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A theoretical analysis of the recent femtosecond photoassociation spectrdBE@y experiment

on mercunfU. Marvet and M. Dantus, Chem. Phys. L&#5 393(1995] is presented. It is shown

that when a thermal distribution of diatom collision pairs is excited from a free to a bound electronic
state on a time scale shorter than molecular vibration, an ensemble of coherent wave packets is
produced. The dynamics of these wave packets created by the photoassociation pulse can be
observed by firing a second probe pulse at variable time delays, and the depletion of the first excited
bound state by the probe pulse is detected via fluorescence of the remaining population. Simulations
of the FPAS experiment, using both wave packet propagation techniques and perturbation theory,
clearly show the vibrational dynamics of the photoassociated transients. It is also demonstrated how
the FPAS technique may be used as a tool for controlling the energy, impact parameter, and
orientation in  bimolecular reactions. @997 American Institute of Physics.
[S0021-96087)01819-9

I. INTRODUCTION sion” processed? The technique of femtosecond transition

o ] state spectroscopyTS) in fact utilizes this principle to
_The photoassociation process consists of a free-to-boungtope the transition state dynamics of chemical reactions
optical transition which causes bond formation between CO'HirectIy.ZO Glownia et al. have obtained femtosecond time

liding reactants and can k_Je_csonsidered as the reverse of Unissqeqd absorption spectra of dissociating thallium ioide
molecular photodissociation® Photoassociation has been and Bj, molecule& and have shown that the wing absorp-

employed to study the long range molecular states near ﬂ}?on extends hundreds of wavenumbers when the atoms are

SIS:::I:tIt('):aIIIImcIEJ(SIL dd;g)nn%% Tgr:gsggt S(;".’gi prgtegge.‘liokr)e'still in close proximity. The aforementioned photoassociation
W ptically ' uaies provide | experiments by Marvet and Dantfisake advantage of the

mation on the long range form of the internuclear ground . : > .
. . o wing absorption due to the steady state population of colli-
state potential. As an alternative to emission spectroscopy

o %ion pairs present in gaseous mixtures to induce bimolecular
photoassociation spectroscopy has also been used to stu Memical reactions with a given orientation, alignment, and
the lowest excited state potential of diatomics whose groun& 9 » allg ’

electronic states are dissociative as in the case of%®iF e”erT@!V- ved studi ¢ bimolecul i h
and XeCI2 and metal excimer&-15 ime resolved studies of bimolecular reactions have

To date, most photoassociation studies like the oneQee” mainly carried out starting from van der Waals precur-

cited above have been based on frequency resolved spectf'S Which maintain a restricted alignment and upon photo-
Recently, however, time resolved femtosecond photoassocié{1't'ag'sogsrelease one of the reactants at a specific initiation
tion spectroscopyPAS has been performed on mercury by time: ‘. In a different approach, excitation of iodine mol-
Marvet and Dantu&® In this experiment, randomly distrib- e_cules in thezpresence of xenon has been used to control the
uted mercury atoms in thermal equilibrium were opticallyYield of Xel.*® The FPAS experiments on mercury were
excited from the(nearly purely repulsivexog ground state achieved with a binding laser that was 7370 ¢raway from
to the boundD 1, excited state via a 60 fs puror bind ~ résonance of the free fragmenfsensuring that only those
pulse of wavelength 312 nm. The prepared wave packet offagments undergoing a collision are excited. The probe in-
the D1, potential was then subsequently probed with a 624€rrogates the photoassociated molecules, thereby revealing
nm pulse of similar duration. Their experiment showed thethe time resolved dynamics following bond formation.
bond formation to occur within the duration of the femtosec- ~ There have been some theoretical studies on the subject
ond bind pulse. Rotational coherence was detected by mon@f photoassociation with ultrafast pulses. Krause, Shapiro,
toring the rotational anisotropy of the FPAS transients as &nd Brumer proposed the use of picosecond lasers to coher-
function of bind-probe time delay, vibrational coherence oféently control the collinear reaction of monoenergetic
the photoassociated transients was not conclusively obdH+H,.?" More recently, transition probabilities to excited
served. In this work we develop a theoretical framework tobound electronic states from the dissociative ground state of
simulate time resolved photoassociation experiments in ordeseveral Rydberg molecules were examifié®f. These calcu-
to address the issue of vibrational coherence and to evaluatetions were performed under the *“frozen nuclei”
their potential for control of bimolecular reactions. approximatiorf® meaning that the internuclear distance be-
Wing absorption and emission spectroscopy have longween atom pairs was assumed to be fixed over the photoas-
been recognized as direct probes of the ultrafast dynamics sbciation pulse duration. To check this approximation, the
atomic collisions;’*8 and those of dissociation “half colli- authors also performed a full multicurve wave packet calcu-
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lation on one of the systems, NeH. However, for this calcu-associatiort; it is demonstrated that indeed a coherent wave
lation, the initial wave packet was taken to be the groundpacket is formed from an incoherent ensemble in the ground
vibrational eigenstate of the lowest excited bound electronielectronic state. Vibrational transients of the photoassociated
state of NeH(and therefore was implicitly assumed to be product are simulated both using wave packet propagation
comprised of a coherent superposition of states and perturbative techniques. The wavelength of the bind la-

