branch sensitivity tending towards dent on theK, tensor moments, which we have described as
a constant value at highy. Figure 2b) shows that align- orientation or alignment in the ground or excited states. Con-
ment sensitivity is higher on th® branches at all except the sider the density matrix immediately after two interactions,
lowestJ,, with the P andR branch sensitivity declining to  p?(ty), for diagram IA[Eq. (A13)]. Collecting the complex
one quarter of th& branch sensitivity at higiy. A mini- phase-dependent part and the square of the reduced matrix
mum of two m; substates in either the ground or excitedelement into a constam this can be written

C. Orientation and alignment moments
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TABLE Il. Alignment moments for Feynman diagrams IA or llAin Fig. 1, that the experiments are directly sensitive to the orientation
after interaction with two pump photons. The upper signs apply for Ieftand a“gnmem of the rotational angu|ar momentum of the
circular polarization and the lower for right circuldge) P branch,(b) Q . . .
branch andc) R branch. ground and excited states, and their evolution.

The results described in Sec. Il A above show that for

Alignment moment Circular pump Linear pump Feynman diagram IA, only the decay of a single moment of
@ the distribution is measured, dependent on the polarization of
AO(3,) 1 1 the pump light. It might be inferred that the population mo-
AN, 1 [3+12 0 mentK,=0 is seemingly not measured. However, clearly the
o3l signal must be sen_sitive to the population; as withon_Jt a
AD(3) 1[20,+3 1[20,+3 sqmple present no S|gngl can bg measur_ec_i! The resolution of
E[ 3 0, th!s apparent contrad|9t|on lies in recognizing that the relax-
AD(.) 0 V312343 ation rates for orientation and alignment as defined are total
2-\Yg g . .
ol rates for the bulk loss of these properties, and include all
¢ processes that remove population from dretate, as well as
(b) the Am; changing events within that state.
AL(3,) 1 1 i
AD(I,) 1 T 0 D. Effect of Doppler motion
*ﬁ{m The preceding sections have treated all molecules in the
AP(3,) 1[(234-1)(234+3) 1 [(235—1)(234+3) sample as being at rest with respect to the beam propagation
_E{ Jg(Jg+ 1) ‘m[ I, 1) direction. In practice the distribution of velocities in the
AP (Jy) 0 V3[(235-1)(234+3) sample leads to different velocity subgroups “seeing” differ-
R){‘]g(‘]g—-q-l) ent fields, and hence forming different third order density
matrices. This Doppler effect may be included in an estab-
© AO(,) L L lished fashior?® We define the position of the molecule at
Agl)(Jz) 1 3] 0 timet asr(t). At an earlier timet,,, the position was(t,,)
+— QJ_ =r(t)—(t—t,)v, wherev is the constant velocity of the
AR ] 23 j - molepulg. For_ exgmple, at timte we can write the electric
o (Jo) 112371 11271 field incident in diagram IA as
10| Jy+1 10| J,+1
A(zz—)(Jg) 0 ‘/_j 23,1 E(tl):§1816—|w1t1+|k1.r(t)—|kl.v(7—3+72+71). (9)
10| J,+1
This Doppler effect can be applied to the incident electric
fields at all three times, and results in changes to the phase-
dependent terr® in Eq. (1). The newd terms, assuming the
pump photons are identical, are listed in Table Ill. The dot
productk.v assures that only the projection of the velocity
pd(t,)=D 2, (—D)Ke e (e )Y (e3)9) o onto the wave vectors is important, as required physically.
K2.Q1.Q2 ! v All of the wave vectors are assumed collinear in this treat-
1 3. 3 ment, and we need only consider the one-dimensional pro-
X (2K ,+1)Y? ¢ e] jection of the Maxwell-Boltzmann velocity distribution,
Jg 1 K which is a Gaussian distribution.
1 1 K, )TK2(J @ . Thi th?armal mqltlion man?fests itself throughrt]wo elffec'fs.
X . irst, the lasers will come into resonance with molecular
Q:-Q1 Q1 —Q2 Q7979 ’

subgroups at frequencies away from the natural transition
This can be expressed in terms of spherical tensor momentequency. This gives rise to the expected Gaussian line
and those moments related to the alignment moments as cobroadening. Second, the presence ofkheterm during de-
ventionally defined! In this derivation, the alignment mo- lays 7, and 75 results in the rapid loss of the signal. We
ments are referenced toZaaxis parallel to the direction of illustrate this effect using the example of the OH radical. The
propagation of the beams, regardless of whether circular d®®H A-X (0,00 band is at ~308 nm, giving |k|~2
linear pump light is used. Table Il lists, as an example, thex 10° m~ 1. The Gaussian one-dimensional velocity distribu-
renormalized alignment moments in this frame generated btion has a half width at half maximum equal to 381 T.sA
diagrams IA or IIA in the ground state fdP, Q and R  phase shift of 2 then arises between molecules with this
branches by a circular or 45° linear polarized pump beam. velocity projection and those that have zero velocity projec-
This treatment shows that after two photons have intertion in less than 1 ns. The Doppler motion of the molecules
acted with the sample it consists of an oriented or alignedhus gives rise to a wide range of phase angles within a short
population in the ground state, and a complementary orientedelay time. The consequence of this is that the effective elec-
or aligned population in the excited state. The subsequeritic fields closely follow the temporal shapes of the laser
polarization selection in the probe and detection steps corpulses, i.e., no signal is seen at negative pump—probe delays,
straints the sensitivity of PS to these moments further, as iand no free induction decay is observed following the probe
apparent from Table |. However, this analysis makes it cleapulse. Duringr, however, no dependence on the wave vector
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TABLE Ill. Phase factors including the effect of Doppler motion, assuming pump photons are identical, for the different Feynman diagrams in Fig. 1.

