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Effect of Rotations and Shape Resonances on Photoassociation and Photoacceleration by
Short Infrared Laser Pulses
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D-14195 Berlin, Germany
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A quantum dynamical description of an atomic collision pair interacting with the electric field of a short
infrared laser pulse is developed. Inelastic processes in the electronic ground state are due to stimulated
emission resulting in photoassociation, or absorption leading to photoacceleration. A perturbative approach
based on a state space representation is compared with a numerical treatment using a grid representation in
coordinate space. Special emphasis is on the role of rotations and, in particular, of shape resonances. Itis
shown that these quasibound states which are supported by the centrifugal barder @rcan be used as

initial states to effectively populate a selected bound state with specific vibrational and rotational quantum
number (photoassociation), or a partial wave of a scattering state with defined energy and rotational quantum
number (photoacceleration). Simulations are carried out for the prototyfpeQHcollision pair. Also the

effect of averaging over initial conditions (velocity, angular momenta) is investigated for a supersonic beam
experiment. For a narrow velocity distribution, we predict the presence of a resonance structure of the
association and acceleration probability as a function of the mean collision energy.

excited state. This type of photoassociation is not considered
in the present work, because this pathway is not usually

1. Introduction

When a pair of colliding atoms comes in close contact, the
arising dipole moment opens the way for control of the dynamics
by electromagnetic fields. The interaction of collision com-
plexes with infrared (IR) radiation can result in two different
inelastic scattering eventsStimulated emission af IR photons
may lead to bound— free transitions, resulting in diatomic
molecules in the electronic ground state

AB(e,J) + hw — AB(v,J) + (n + L)hw Q)
where ¢ and J are the scattering energy and the angular
momentum associated with the relative motion of the colliding
atoms and where and J are the vibrational and rotational
quantum numbers of the photoassociation product. It is

accessible by IR radiation. However, it is the dominant
mechanism for visible (vis) and ultraviolet (UV) photoassocia-
tion which has been studied extensively for systems such as
alkali metals®~° rare gas halide¥;'1and certain metals in the
second column of the periodic taBfan particular mercury3-15

The application of pulsed subpicosecond IR lasers to induce
photoassociation according to eq 1 has been proposed recently
for the first timé® in analogy to previous work on the reversed
process of photodissociation using pulsed IR laétg. In
simulations for the collision pair @ H it has been shown that,
by optimal design of laser pulses, photoassociation can be made
very efficient for near-resonant cases and that a very high
selectivity with respect to the vibrational state of the OH

suggestive that associative scattering events are most likely whermolecule can be achievéfl. In a subsequent study also the

the photon energhiw is close to the resonance condition for a
transition from the initial scattering state at eneegyp any of
the bound states level»,J) of the molecule AB

E(¢,J) — E(v,J) ~ nhw (2)
This photoassociative event competes with fredree transi-
tions of the collision pair

AB(e,J) + nhw — AB(¢',J) 3)

where absorption of photons results in photoacceleration of
the colliding particles with

E(e',J) — E(e,d) ~ nhw 4)
This type of inelastic scattering event is also known in the
literature as collision induced absorptidnlt is noted that a

control of photoacceleration according to eq 3 for nonresonant
cases has been investigatédit has been shown that there are
distinct maxima in the distribution of the energy of the
scattered particles, which can be attributed to the absorption of
one or more IR-photons. The possibility of IR ps laser pulse
induced transitions between resonances embedded in the
continuum has already been investigated in ref 20; in particular
it was shown that transitions from long-lived to short-lived
resonance may be used to control the dissociative decay rate of
triatomic model systems.

In the present work, we extend the previous studies by
including the effect of rotations which had been neglected in
the one-dimensional rotationless models of refs 16, 19, 20. The
inclusion of rotational effects should open new spectroscopic
transition pathways in the manifold of ro-vibrational states of
the association product AB similar to the case of IR photodis-
sociation!® In particular we shall investigate the possibility of

third class of light-induced scattering event is the absorption of using photoassociation to prepare molecules in a specific ro-

photons leading to molecular products in an electronically

vibrational quantum state, or photoacceleration to prepare
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collision pairs at a certain energy and in a specific angular R h2 52 jZ(g $)
momentum eigenstate (partial wave). Some problems that will Ho(T) = — M2 +—"Z 4 V() (6)
have to be addressed include the efficiency of laser induced M r 2mr?

association versus acceleration, and also the selectivity with
respect to the quantum state of the product.

Our main focus is on new effects that can be expected for
collisions withJ = 0 where a centrifugal barrier separates the
attractive potential well from the asymptotic region, giving rise
to shape resonances for collision energitsver than the barrier
height?:22 Observations of these resonances in atomic beam
scattering experiments have been reported in ref 23. The wave
functions corresponding to these quasi-bound states exhibit
high probability amplitude in the region of the well of the the equilibrium bond lengthD, = 37249.2 cmt for the
effective potential where the dipole moment is strongest. Thus, dissociation energy, andl = 0 03868 nrml for the steepness
we expect that resonance states can be manipulated far mor%aramete?g ' '
effectively by external fields than nonresonant scattering states The timé-dependent part of the Hamiltonian describes the
if their lifetime is long compared to the laser pulses used to interaction between the molecular dipole momgnand an