Although formally the total transition probability from a ser determines the degree of localization of the wave packet
dissociative electronic state to anoth®ound or dissocia- Wwhich is primarily dictated by the Franck—Condon overlap
tive) state should be calculated by performing the incoherenbetween the free and bound states. Vibrational coherence,
summation over the transition probabilities from all however, can only be observed if the wave packet motion is
(Boltzmann-weightedcontinuum eigenstaté§! the justifi- ~ slower than the duration of the laser pulse. This can be
cation for using the initial wave packet state was presumablychieved for most molecular systems given the recent ad-
the assumption that the NeH was a product of dissociation ofances in femtosecond laser technology.

a van der Waals precursor, as discussed above. In addition to providing a new tool for the time resolved

In another study, Jiang and Hutchinson studied the freestudy of bimolecular chemical reactions, we also demon-
bound radiative excitation in the transition state region of thestrate how the FPAS method can be used to control the en-
reaction K+NaCl—KCl+Na.*? As in the previously men- ergy, orientation, and impact parameter of these processes.
tioned studie$®?° the initial state was taken as a coherentWe present calculations which show that one may control the
superposition of continuum statése., a wave packgtThe  impact parameter of the colliding pairs which are photoasso-
width of this wave packet which enters the transition stateciated by varying the laser bind wavelength. Control of the
regime on the ground surface was arbitrarily chosen as #npact parameter will allow for control of the photoassoci-
Gaussian with a particular width, and no averaging over rela@ted product angular momentum especially for reactants with
tive velocities between the collision partners was performednarrow kinetic energy distributions.

More recenﬂy, two theoretical papers have been pub- This paper is organized as follows. In Sec. Il we outline
lished which deal with time resolved photoassociaﬁ%%m the basic theory behind the simulations of the mercury FPAS
the first of these, photoassociation of ultracold sodiumgxperiments. Both nonperturbativ@vave packet propaga-
dimers was considered. Due to the sub-milli Kelvin temperation) and perturbative methods are used to compute the fluo-
ture of the system, only a very narrow range of continuumrescence from th® 1,stateasa function of bind-probe time
vibrational states was assumed to be populated in the grourftelay. In Sec. Ill a discussion of the physical significance of
electronic state. The second work by Backhaus andhe computed FPAS signal is presented, and we consider the
Schm|df4 simulates the same mercury FPAS experiment a§ffeCt of multiple probe depletion states as a possible reason
this work and confirms the rotational and vibrational coher-for not observing a cleafsinusoidal vibrational transient
ence taking into account the much broader distribution ofignal in the FPAS experiments. Also discussed here is the
continuum states populated at the relatively high temperatur@pproximation of including only zero impact parameter col-
of the systen(433 K). lisions of mercury atoms prior to photoassociation in our

In both of these time resolved ultrafast theoretical pho-calculations. Section IV provides concluding remarks includ-
toassociation studies it was predicted that vibrational traning how FPAS experiments may be relevant to laser-induced
sients of the photoassociated bound complex could be ofsontrol of bimolecular reactions with regard to alignment,
served with a variable pumr here bind probe time delay. €nergy, and impact parameter.