1A and IlIA P = e iostTiksT(D) gl T3(@prope @33, ~KprobeV) @l 71(@pump~ @33, ~ Kpump V)
IIA and IVA d=e" iogt+ikgr(t) ei 3(@probe™ @33y~ KprobeV) ei 7'1(“"1ng7 ©pump™ KpumpV)
IB and IlIB b=e" fogtti ks~r(1)ei 73(@probe~ @edg T KprobeV) ei 2(@probe™ @pumpt [Kpump~ Kprobd 'V)ei m1(@probe™ @Il KprobeV)
IIB and IVB d=e" fogt+i ks~r(t)ei 73(wprobe™ “’Jng_ KprobeV) ei 72(@probe” @pumpt [Kpump™ kprobé‘v)ei T1(“'Jng_ ©pump~ KpumpV)

is seen in Table Ill. Physically there is no spatial variation inbutions to the signal beam at tintelf instead, one of the

the population, orientation or alignment created. This is inmolecules undergoes a velocity-changing collision during

contrast to the spatially varying gratings generated in generat, , then it will be at a different point in space to the other

case of FWM experiments with noncollinear bedths. molecule when it interacts with the second photon. This

dephasing destroys the PS signal. The same phenomenon

occurs duringrz. Both of these processes are operating dur-

] ) ) ] ~_ing delay periods defined by the respective pump and probe
‘The previous section described how the velocity distri-jager pulse-lengths. In an experiment where the pump—probe

bution of the detected species was important in the evolunmaelay is varied, they will reduce the absolute signal size by a

of the PS signal. Clearly then, changes in the velocity dISm'ﬁxed proportion, but will not cause decay as a function of the

bution during the overall pumping and probing process ma)f?ump—probe delay. In our previous experiments where the

be expected to have a significant effect on the signal. As fa ressure of collider gas was varied at a fixed, coincident

as we are aware, however, velocity-changing collisions havgump-probe delay we saw extremely rapid decay of the PS

not been considered in the interpretation of any of the previt’ 16 \We h ibuted thi domi I he eff
ous published studies of PS. However, there have been 39Nal-" We have attributed this predominately to the effect
of these velocity-changing collisions.

number of publications on their effect on other third order - J )
nonlinear spectroscopic techniques, notably photon echo W& now consider collisions that occur during delgy

spectroscopie¥ 38 One approach to the inclusion of In Table Il we see that the premultiplier is not sensitive to
velocity-changing collisions is to introduce a collision kernel this delay at all, assuming that the pump photons are identi-
that gives the probability density per unit time that a colli- cal. Yet clearly if the molecule undergoes a collision during
sion changes the velocity from to v’. In principle, this  this delay period, the velocity durings will be different
kernel can have almost any form, determined by the dynamfrom that duringr, . What effect is expected from these col-
ics of the interaction between molecule and collision partnedisions? There is a straightforward physical interpretation.
We will therefore make some assumptions to simplify theThat portion of the Doppler profile that was in resonance
problem for illustrative purposes. It will be assumed that thewith the pump laser has been preferentially excited, with a
time scale of the collisions is negligible compared to the timevelocity width determined in practice by the bandwidth of
scale of the laser pulses. This impact approximation shouléhe laser. If we assume the probe laser has the same fre-
be valid for ns-pulsed lasers and ps collision time scales. lguency as the pump laser then any collisions duringhat
will further be assumed that the collisions are hard, such thaghange the velocity tend to move the sample out of reso-
the VE|OCity distribution is Completely thermalized after A nance with the probe laser. This will C|ear|y result in a de-
single collision. Finally, we assume that there is no correlagrease in the observed signal. With single mode lasers, only a
tion b_etween r_otationf_il_angular mom_entum polarization and 41| fraction of the Doppler profile would be pumped and
velocity-changing collision cross sections. _ probed at any laser center frequency. In that case, velocity-
We will consider velocity-changing collisions in two dif- changing collisions during this delay period would have a

ferecvthté:r:?h:aeg;?tisrﬁ-:—sh?nlearsctolr?ec:g::Fgu(:g;yogie;ig?\qcﬁggoun%igniﬁcam impact on the dependence of the signal on the
T3, _ . . . _
and excited states. If the collisional interaction is different ump-—probe delay. When using typical commercial ns

for the two states, which will be the case in general, then th® ulsed dye lasers, however, Fhe re[atiyc_aly broad gpectral out-
collision kernel is no longer constrained to be positive deﬁ-let of the Ias.ers W.'" re_sult In a significant f.ract|on of the
nite, but may be comple¥. The effect of the collisions, con- Dopp.ler profllg be'”g N resonance. I.n this case, these
sidering only the real part of the collision kernel, can be Seeis(elocny-changlng collisions will b_e I?SS important. )

by inspecting the relevant premultipliers in Table Ill. During e thus expect that the principal effect of velocity-
delaysr, and 5 the premultiplier depends on the velocity changing collisions on the observed PS signals using com-
projection along the laser propagation direction. Changind“erCia| ns-pulsed lasers will be the reduction in absolute
this velocity will result in a loss of signal, in a precisely magnitude of the signal, resulting from the dephasing influ-
analogous fashion to the effect of the Doppler motion deence of collisions during delays, and 73. We expect the
scribed in Sec. Il D. To illustrate this, consider two moleculesevolution of the signal as a function of pump—probe delay to
initially having the same velocity and same position. Withoutbe dominated by collisional loss of population, orientation or
any collisions, the molecules will stay exactly in phase, in-alignment, rather than by the modest effect of velocity-
teracting identically until finally generating in-phase contri- changing collisions.

E. Velocity-changing collisions
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F. Nuclear hyperfine depolarization symbol, ensuring that it is negligible whég>1. In the simu-
lations described in Sec. Ill, we explore the effect of nuclear
hyperfine depolarization on PS signals for the OH
23, —X?II transition.