Although vibrational transients have been observed previ-

ously in femtosecond pump-probe studies, for example thosrer THEORY

of Zewail and co-workers at Calte¢h?®it should be noted

that in these systems the initial state was comprised of a The relevant diatom mercury potentials(R), V,(R),

finite number of bound eigenstates whose transition was foland V3(R) corresponding to thKOér , D1, and ] states,
lowed by detectable vibrational motion on tfi®mund or dis-  respectively, are shown in Fig. 1. All three curves are mod-
sociative excited state surface. In contrast, the initial state ineled as Morse potentialsee Table | for parametgrsThe

the photoassociation experiments is comprised of a thermdlind and probe pulses are shown schematically on Fig. 1 as
distribution of continuum states, and so the question whictwell. All mercury atom pairs photoassociated up to the
arises is whether or not transitions from this continuum ofD1, state by the bind pulse are assumed to fluoresce back
states would “smear out” vibrational coherent dynamics indown to the ground state if no probe pulse is applied; the
the excited state bound potential of the photoassociated spprobe pulse depletes tHe1l, state thereby decreasing the
cies. In the case of the ultracold sodium atoms, this was nagxperimentally detectable fluorescence from this state.

an issue since only a narrow thermal range of continuum As mentioned in Sec. |, two methods are used to simu-
states was assumed to be populdfebut for the previous late the Hg-Hg FPAS experiment. The first to be described
study** on mercury and this work where large temperaturess based on standard numerical wave packet propagation
and a broad distribution of incoherent states are assumed thechniques in which the effect of thenore intensg probe
guestion of generating a coherent wave packet becomes mopailse on the excited state transient is treated nonperturba-
relevant. tively. The initial continuum eigenstates are taken as stan-

In this and the previous work on mercury photo- dard WKB wavefunctions:
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FPAS on Mercury TABLE |. Morse potential parameters for kigurves.
8 I I ‘ ‘ We (Cmil) WeXe (Cmil) De (Cmil) Re (A) V(R= =) (eV)
71 1, | X0y 19.6 0.26 370 3.63 0
~ ls 6P D1, 127 0.50" 8100* 2,50 489
W 0to 1, 150 0.213 8260  3.1% 6.75
o i
%Reference 45.
D1, PReference 46.

‘Reference 16.

A

intensity full width at half maximuniFWHM) of 42 fs|, and
3 1 wping=0.1460 a.u.(corresponding to a bind pulse wave-
LIF length of 312 nm At the end of the bind pulse propagation
2F 8 (7=2tuing), the probe pulse is fired at various time delays.
Its form is also Gaussian,

XOt Eprobe(t) = Aprobe exd — az(t - tprob& 2] cog wprobet) , (4

— 6'Sy+6'S,- only here the field is more intens&,one= 10Apnq, and the
photon energy halvedsyqpe= 0.5wping. The minimum bind-
] . l ; . probe time delay, defined dgqpe thing, IS 2tping SiNCe the
2 3 4 5 6 7 computations are simplified greatly if the bind and probe
pulses are assumed not to overlap.

The interaction of the probe pulse on the wave packet

FIG. 1. Relevant potential energy curves in the FPAS experiment on merVhich has been eXCi_ted up ¥(R),|#2(R, 7)), _iS described _
cury. Also shown schematically are the bind and probe pulse excitatioy the coupled time-dependent Schrodinger equation

7Lbind[

Potential Energy (eV)
$o

Internuclear Distance R (A)

pathways. (TDSE):
_—a [wZ(R,t)} B Ha p25(R) €prond )
|(]5 (R)>— 2N CO{ RdR'k(R,) 77) R>R ot l//?)(Ryt) M32(R)€probe(t) H3
E - - —1; ch
\/k( R) Rc 4 y ¢2(R,t) (5)
(13 PR

__N R m |- To compute the FPAS vibrational transient signal, we recall
[#elR)= Vi(R) exp{ RcdR «(RO|: R<Rc, (1D that without the probe pulse all photoassociated molecules in

) . ) i the D1, state created by the bind pulse eventually fluoresce
whereRg is the classical turning point oW;(R) at energy  pack down to the ground state. Thus the probe pulse, which
E, ie, Vi(Re)=E, k(R")=V2mE—Vi(R"))/%, k(R")  causes a depletion of population in tBe, state by trans-
=v2m(Vy(R')—E)/h, m is the reduced mass of the mer- ferring it to the 3, state, causes a proportional decrease in the
cury dimer, andN is the normalization constant. The wave f|yorescence which may be expressed as
packet created o¥l,(R) by the bind pulse is computed using
first-order perturbation theory/:*® Eo P,—P3
Pz !

(6

| T
[o(R,7))=— % f dt exd —iH (7= 1)/%] 21(R) €pind(t)
0 where P,=(i»(R,7)|#,(R,7)), i.e., the population on
X exp(—iEt/h)| pe(R)), (2)  Va(R) before the probe pulse is applied, aPglis the popu-
lation onV3(R) after the probe pulse.
If L Boltzmann-weighted continuum states are included
in the calculation, then

where H,=T+V,(R) is the Born—Oppenheimer Hamil-

tonian of theD1, state,u,1(R) is the electronic transition

dipole moment between thé¢O_ andD1, states, and is

the energy of the continuum eigenstatg-(R)). The fast

Fourier transform(FFT) split-operator methad was used to 1 &t

evaluate the propagator in E®). P2=32 IZl exp —E kg T)(#5 (R, D)5 (R, 7)), (7)
The bind pulse form is taken as a Gaussian:

€ind(1) = Aping €XH — &(t— thind) *]COK wpindt), (3 where|y{)(R, 7)) is computed from Eq(2) assuming the
whereA;,q=0.001 a.u(corresponding to a peak intensity of initial continuum eigenstatppe, ). Likewise, the population
~10'° W/cn?), «=0.000671 7 a.u[corresponding to an on V;(R) after the probe pulse is
J. Chem. Phys., Vol. 106, No. 19, 15 May 1997
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L exp(—E/kgT) factor represents the Boltzmann weighting of

1
Ps=1z Z exp(—E kg T)(¢5 (R D[4S (R,7). (8  the initial continuum states, and the Exifwne
' — wpind *14a?] term results from integrating the product of

Note that the excitation process ésherentwith respect to  the binding pulse and exp{w.,) over time in accordance
each continuum statesee Eq.(2)], but the sum over the  with first-order perturbation theory. The above first-order
initial continuum eigenstates is incoherent because of theiperturbation formula is derived assuming the rotating wave
thermal distribution[see Eqgs(7) and (8)]. The incoherent approximation(RWA) (a good approximation since the en-
superposition of states behaves as a coherent ensemble pepgy difference between tneo;r andD1, states is resonant
vided that the time scale of excitation is shorter than the timevith the bind pulse photon energsind the Condon approxi-
scale of atomic motion in the excited state. In practice, anation where the electronic transition dipole moment is as-
similar restriction applies to the observation of coherentsumed to be independent &, i.e., u,(R)~u», a con-
wavepacket motion in bound to bound excitation. All statesstant, taken here as 0.27°P.
| ¢,) were chosen over a range of energy from 0t0 0.33 eV;  The only major difficulty in evaluating E10) is com-
this range adequately covers the thermally accessible statpsting the Franck—Condon factors between the continuum
at the temperature in the experimemt€ 433 K). states ofV,(R) and the bound states &f,(R) which here

Since the coupled TDSE in E@5) must be solved for are evaluated using semiclassical methods as outlined by
many different bind-probe time delays in order to obtain aChild:**

reasonably resolved signal from which we can elucidate the \/ 1 \/ 1
42 Ry VAR -ViR)

vibrational dynamics orV,(R), this quantum-mechanically <¢<2m)
more rigorous method is computationally expensive. An al-

ternative, approximate but computationally less demanding Ry ay(Ep)
method which relies totally on time-dependent perturbation Xsin f dR’kl(R’)+f dR’kz(R’)},
theory is described below. a;1(E) Ry