Optical excitation in these small radicals creates orienta
tion and alignment of the angular momentuimthe result of
the coupling of the nuclear rotational and electronic spin an(f‘
orbital angular momenta. Howevedrmay also be coupled to
the nuclear spin of the molecule. This effect has been de-
scribed in the study of angular momentum alignment result-
ing from photodissociation, reaction or optical lll. SIMULATION OF PS SIGNALS
pumping.l7'3_2*33AIthough the influence of nuclear hyperfine 5 gimylation procedure
depolarization has been studied in FWRefs. 38—4Dand
used to perform quantum beat spectroscopy, there has been The preceding sections have detailed an approach to the
no explicit discussion of hyperfine interactions in PS. Wesimulation of one-color PS signals. To simulate any experi-
will simplify the problem by only considering the nuclear mental signals we need to integrate the equations describing
hyperfine coupling during the delay peried. This is justi- the generated signal field over the full range of possible
fied on the following grounds. First, this is the only delay times, t,, defined by the laser pulsewidths and the signal
period under our direct control, such that we may expect téletection timet, defined by the timegate over which detect-
be able to probe any hyperfine effects as a modulation in thable signal is generated. This integration has been performed
observed signal. Second, the time scale of the nuclear hypepumerically using a Monte CarlMC) approach, which we
fine coupling effects is determined by the strength of thehow describe.
coupling between the nuclear sgimnd angular momentum Three separate times,, are MC selected from the two
J. If the different resultant statds from this coupling are to  laser pulsewidths; two from the pump pulse and one from the
be excited by the same laser pulse, then this coupling cann@fobe pulse, both of which are modeled as Gaussian distri-
occur on a timescale much faster than the laser pulse. We dyitions. The pump pulse is assumed to be centered at time
not therefore expect significant nuclear hyperfine depolarizazero, and the probe pulse center time is stepped over the
tion during the time scale of the laser pulse, and hence desired range to reproduce that in the experiment; typically
andrs. —20 to +100 ns. The pulsewidths are chosen to best reflect

Making these assumptions, and recognizing that the sydhe measured values of the experimental laser pulses. A
tem during the delay, may be described by an expansion in fourth time, t, is chosen as the detection time. This is MC
orientation and a|ignment Spherica| tensors, we may use th‘@'GCtEd from a uniform distribution, which starts at the latest
procedure described in the literatdfe® The depolarization Of the three previously selected times and typically extends
of J can be described in the vector model in the followingfor 5-10 ns. This represents a compromise between compu-
fashion.J and the nuclear spih couple to giveF. J then  tational efficiency and simulation of the boxcar gate in the
precesses abol so that the prepared direction afin the experimental detection System. A target molecule velocity
space-fixed frame is altered. Wherns of a similar magni- along the laser propagation axis is MC selected from the
tude toJ the depolarization will be significant. Whehis ~ Gaussian distribution that is the one-dimensional projection
large thenF andJ will be nearly parallel and the depolariza- of the Maxwell-Boltzmann velocity distribution for that
tion will be small. The depolarization will display a periodic temperature.
nature, withJ occasionally returning to its initial prepared The time ordering of the two pump and one probe pho-
direction. For a sing|e nuclear Srjmoup"ng toJ it may be tons selected is now used to find which of the E‘ight Feynman
showr?? that the depolarization affects all spherical tensordiagrams IA—IVB are relevant. For example, when the probe
components of ranK equally, such that the time dependencephoton is the latest all four of the “pump—probe” diagrams,
of a Spherica| tensor may be expressed as IA—IVA, contribute to the Signal. The Signal field that is

generated from these diagrams is then calculated using the
four selected times, using Eq4)—(7). The effect of Doppler

pg(t):pé(t:O)GK(t), (10 motion is introduced using the selected velocity. The colli-
sional evolution of the signal is included by selected colli-
where the depolarization fact@X(t) is given by sional relaxation rateby andI',. The effect of hyperfine
nuclear depolarization through the delay periegdis in-
, , 2 cluded using Eq(11). The signal fields generated by each
GK(t)= E (2F+1)(2F'+1) |F° F K} diagram are summed, for a large number, typicaly0®, of
F.F/ (21+1) JoJ iterations of this procedure. The total signal field generated is

(Ep —Ep)t the sum of the contributions of the individual diagrams. The

xco{ } (11 resulting signal intensity is the product of this signal field
h and its complex conjugate. This simulates the signal intensity

for a particular chosen delay between the pump and probe
The hyperfine nuclear depolarization is thus shown to beulsewidth centers. The probe pulse center time is then
oscillatory in nature, with periods defined by the energymoved and the process repeated. Software to simulate the PS
splittings,Eg- — Eg, between the different nuclear hyperfine signals was written in FORTRAN, and the simulations per-
states. The magnitude of the effect is determined by the 6-formed on a PC workstatiofdual 2.8 GHz Intel Xeon
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FIG. 3. Simulation of PS of OHA 25" —X 2II (0,0) Q,(2.5) as a function  FIG. 4. Simulation of PS of OHA 23+ —X 21T (0,0) Q,(2.5) as a function

of pump—probe delay for different, assumed equal, pump and probe las@f pump—probe delay for different translational temperatures. Simulations
pulsewidths. Simulations assumed no decay processes and a translatio@&sumed no collisional decay processes and laser pulsewidths of 5 ns for
temperature of X 10°8 K. Solid line, 1 ns pulsewidths; dashed line, 5 ns; both pump and probe. Solid line,x110~8 K; dashed line 1 K intersity
dotted line, 10 ns. scaled by a factor of 3; dotted line, 298 K scaled by a factor of 500.

lation in the ground and excited states, with the maximum
being reached at the end of the pump pulse.

The simulations in Fig. 4 are the result of varying the

Simulations were performed for illustrative purposes ontranslational temperature fromx110~8 K throuch 1 K to
the Q,(2.5) transition of the OHA 23" —X2I1(0,0) band, 298 K, but maintaining the assumption of no other decay
assuming linearly polarized pump light. Pump and probe laprocesses. Each of these simulations assua8 nspulse-
sers frequencies were centered at the transition frequencyidth and involved X 10° MC iterations per pump—probe
and the lasers were assumed to have identical pulsewidths. tfelay time step. Two temperature dependent effects stand
all the simulations, except that exploring the effect ofout. First, both the 1 and 298 K simulations show effectively
velocity-changing collisions, the laser outputs were assumedo signal before the pump pulse occurs. Second, the 1 K
to be of a single common central frequency. Typical ns-signal is approximately three times, and the 298 K signal
pulsed dye lasers do not produce a pure single mode outputpproximately 500 times, smaller than the 108 K signal.
It might be expected that using multimode lasers would proBoth of these effects are a result of the Doppler motion of the
duce a change in the absolute signal size, but no variation isample. The loss of the signal at negative pump—probe de-
the signal as a function of pump—probe delay. We have petlays is the result of the velocity-induced dephasing process
formed exploratory calculations on the effect of multimodedescribed in Sec. Il C above. As the temperature increases, a
lasers, and have indeed found no changes in the relativemaller proportion of the velocity distribution is in resonance
variation of the simulated signal with pump—probe delay. Wewith the lasers, decreasing the signal size.
therefore do not discuss further the effects of multimode la-  Figure 5 shows the effect of including the radiative de-
sers in this paper. cay of the excited state. This simulation assaraé ndaser