Let | ) be a continuum eigenstate ¥ (R) as before, (11
and let|4{™) and|¢{") be themth andnth bound eigen-  \yhere 1 (R) is the velocity at the crossing poilR, of the
states ofV3(R) andV;(R), respectively. Ignoring the higher o potentials when they are shifted such tHatE,,,
continuum vibrational states &f,(R), the wavefunction at a,(E) is the classical turning point oW,(R) at energy

any timet on V3(R) can simply be expressed as E, a,(E,) is the classical turning point oV,(R) at
energy Eq, Kki(R)=v2ZME-Vi(R')/%, ky(R")
lga(R) =2 ag™ (t)|p™). 9 =\ 2m(E—Vo(R))/%, and Vi(R,) and V,(R,) are the
" slopes of the potential curves at the crossing point.
The population olV,(R) after the bind pulse at time= 7 is Equation (10) provides the photoassociated population
therefore on V,(R) from a thermal distribution of continuum states of
(R )| a(R, 7)) V;(R) via the bind pulse. Now we also require the popula-

tion which is excited fromV,(R) to the depletion state
,u21 b,nd V3(R) via the subsequent probe pulse at different bind-probe
- (m) 2_ (m) 2 . .
E lay™(7)|*= 2% 2NE & > E (5" de)] time delays. If the wavefunction ovi3(R) is expressed as a
superposition of its bound eigenstates
X exf — (0me— ®pind /40’

X exp(— E/kgT), (10) [Wa(RD)=2 a8 (] 45"(R)), (12

where the summatiom is over all bound states of,(R) then the total population o¥3(R) is

and w,,e=(E,,—E)/%. Although the energy levels above

E=0 on the ground state are continuous, in actual computa-

tions we perform a summation over discretized energies as {¢3(R,t)|#3(R,t))= Z lad" (1)|2. (13
shown in Eq(10). (Convergence with respect to the range of

E, i.e., the maximum energy value in the summation over thé=ort > t, e, i.€., when the probe pulse is over, the eigen-
Boltzmann-weighted continuum states, was chegk@tie  state populations are, using second-order perturbation theory,

M32/*21
|85 (1 tprone |* = AfindAfrobe 7o 27 28 ; 2 (@571 65™) (5™ ¢)|*Su(n,m, E)expl — ElkgT)

m' —1

+22 2 > Rel(AA (45 | be) Sonm' E)Sy(nm EX(E7| $6™ K ™ (14

m’ m”’
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Here we have defined lll. RESULTS
o o The simulated laser-induced fluoresceritd) signal
Si(n,m,E) =exf — (wnm— ®probd 12a°] from FPAS vibrational transients on thl, state of mer-
X ex] — (me— wpind 2/2a%], (153 cury are shown in Fig. 2 as a function of bind-probe time

delay. Results from both wave packet simulati@ashed
line) and perturbative methotsolid line) are shown.(For

S,(n,m, E) = expli @t orond €XH 0metpna)d this figure a lower probe field intensity of 3¢8.0** W/cm?
P b o is assumed.Generally, the structure and oscillatory pattern
X exf — (wnm— ®probd /4a”] of the fluorescence signal from both methods is the same; the

(15b) only major difference appears to be an overall scaling factor.
Note the double humped structure in both cases—this is due
to the fact that probing does not occur exactly at a turning

Again, as in Eq.(10), the Franck—Condon factors between point in theD1, state, therefore the wave packet which os-

the continuum and bound states were evaluated semtillates back and forth is probed twice per oscillation. This

classically. The bound-bound Franck—Condon factorsprobing effect has been documented in previous femtosecond