We first demonstrate the dependence of the PS signal goulsewidth, 298 K thermal velocity distribution, and uses the
the pump—probe delay on the purely hypothetical assump-IFBASE (Ref. 41 total radiative rate for theA "X (v
tions that there are no decay processes operating, and that0,J=2.5F,) level probed by the(2.5) transition k4
Doppler motion is insignificantranslational temperature 1 =1.45<10° s 1. The resulting simulation shows a decay
x 10" K). Figure 3 shows the resulting simulations for la- due to the radiative process as signal resulting from the ex-
ser pulsewidths of 1, 5, and 10 ns. All three simulations shoveited state is lost, followed at long delays by a constant sig-
signal at negative pump—probe delays, which arises from theal from the remaining ground state. Note the large change
processes shown in Feynman diagrams IB and IlIB. The sigef time scale from Figs. 3 and 4. This remnant signal is a
nal rises sharply at the pump firing time and then continuegjuarter of the magnitude of the initiaddt=0 signal. The
at a constant value determined by the four “pump—probe’initial signal was determined by the four pump—probe dia-
Feynman diagrams. The risetime of the signal is clearly degrams, which for this transition and polarization each con-
pendent on the pulsewidth. However, the signal peak is ndfribute the same amount to the overall signal electric field. At
centered at zero delay, but is instead displaced to positiveong times only two of these diagrams remain, IA and IlA.
pump—probe delay, increasing with pulsewidth. This is a re-Consequently, the signal field is halved in strength and the
sult of the pump pulse building up oriented or aligned popu-signal intensity drops to a quarter of the initial value. This

B. lllustrative simulations
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FIG. 5. Simulation of PS of OH 25" —X 21 (0,0) Q,(2.5) as a function ~ FIG. 7. Simulation of PS of OH\ 23" —X 21T (0,0) Q,(2.5) as a function

of pump-probe delay showing effect of radiative decy,—1.45 of pump—probe delay showing the influence of nuclear hyperfine depolar-

x10° s71, of the excited state. Simulations assumed pump and probe lasdzation for different pump and probe laser pulsewidths. Simulations included

pulsewidths of 5 ns, no other collisional decay processes and a translationeddiative decay ok ,=1.45<10° s™* but no collisional decay processes.

temperature of 298 K. The translation temperature was 298 K. Solid line, laser pulsewidth 0.5 ns;
dashed line, laser pulsewidth 5 ns.

shows how the signal may not decay as a single exponential,
as it depends on the sum of different exponential decays witsumed to be identical, and only th&,=2 alignment rate
possibly different weighting factors. constants are significant for this case of linear pump light.
Figure 6 shows simulations with increasing collisional The decay rate constants a@ 1x10 *cm®s™!, (b) 5
loss rates, introducing conditions more typical of those inx10 *°cm®s ™%, and (c) 1x10°° cm®s . The resulting
experiments. The pulsewidths are again 5 ns, the temperatuceirves are essentially single exponential decays, with rates
298 K, the radiative decay rate ks,q=1.45<10° s1, and  twice that implied by the rate constants. The single exponen-
the collider number density is 3.2410'® cm™2. The colli- tial nature of the decay is a consequence of using the same
sional rate constants for ground and excited states are adecay constants for ground and excited states. These curves
show that at the typical pressures, of order 1 Torr, used in our
own collisional energy transfer studies, and physically rea-
sonable collisional decay constants, the PS signal is expected
to disappear for pump—probe delays of the order of 100 ns.
Nuclear hyperfine depolarization effects are introduced
in Fig. 7. In the simulation shown by the solid line, the laser
pulsewidths are reduced to 0.5 ns, the time step to 0.2 ns, and
2x 1 iterations of the MC procedure were calculated at
each time step. Collisional relaxation processes have not
been included, although the radiative decay of the excited
state is included, with the same value as before. Nuclear
hyperfine depolarization is simulated for tQg(2.5) transi-
tion. The hyperfine energy levels are calcul4téd for the
relevant rotational, spin—orbit and-doublet levels of the
X2II and AZ%3*' states using literature coupling
constantd** The resulting simulation shows clear periodic
oscillations. These oscillations show two separate frequen-
0 50 100 150 200 250 300 cies. The higher of these arises from %é3, * state and has
a period of~2.4 ns, the lower from thX ?II state having a
period of~8.6 ns. These different time scales simply reflect
FIG. 6. Simulation of PS of OKA 23 —X 2IT (0,0) Q,(2.5) as a function ~ the different hyperfine coupling constants in these states.
of pump—probe delay for different collisional decay rate constants at a numgach of these oscillations is a sine function, resulting from

. 6 . -3 . . .
ber den_sny of 3.24 10" cm> Simulations assumed pump and probe laser the two nuclear hyperfine levels in each of the ground and
pulsewidths of 5 ns, a radiative decay rlfg=1.45<10° s %, and a trans- excited states

lational temperature of 298 K. Collisional rate constants were identical for ) . . . . .
ground and excited states. Solid linex10™ % cn®s™%; dashed line, 5 The second simulation shown in Fig. 7, given by the

x 10 1% cm® s7%; dotted line, x107° cmPs™ L. dashed line, is identical to the first except for the laser pulse-

Relative PS signal

Pump - probe delay / ns
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and assumed, the probability of at least one collision oc-
curring is used in the usual MC fashion. If a collision does
occurs, then a new velocity is MC selected from a 1D
Maxwell-Boltzmann distribution, and is used in the subse-
guent calculation of the phase factor arising from detay
Laser bandwidths are introduced by MC selecting the pump
and probe frequencies from separate Gaussian distributions
centered at the transition frequency.

These additional dimensions in the MC integration re-
quired an increased number of iterations per simulation time
step. We have chosenxi10’ as a reasonable compromise
between statistical noise and computational time. Simula-
tions for three pump laser bandwidths, 0.06 ¢n0.1 cm 2,
and 0.2 cm?, are shown in Fig. 8. In each case, the probe

laser bandwidth is assumed to be 0.06 ¢ clear decrease
0= 6 "0 40 go " 8'0 " in the PS signal as a function of pump—probe delay is_ seen
for a pump bandwidth of 0.06 cm, with a slower but dis-
cernible decrease for 0.1 ¢rh and effectively no decrease
FIG. 8. Simulation of PS of OHA 25 * —X 2II (0,0) Q4(2.5) as a function ~ O the ex_perlmental tlm.e Scale_ for the 0'2_ cnpump band- )
of pump—probe delay showing influence of velocity changing collisions forWidth. This reflects the increasing proportion of the velocity
different pump laser bandwidths. He collider number density of 3.24distribution that is being excited as the pump laser bandwidth

X 10" cm3, velocity-changing collision cross section 108. Ahe simula-  i5 increased. At 298 K the thermal OH velocity distribution
tions assumed no other decay processes and a translational temperature

f A )
298 K. The probe laser bandwidth was 0.06 ¢rm all simulations. Solid g?ves a transition IlquIdth of~0.1 cm . T_hus’ a Pump
line, pump laser bandwidth 0.2 cth dashed line, pump laser bandwidth 0.1 bandwidth of 0.2 cm” pumps almost the entire velocity dis-
cm™%; dotted line, pump laser bandwidth 0.06 tn tribution.

Relative PS Signal

Pump - probe delay / ns

IV. COMPARISON TO EXPERIMENT

width, which is increased to 5 ns. Instead of the previously In this section, we compare simulations produced using
clear oscillations at two different frequencies, this simulationthe procedure described in the preceding sections to repre-
shows only a slight modulation at the lower frequency. Thesentative experimentally measured PS signals. These pre-
laser pulsewidth is now too broad to observe the high frediminary measurements were made on the OH radical using
quency oscillation from the\ 2% " state. The width of the the A 23" —X 2[1(0,0) transition. A more comprehensive se-
laser pulse has also largely averaged out the lower frequengies of measurements of OH collisional polarization proper-
oscillations from thex 2I1 state. These simulations show that ties will be reported in a later publication.
with typical ns-pulsed dye lasers, hyperfine nuclear depolar- .
ization will not generally be observable for OH A. Experimental procedure
A23T_XZ2[I transitions in the form of oscillations as a The experimental apparatus is practically the same as
function of pump—probe delay. They will however reducethat described in a previous publicatihwith the signifi-
the total signal level. Other species with different hyperfinecant addition of another Nd:YAG pumped pulsed dye laser
coupling constants, and hence hyperfine depolarization tisystem. Only the essential details and differences are re-
mescales may produce measurable oscillations. For exampleorted here.
quantum beats from nuclear hyperfine interactions have been OH X ?I1 radicals were generated by the 266 nm photo-
observed using time-resolved two-color resonant four-wavelissociation of HO,. The H,0, (50% by weight with HO)
mixing in the groundX2I1 and excitedA 23" states of was picked up by a flow of the collider gas, He. A total
NO.2% In a one-color PS experiment on NO using ns-pulsedressure of~600 mTorr was maintained in the cell by vary-
lasers we would expect to observe equivalent oscillationsng the flow rate, as monitored by a capacitance manometer
with a combination of the frequencies observed for groundMKS). Three independent laser systems were used in the
and excited states. experiment, the relative timings of which were controlled by
Finally, the effect of velocity-changing collisions is in- two digital delay generator§Stanford Research Systems
troduced in Fig. 8. These simulations assume no collisionalSRS DG535. The first laser, an Nd:YAG(Continuum
or radiative relaxation, and ignore the influence of hyperfineSurelite 11-10, generated 266 nm which was used to photo-
depolarization. Velocity-changing collisions during the delaydissociate the KD,. The second laser system was a
T, are introduced in the following fashion. A collision cross Nd:YAG pumped dye laseflLumonics Hyperdye/R640 laser
section is assumed, for these simulations 160 @&d the dye), which produced doubled output at308 nm suitable
resulting collision rate calculated for He as a collider at afor the OHA?II-X23* (0,0) transition. This acted as the
number density of 3.2410'° cm™ 2 and temperature of 298 pump laser system. The final system was another Nd:YAG
K. The probability densities of integer numbers of velocity- laser(Continuum Surelite 11-10/Sirah Cobrastretch/R640 la-
changing collisions are assumed to be distributed accordinger dyg which also generated doubled output=aB08 nm.
to Poisson statistics. For each iteration of the MC procedur&his system acted as the probe laser. The pump laser fired 8
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thermal 298 K OH velocities, a 13 ns pulsewidth for the
pump laser system, dra 5 nspulsewidth for the probe laser,
consistent with manufacturers’ data. The assumed radiative
decay rate of the excited state whgqs=1.45<10° s™1.
Velocity-changing collisions were not included, for the rea-
sons discussed in Sec. Il B above. The simulations assume
that the collisional rate constants for the ground and excited
states are equal, at x40 ° cm®s™ !, 1.1x10°° cmPs 1,

and 1.3x10 °cm®s !, respectively. The simulations
clearly fit the data well, reproducing both the growth and
decline of the experimental signal. As discussed in Sec. Il B,
the growth of the signal is defined by the pulsewidths of the
pump and probe lasers. The decay of the signal is determined
by the collisional loss of the population and the alignment
created by the pump laser, as discussed in Sec. IIC. The
simulation assuming 1210 ° cn®s™ ! fits the experimen-

tal data best, with the other simulations giving an indication
of the statistical, but not necessarily systematic, uncertainty
FIG. 9. Experimental data and simulation of PS of @S *—X 21 (0,0  in this measurement of about<110™ 1% cm®s™ 2.