(6] pI™Y, were evaluated numerically by first computing Studies™

the bound eigenstates W§(R) andV3(R) using the Fourier The difference between the two methods might be due to

grid Hamiltonian (FGH) method®? It is worth noting that the semiclassical evaluation of the continuum-bound

only the second term on the right hand side of Etg) Franck—Condon factors in the perturbative approach. Note
contains the relative timing of the bind and probe pulses; thighe oscillation period of 0.3 ps. The bind-pulse energy is
is the “interference” term which gives rise to the variation resonant with the energy difference between mg and

of the D1, state populatiorfand therefore the fluorescence D1, states at Res=2.82A, ie., Vi(Red—Vi(Rred

with respect to the bind-probe delay. =hwpmp- The energy level corresponding to this position

The above formulation, besides being similar to the pre<{i.e., the turning pointon V,(R) is »=12 for which the
viously mentioned works on time resolved photo- vibrational period is 0.29 ps, so the oscillation period we
associatiori>~3*is also similar to that used by Krauseéal.  observe for the transient dynamics seems reasonable, particu-
in their analysis of the femtosecond photodissociation trantarly if the photoassociation process is viewed as a quasi-
sients of cyanogen iodidéCN).*® As in that work, we also  Franck—Condon transition.
employed time dependent perturbation theory to compute the The experimental data does not show the modulation
radiative bind and probe transition probabilities and semi-depth and regularity of vibrational features that our theory
classical approximations to evaluate the bound-continuunpredicts. One possible explanation for the difference in sig-
Franck—Condon factors. The major difference between th@al modulation depth on the vibrational time scale between
work of Krauseet al*® and the ultrafast photoassociation theory and experiment could be that the present calculations
works is that in these a thermal initial distribution of con- are taking into account only one possible probe depletion
tinuum states must be accounted for, whereas in the photstate, the § state. As discussed in Sec. |, there may be mul-
dissociation work the initial state was a single bound eigentiple states which are energetically nearby theslate and
state of the ICN potential well. are accessible to probing from tiEL, state.

Before presenting results, some distinctions between the To assess this possibility, we performed perturbative cal-
above formulation for modeling time resolved photoassociaculations of the vibrational transients from the mercury
tion and previous works should be made. First, the system iFPAS experiment employing Morse potentials with identical
the work of Machholmet al®® was assumed to consist of parameters except for the equilibrium distance: 2.65, 3.15,
ultracold (sub-mK ranggsodium atoms, and so the range of and 3.65 A. Figure 3 displays the average of these three
significantly populated continuum states of the Na—Nasignals. Note the apparent lack of a vibrational signature—
ground electronic state was assumed to be very narrowhe presence of other states near thiesthte in Hg is quite
Thus, in that work, numerical integration over the Franck—likely and may be responsible for the lack of “sinusoidal”
Condon factors between the ground continuum and each visibrational signatures in the experimental data. A low ampli-
brational state in the upper bound curve was unnecessary-tade irregular motion is more likely to be regarded as experi-
the narrow range of populated continuum states justifieanental noise. Analysis of the experimental transients in Ref.
setting all Franck—Condon factors to a constant. In our casd,6 once the rotational anisotropy has been removed reveals a
as in the other recent work on merciifya large thermal high degree of correlation in their features. This correlation
distribution of significantly populated continuum states mustis not found in the same data for negative times or when one
be assumed since the temperature is relatively large, and thtransient is displaced in time with respect to the other by a 40
the Franck—Condon factors cannot be assumed to be a coor 80 fs step. While it is tempting to perform a more com-
stant over the whole continuum range. In this work, theselete analysis and simulation of these data we remain cau-
were evaluated semiclassically as described above; using thieus and are working on obtaining data with a higher signal-
WKB method cuts down on the numerical effort involved in to-noise ratio.
computing the Franck—Condon factors. In these calculations we have assumed that al-Hg

X exd — (©me— wping) /4a?].
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FIG. 2. Simulated FPAS signal as a function of bind-probe delay timeFIG. 3. Average of three perturbative calculations of vibrational transients
showing the vibrational transients. Results form the wave packet propagaising three ] potentials which differ only in the equilibrium bond distance;
tion method(dashed ling and perturbative methogsolid line) are shown. 2.65, 3.15, and 3.65 A. Notice the decrease in modulation depth and the
These transients show coherent oscillation dynamics in the photoassociatethsence of a regular oscillation pattern as seen in Fig. 2.