Q1(2.5) as a function of pump—probe delay. Linear pump laser polarization, ~ Rate constants for the total loss processes occurring in
tptal pressure of kD, /H,0 precursor, and He collider, 600 mTorr. Simula- ground and excited states can be calculated from litera-
tions assumed a 13 ns pump laser pulsewidith @ nsprobe laser pulse- .

width, a radiative decay rate,=1.45x 10° s 1, no velocity-changing col- ture measurements of the rotational energy tranGRET)

lisions and a translational temperature of 298 K. Open circles, experimentaknd electronic quenching rate constants. The total pressure of
data; dashed line, simulation assumikg 0.9x10 ° cn® s %; solid line, collider and precursor gases in the experiment was 600
simulation assy;ningill.lx 10" % cn® s™%; dotted line, simulation assum- mTorr, of which we deduce that approximately 100 mTorr is
ing k=1.3x10" e’ the precursor KO, /H,O mixture (majority H,O) from an
analysis of the LIF radiative lifetime. A total collisional loss

us after the photolysis laser, sufficient time for the nascenfat€ of ?}f 10° s is predicted for the gas mixture for the
OH translational distribution to relax to thermal equilibrium €XCitéd”> state including both total RET rates out of the
and for the nascent rotational distribution to be largely therProbed level®“"and electronic quenching rat&Th'S_ may
malized. The probe laser also fired-a8 us after the pho- be converted to an apparent rate constant, in which we as-
tolysis laser, with the exact timing determining the pump—SUme that all 600 mTorr of the collider was the same gas, of

probe delay. This was scanned using the digital delajapp=3-4X 107" cm’s . A similar prediction of the tgostgl
generator, typically from-20 ns to+100 ns. collisional loss rate through RET in t'he groufid staté®

PS was performed in a copropagating geometry with lin-"ay b?lmade, and is found to give a total rate of 6.2
ear polarized pump light. The pump laser fluence was attenu™ 10:% arldl an apparent rate constanksp;=3.2
ated to ensure operation in the perturbative regime, as showf 10 Yen’s
in a previous publicatio”® Stress induced birefringence in ~ 1hese apparent rate constants calculated for the total
the cell windows alters the polarization of the probe beanfPopulation Igss processes in the grognd and excited states are
and generates a wavelength-independent background sign@1y approximately 1/3 of the magnitude of the bulk polar-
This was minimized before each experiment by careful ap1zat|on decay rate constant rgquwed to correctly simulate the
plication of a compensating stress to the cell through itExperimental data. Two possible processes that may account
mounting clamps. The pump and probe laser fluences weri®r this are velocity-changing collisions, and angular mo-
monitored using energy metef®lolectron. LIF was moni- ~ mentum realignment. We do not believe that velocity-
tored through the cell side window and used to ensure thathanging collisions are likely to be a major loss process in
each of the pump and probe lasers was resonant with tH&€se experiments. The bandwidths of the pump and probe
desired transition. Both PS and LIF signals, and the output ogsers are a significant fraction of the total Doppler width,
the two energy monitors were passed to boxcar integrator@ing=~0.1 cm * and~0.06 cm * FWHM, respectively. The
(SRS SR25pand via a computer interfad8RS SR245to a simulations presented in Sec. Il suggest that under these
PC. The laser timing and probe laser wavelength, togethefircumstances, even when assuming complete thermalization

with the data acquisition, were all controlled viaBvVIEW of velocities on every collision and a large cross section, no
software. significant signal decay will occur on the experimental time

scale. We are therefore led to the important conclusion that

the observed rapid signal decay is the result of realignment

of the rotational angular momentum and the consequent de-
Figure 9 shows the variation with pump—probe delay ofpolarization of the sample, with a second order rate constant,

the experimentally measured PS signals from the ORKyjign~7X 10 ¥ emPs L.

Q(2.5) transition with linearly polarized pump light. It is There have been a number of previous measurements of

compared to three simulations. The simulations assumedepolarization of rotational angular momentum, using

Relative PS signal

Pump - probe delay / ns

B. Comparison of simulations to experimental results
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optical-optical double resonance techniques. Studies prior tguced to be 17% kO and 83% He. Our measurements there-
1986 are summarized in the review article by McCafferyfore appear to confirm the findings of Williamet al. that
etal® In some cases, depolarization has been found to belastic reorientating collisions are favored over RET colli-
considerably slower than RET, for example self-collisions ofsions at lowJ for OH with He as a collider.

N, (v=1),%? of CO*®and GH,.>* Other systems have pro- In a future paper, we will present further measurements
duced significantly faster depolarization rates, notablyof OH collisions using one-color PS, exploring the influence
H,(BX ) with He, where depolarization af=1, m;=0 of different collision partners and varying rotational quantum
was found to have a cross section of 38°AThese varia- number. One limitation of one-color PS is that both the
tions may have several explanations. Depolarization is gerground and excited states contribute to the signal together, as
erally found to be significantly faster for lowér This is not  does the decay of the prepared polarization in both levels.
surprising, as a given absolute change in the magnitude dfhis may be overcome using two-color PS, probing on a
|m;| will result in a much larger proportional change in de- different transition to that used in the pump stage. Two-color
gree of orientation or alignment at lok Second, and of PS may be analyzed in a precisely analogous fashion to the
more significance in dynamics, the shape of the potential wilbne-color PS derivation presented in this paper, and will be
have a strong influence. For example, thg(Bi'>)—He the subject of a future publicatiof.

potential is strongly anisotropic, being repulsive in a linear

geometry, but attractive in the “T-shape” geometry. The
large reorientation cross section observed is attributed to th