molecule even though they include an incoherent summation over the Bolt-

zman distribution of continuum states at 433 K.

detection method which provides a background-free signal

collisional pairs which are photoassociated are zero impagtq, 5 single upper electronic state might be helpful in this
parameter(head-on collisions. Nonzero impact parameters regard and is currently being considered

translate into nonzero angular momenta of the mercury atom Finally, as mentioned in Sec. |, the FPAS method may
pairs and have the effect of raising all the_interatomic potenbe used as a tool in the control of bimolecular reactions.
tial curves by the same amount of centrifugal enedyl  yjyratast laser control of bimolecular was first considered by
+1)42/(2mR?). Thus the point of resonance, i.e., the point Krause et al?’ In that work, the reactions of HH, and

whereV,(R) = V1(R) =fiwping, iS independent of the impact D+H, were controlled by a two pulse experiment. Their cal-

parametﬁr. Howgfver, Ithe mdn;:dual curf\f/e ;hapt;s do ({ha_ng&lations considered collinear collisiofeero impact param-
due to the centrifugal term, thereby affecting the radiativege; ith a very narrow range of translational energies

transition prpbgbllltlgs. Gl'ven.the large redyced mass of merr'nonoenergetic molecular beam would be required
cury, there is little distortion in the potential curves. There-

f . f th . ional ) ional Using the FPAS method we show that orientation and
fore, in terms of the computed vibrational transient signal, ot parameters may in general be controlled to some ex-
inclusion of nonzero impact parameter collisions in the com

. 4 tent in bimolecular reactions. Specifically, alignment is con-
putations, as _dor_n_a by Backhaus ar_ld Sch dpes not alter trolled in FPAS by the polarization of the binding laser since
the results significantly(although it greatly increases the

) A 9 only collision pairs with a transition dipole oriented along
computational effojt The effects of collisions with impact o™ gjectric field vector of the laser are photoassociated.
parameters larger than zero on the a_ngular momentum of tIFFQPAS also allows for some degree of control over the colli-
products, however, are significavitle infra sion energy by selecting out and photoassociating only those
pairs of atoms which are within a certain energy range. To
see this, consider a head-on collision between two mercury
atoms. As mentioned in the previous section, a radiative tran-
We have demonstrated here that it is possiatdeast in ~ sition will most likely occur atR.s=2.82 A. Roughly
principle) to observe coherent vibrational transients inspeaking, for collisions energieE. less thanV(Rd
bound—free FPAS experiments, even at high temperatures= 0.093 eV, the diatom pairs cannot photoassociate because
(>400 K). Both wave packet propagation and perturbativethey do not possess sufficient translational energy to reach
methods were used to compute the fluorescence from thée resonance point. Thus low energy collision pairs are ex-
FPAS vibrational transients. Both methods gave similar recluded from the photoassociation process.
sults, but the perturbative method requires nearly two orders ~As for the control of the impact parameter of the photo-
of magnitude less computational time, and it therefore mayassociating pairs of atoms, we first note that when consider-
be a more promising method for simulating FPAS experi-ing nonzero impact parameter3X0), the relative collision

IV. DISCUSSION AND IMPLICATIONS FOR CONTROL
OF BIMOLECULAR REACTIONS

ments in multidimensional systems. energy for photoassociation must satisfy the condition
While the decay of rotational anisotropy in the FPAS

experiment® clearly indicated that femtosecond photoasso- E V(R4 JI+1)h? 16

ciation had occurred, vibrational transients were not conclu- rer” V1(Rred 2M(Re9? (16

sively observed. As demonstrated in the previous section,
other probe depletion states may be responsible for the iin order for photoassociation to occur. Therefore, collisions
regular and low amplitude vibrational signal. An alternativewith large impact parameterorresponding largel) are
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also excluded from photoassociation since large impact pa- 1 : : ————
rameter collisions will have to possess very high collisional 0s |
energies.