anisotropy, in contrast to JiX 'S ;)—He, where the poten- The motivation behind this work has been the desire to
tial is effectively isotropic and little reorientation is seen.  measure rotational angular momentum relaxation and trans-
The most directly relevant studies to compare with ourfer in inelastic collisions of electronically excited small free
current data are FWM and PS measurements of OH, in afadicals. This paper has described an angular momentum ten-
mospheric pressure flames. Williaresal *> measured FWM  sor moment analysis of the signals arising in one-color PS, in
line shapes of OFA?Y " —X?II in H,/0,/He flames using which the process of keeping track of the time-ordered se-
different polarizations and derived line-broadening paramguence of interactions is simplified by the use of double-
eters for population and alignment relaxation rates. A notablgided Feynman diagrams. Unlike previous related work on
finding for the two lowJ transitions studiedQ;,(1.5) and  FwM, we do not assume that collisional decay rates are
Q21(3.5), was that the polarization relaxation rate was alrapid with respect to the laser pulsewidth, nor do we assume
most twice the measured population relaxation rate. Theéhat decay rates are independent of thelevel. The result
flame conditions are clearly very differef@tmospheric pres- shows that when the pump and probe lasers are well sepa-
sure and 1380 Kfrom our room temperature, low pressure rated in time, the pump laser prepares either orientation or
experiments. However, neglecting any dependence of thglignment of the rotational angular momentum in the reso-
collision cross sections on temperature we can convert thesgant rotational levels, depending on the pump polarization.
line broadening parameters to rate constants for the flamehe signal is generated by the interaction of the probe laser
conditions, and then to equivalent rate constants at roomuith this oriented or aligned sample, and is sensitive to the
temperature. The resulting predicted rate constants are, felecay of both the populations of the probed levels and the
population decaykpe,= 3.3X 10 °cm®s™1, and for align- anisotropy of the rotational angular momentum. If the colli-
ment decaykjgn=6.4x10 % cmPs ™. sional population transfer rates are known from other mea-
The decay of FWM and PS signals has also been studiesurements, then the rate of loss of angular momentum orien-
independently by Drier and co-workers using picosecond latation or alignment can be inferred directly.
sers on the OHA23*—XZ2II transition in CH/air and We have also analyzed the influence of other processes,
H, /0O, atmospheric pressure flames. Population, orientatioincluding the Doppler motion of the probed molecules, the
and alignment decay were measured for a rangd.’8f*®  effect of velocity-changing collisions, and of nuclear hyper-
The general trends found were that orientation relaxes slowdme depolarization. The Doppler motion of the sample intro-
than alignment, and for both, relaxation slows with increas-duces a dephasing process during delays following an odd
ing J. FWM measurements on tlg,;(1.5) transition yielded number of photon interactions. As a result, the growth of the
both population and orientation decay rates, and the orientd®S signal closely follows the overlap of the pump and probe
tion was seen to decay faster than the population, in agredasers. For the same reason, the signal pulse follows closely
ment with the observations of Williamst al. A conversion the temporal profile of the probe laser. Nuclear hyperfine
of these decay rates to equivalent second order collision ratefepolarization during the pump—probe delay was introduced
at room temperature assuming equivalent collision cross sete the analysis using the standard literature description of
tions and a H/O, flame at a temperature of 1600 K, yields angular momentum depolarization. The resulting oscillations
a population decay ratek,,=4.4X 10 *°cm®s ™!, and an  of the prepared orientation and alignment prove to be too
orientation decay ratek,=6.5x10 1 cm’s™ L. rapid to be measured using commercial ns-pulsed lasers in
The correspondence between our new measured valuéise current example of the OKA23*—X?2II transition.
and these estimates from both Williaresal. and Suvernev Velocity-changing collisions are predicted to reduce the ab-
et al.is striking. Under Williamset al’s conditions the flame solute magnitude of the measured signals when they occur
composition is estimated to be 3% O24% HO, and 73% during ther, and 73 periods, by introducing an additional
He, not markedly different from our gas composition, de-dephasing process. The effect of velocity-changing collisions

. CONCLUSIONS
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during the second delay period is distinct and less proThe first perturbation HamiltoniarfAl), is now applied to
nounced. Assuming the laser bandwidth is less than the Domive the first order density matrix. The diagram shows that
pler width, a velocity subgroup is pumped, and subsequentlthis acts from the left, on the ket space, and accordingly the
probed, subject to resonance conditions with the pump anfirst order density matrix can be written as

probe lasers. Only collisions that change the velocity suffi-
ciently to destroy this resonance condition result in signal W(t,) =
decay. With common commercial ns-pulsed dye laser sys- P 2ih(2J4+1)
tems the typical laser bandwidth will cover most of the ther-

—gemientutikyT

mal Doppler width, and such collisional effects will be rela- % E | Jeme)(JeMe| pegq| I mg>(ngg|-
tively unimportant. Mg Mg g
Preliminary measurements of a representative PS signal (A5)

from OH in collision with He were made on th@,(2.5)

transition of theA 23" —X2II (0,0) band. These measure- The tensor dot producju-£) can be expressed in the spheri-
ments were compared to simulations, and the rate constantsl basis, and the Wigner—Eckart theorem applied to the re-
required to reproduce the experimental data deduced. Thaulting matrix element? This gives the following expanded
results were discussed in terms of literature RET andorm:

guenching rates. The striking finding is that a realignment

rate of approximately twice the RET and quenching rates is — &7 U () )| 3g)

1 —
required to accurately model the data. This is in satisfactory p(t) = 2ih(2J4+1)
agreement with previous ps-pulsed PS and FWM measure-
ments in flame$~1° and with FWM line shape measure- xS (—1)Prtlemeg )M
ments in He-rich flame® These measurements thus support Mg, Me Py BE
the conclusion that polarization decay is faster than RET for
low J OH. o Tt Jg)IJ Me)(JgMg| (A6)
—me Py my) T\ Yeel

The density matrix operators can be expressed in a spherical
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APPENDIX: PERTURBATIVE DERIVATION Me — Mg -Q) @A evos

OF PS SIGNAL
(A7)

In this Appendix the derivation of the functional form L . .
for the electric field arising from Feynman diagram IA of SUF’S““J“”Q EEWV) into Eq. (AG) and using the orthogo-
Fig. 1 is outlined in detail. The rules for determining the N2lity of the 3§ symbols we find
operators for a particular interaction in the Feynman diagram

_ ¢ a—iwgtytikyr (1)
are given in Ref. 29. Equatiori&\1)—(A3) list the perturba-  ,(1)(t,)= &€ (3ell (12)™13g)

tion Hamiltonians for the three separate photon interactions 2i7(2Jg+1)
shown in Fig. 1, diagram IA, K
" 9 s (= D)P1(e) % TgH(Iedg) Sk, 100, p,
X .
) (e e, (A1) SRt (2Ky+ 1)
i i
(A8)
H®(tp) 1 - i o .
Pk ﬂ(u-e’z‘)gze*""ztf' 2T, (A2) The Kroenecker delta functions in EGA8) indicate that the
expression is nonzero only whéqy=1 andQ;=P;.
H®)(ty) 1 _ ‘ We now consider the time evolution of the density ma-
A ﬂ(ﬂ’es)fse_'“’3t3+'k3'r- (A3)  trix in the intervalr; betweent; andt,. The matrix can be

described at any time by an expansion in the spherical tensor
The initial sample is assumed to be thermalized, with a unioperators and state multipoles. The time evolution of the
form m; state population distribution in the ground state, anddensity matrix is contained within the state multipoles. If the
no population in the excited state. The resulting initial den-collisional environment is isotropic then all projectiorn3,
sity matrix, at timet,, is nonzero only along the diagonal, of a given multipole moment rank, evolve with the same
rate>® Including the energy propagator, which is independent
pO(t) =2, ) (A4) pf the multipqle rank, the density matrix at tirt»gbefore the
mg  (2dg11) interaction with the second photon can be written as

|[Jgmg)(Igmy|
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_ fle_iwlt1+ikl're_i“’JngTle_rdHUeH(,ul)(l)||Jg>

p(l)(tz):e_inngTlKEQ Po-Jedg) Tl (Idg)e . (A9)  pt(ty)=
1:%¥1

2i%i(2J4+ 1)
It was noted above that the only nonzero result is Kqr (— 1))y T5, (JeJg)
=1, assured by the delta function in E@8). Hence only Xg v : (A10)
1

one state multipole is nonzero. There is only a single decay
rate to consider, involving the off-diagonal elements of a

density matrix between ground and excited states. We hence- We can now proceed with the second optical interaction.

forth denote this dephasing rate constani'gs and the re- We expand the spherical tensor operator, as defined by
sulting first order density matrix at tintg is Blum,*® once again

T*I'H=> (—1)J'm’(2k+1)1’2( | “ >|J’m’><J,m|, (A11)
a m’,m m' —m —-q

then apply the second photon interaction Hamiltonian to yield

_ flfze_i(wltl+ wztz)ei(kl—kz).re—iwJng’rle—FdTl<Je”(Ml)(1)||Jg>
41%(234+1)

p A (ty) =

Jo o Jg

me —m, _Ql)|ngg,>(nggr|(;we*)|Jeme)<ngg|. (A12)

X2 (~1) ey, X (—1>Je-me(
Q '

Me Mg , Mg’

The further steps applied to the first order density matrix can now be applied again. After some rearrangementjof the 3-
symbols to simplify the result we find

— &6 ettt etdgl ko Temtogg e Tama( 3 | (ug) M) Igi(Igl (12) P Je)
41%(234+1)

pA(ty) =
( 1 1 K,
Q—-Q:1 Q1 —Q

Here we have succeeded in separating the geometrical and dynamical factors determining the signplsyirhbd@-and light
polarization tensors restritt, to 0, 1 or 2, i.e., population, orientation or alignment, respectively. Thesgmbol contains the
sensitivity to spectroscopic branch. Equati@3) could equally well be written in terms of angular momentum alignment
operators, as discussed in Sec. Il C.

The second order density matrix evolves during the dejayt;—t,. Crucially, because the states involved are degenerate
the only term in the evolution arises from collisional processes,

13, 3
g e
X (—1)Kz+239(81)<_1391(s§)83_Q2(2K2+1)1’2{ ng(Jng). (A13)

K2.Q1.Q2 Jg 1 Ky

J
p(2)(t3):p(2)(t2)e*Fng(t3*t2)_ (A14)

We include this decay rate, dependent on the spherical tensorkranlkand apply the third photon interaction at tirhe
Exactly the same procedure as with the previous two interaction Hamiltonians followed by a similar angular momentum
rearrangement leads to

_ Eabpfge T oo edtgellaTie e eng, e Tan 3o (ug) [ Ig) (gl (22) V1 Te){Iell(122) )

(3)
p(ts) 8173235+ 1)

1 1 1
X o2 (RS ee )y (63)G)o,(£2)G) 0,
K2.K3,Q1.,Q2.Q3

x[l % J}( o o Kz)eri%swm T1(2Ks+ 1)1
Jg 1 KylQ-Q; Q1 —-Q 2 i 3

Ky Jg J4] /K K
X[Zgg}(s 2

T*3(3.3.). A15
T K 1/1Qs —Q Qz—Qs) o, Jedo) (A13)
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The final time evolution of the system is during delay

—t—t,. This introduces a final decay rate giving the densityP"(t)- €5 =N

matrix

pP (1) =p®(t5)e Tks3e 719,73, (A16)
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>

PUD(—1)% e (2K + 1)1

3.Q3.Me’ .My
Je Jg Kj
mg —mg —Qs

The observed signal depends on the electric field generated

by the third-order nonlinear polarization represented by this

X (JgMg| p-€5 | JeMer )(IgMg|IgMg) - (A18)

density matrix. This electric field can be found as the expecThe dipole operator can once again be expressed in the

tation of the dipole operator acting on the density métix,

PE(t)- ef =NTr{p®(t)- (u-€5)},

P(s)(t)‘SZ:NE <ngg|P(3)(t)‘(M'SZ)ljgmg>i (A17)
Mg

spherical basis and the Wigner—Eckart theorem applied. The
orthogonality of the 3} symbols restricts the nonzero value
of K5 to unity and the signal photon polarization spherical
tensor projection tdQ;. The relaxation during delay; is
physically the same process as during detgyand thus
FK3=Fd. Hence, the electric field associated with the time-

where N is the total number of molecules present. Writing ordered sequence of photon interactions described by Feyn-
the density matrix as an expansion in state multipoles givesnan diagram IA is finally

Nglgzéaefi(wltlfwzter w3t3)ei(klfk2+ k3)'refia)\]e\]g('rl+ T3)efl"d('rl+ 73)

8if%(2J4+1)

1
X[(J W3l ’

x X
Q1.Q2.Q3
1 1
Q2—Q1 Qi

(—1)2(2K,+1)(e)

K2
-Q

< 1 1
Q2—Qsz Q3

X

The phase factor in EQA19) may be rewritten in terms of
delays, 7,, resulting in the functional forms given in Egs.
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