With a tunable binding laser it is possible to control the
impact parameter by varying the binding laser wavelength,
Mving- The degree of control that one may exert over the
impact parameter of the collision atom pairs which are pho-
toassociated can be demonstrated as follows. First, we as-

08 -

06 [

05

cross-section ratio

o4l /

sume that the binding laser is resonant with the energy dif- osl
ference between thB1, and xog states at some distance oaf

R'=Ryes, i-€.,V5(R') = V1(R'") =frwping. Second, the slope _
V,5(R')—V1(R’)/AR nearR’ is large compared to the band- I
width of the excitation pulse such that even for femtosecond 0 300 sto
pulses the excitation may be considered to be localized. In

our specific case, the slopg(R’)—V,(R')/AR calculated  FIG. 4. Variation of cross-section ratifesyicted Tora @S @ function of bind-
at R" is ~11000cmYA and the bandwidth is ing wavelength\y, for five impact parameter rangém order lower to
~350 e’ for our 42 fs bind pulse width. Third, the major UPPer curves 0.26, 053, 1.06, 1.59, and 2.12(Aee text

contribution to the Franck—Condon overlap between the

ground state continua and the excited bound state come from

a narrow region abotR’, the resonance distance. ThereforeRr’ therefore, they cannot be photoassociated. However, if
only those pairs of atoms ne&' are photoexciteda strict  the upper limit of this integral is set at some other value, say
resonance condition b’, where 0<b’<R’, then we have defined a “restricted”

Armed with these assumptions, we see that for a giverross-section which accounts for collision impact parameters
collision energyE, the impact parametdr must satisfy the  from zero tob’ only:
condition

320
bind wavelength (nm)

= [* db2ab p( Vi(R)
E-Vi(R') resticted fo (2mD)XR = [T (b/R")7TkeT )
b<R’ E (17) 21)

The quantityo esyricted Ttotal IS therefore the fraction of pho-
foassociated molecules which are created from collision pairs
with impact parameters in the limited range belbiv
SiNCe 0 estricted Tiotal d€PENS OMR’, and since\ ,;,q de-
finesR’ due to the requisite resonance condition, this ratio
> —. (18 may be controlled by varying the bind laser wavelength. In
1-(b/R") Fig. 4 the cross-section ratio versig;,q is plotted for re-
Assuming the above conditions for a “successful” col- Stricted impact parameteb() values of 0.26, 0.53, 1.06,
lision, i.e., one in which the two atoms can come within al-59, and 2.12 A. The range of binding wavelengths varies
distance ofR’ or less, we may derive an expression for theffom 290 to 370 nm which samples the region fra®

in order for photoassociation to take place. Conversely, for
collision pair with a given impact parametegy the collision
energy must satisfy the condition

_ ViR

total photoassociation cross-section: =2.5310 3.07 A; this entire range is in the continuum region
of the ground state potential, i.8/;(R’)>0. As expected,
w the larger the restricted impact rang2.12 A curve, the
Oota=N f , dE exp —E/kgT) larger the cross-section ratio. However, note the significant
) : amount of control over the impact parameter of photoassoci-
i\ E_ViRD ated collision pairs shown in Fig. 4. In particular, the ratio
E . . .
XJ db(2mb), (19 corresponding to the restricted impact parameter range
0

0<b<1.06 A changes by nearly an order of magnitude over
whereN is the normalization constant kiT) or, reversing the range of binding wavelengths shown. Thus R

the order of integration, = 350 nm) 90% of the photoassociated molecules have im-
pact parameters in the restricted rangetd< 1.06 A, and at
R’ “ -
Crota™= Nf db(27b) | vyr) dE exp(—E/kgT) the other extremeNying=290 nm) almost 90%_0}c the photo-_
0 TOoR% associated molecules are created from collision pairs with

impact parameters greater than 1.06 A.

_(® V1(R") Another way to graphically visualize the control over
_fo db(ZWb)eXF{ - [1—(b/R")?]kgT)" (20) impact parameter with bind laser wavelength is shown in
Fig. 5. Here the normalized impact parameter distribution

1 ) V4 (R')
P s B e o S )

Note that the upper limit in the integral in EQO) is
R’; collisions between atoms with impact parameters greater
than R’ obviously cannot approach distances shorter than

P(b)=<
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