induce an |nel_ast|c scattering event. |t_|s ”Ot?d that, du_e to thelrexternal electric field&(t) in the semiclassical dipole approxima-
large geometric cross sections and their relatively long lifetimes,

ion30
shape resonances also play an important role in the process o}
(termolecular) collision induced association reactions (recom- W(t) = — Z(r)€(t) = — fi(r)e(t)cosP,) (8)
bination)24~27 In summary, the manipulation of shape reso-
nance states of collision pairs opens the way not only to a new Here it is assumed thatis polarized along the-axis, andd; is
kind of spectroscopy of quasi-bound states trapped behind athe angle betweemande. We adapt a dipole moment function
centrifugal barriet but also, as we shall demonstrate below, to for HC| from the literaturd! using a spline fit to interpolate

a novel approach to IR-sub-picosecond laser control of photo- petween the tabulated values. The electric field of the laser

wherem = 0.97u is the reduced mass antis the angular
momentum of théH + 35Cl| system. In the framework of the
Born—Oppenheimer approximation, only the potential energy
curve for the electronic ground state is considered, which is
modelled by a Morse potential function

V(r) = Dg{ 1 — exp[-A(r — r1}* — D, )

Awith experimentally determined values f= 0.1275 nm for

association versus accelergtion. pulse is of the form
The possibility of observing the effect of shape resonances
experimentally crucially depends on the preparation of the €(t) = €,g,(t)cost) 9)

collision pairs, because the width of the shape resonances is

extremely narrow and their spacing is not very wide compared where[é,| and w, are the amplitude and the frequency of the
to thermal energy distributions. Indeed, the first direct experi- pulse, respectively. A convenient choice of the pulse shape is
mental observation of individual shape resonances has beergiven by the function

demonstrated only recently in a study on ultracold collisions of

Rb atoms’. At thermal energies, however, superpositions of a g.(t) = SinZ(Lt), 0<t<2T (10)
large number of partial waves with different angular momentum P 2T P

J and averaging over a distribution of collision energidsas

to be taken into account so that the effect of shape resonancedVith a pulse duration I, which is very similar to a Gaussian
on the photoassociation probability may be obscured. Instead,Pulse shape with a fwhm df, but offers the advantage of a
we propose an experiment using supersonic nozzle beamswell-defined beginning and end of the pulse.

yielding relatively narrow velocity distributior?§. Simulations 2.2. Bound and Continuum States. Throughout most of

of laser induced control of collision pairs will be carried out, this paper, representations in a basis of bound and free
and the question will be discussed whether the resonance€igenstates will be used. The corresponding wave functions in
structure can be observed in beam experiments with Varying pOSitiOﬂ space are obtained by SOlVing the one-dimensional time-
energy resolution. As a model, diatomic hydrides should be independent Scfidinger equation

especially suitable, due to the relatively large spacing of H2
vibrational and rotational energy levels. In particular, we choose N9 v NE r 11
H + CI collisions in the present study. 2m g2 e [2,(1) By, 2,(0) (11)

The organization of the article is as follows: Our model, as . o . )
well as the various levels of approximation used in the quantum for an effective potential including a term for the centrifugal
dynamical simulations, is developed in section 2. In the barrier
following section 3 we present and discuss our results. The 39+ 1)h2
final section 4 gives our conclusions. —
? Vo) = V(O + =5 (12)

Bound state wave functions can be written as a product of a
radial and a spherical harmonic function

2. Methods

2.1. Model. The quantum dynamics of photoinduced
inelastic scattering of the H ClI collision pair is governed by
the Hamilton operator 7,40)
L OF|2IMO= ==Y (0,.00) (13)
H(t) = Hpo + W) 5)

To solve eq 11 numerically, we calculate the discrete eigen-
where the time-independent molecular Hamiltonian can be values and the corresponding radial eigenfunctions using a
expressed in spherical component#,, ¢, of the internuclear Fourier-grid Hamiltonian metho#. The Morse potential of eq
distance vector 7 with the parameters for electronic ground state of HCI supports
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10000

The corresponding radial wave functigng(r) are calculated
by numerical integration of the radial Sckinger eq 11 with
€ > 0 starting from the classically forbidden regian—< 0) by
a Bulirsch-Stoer method® The solutions are truncated in the
asymptotic region at ca. 5.2 nm and fitted to Bm{ Jz/2 +
03).

2.3. Inelastic Scattering Cross Sectionslin the following
we want to define inelastic scattering cross sections for the
processes of photoassociation and photoacceleration using pulsed
light sources. We proceed in close analogy to elastic scattering
theory where the collision pair asymptotically approaches the
superposition of an incoming plane wave characterized by its
momentumhk and outgoing spherical waves and where the
elastic differential scattering cross sectiow/'df2 is given as

1

-10000 [,

energy / cm

—-20000 do JOrZ

dQ ||

(16)

where J; is the incoming andl, is the outgoing probability
current scattered into S which for sufficiently larger is
inversely proportional t@2.34

In our quantum-mechanical description, we are dealing with
probability amplitudesc(t)| obtained from gquantum-mechanical
57 58 59 60 61 states which can be expressed as

-40000 L . t
0 20 40 60 80

N woo=y S e = n0 (17)

Figure 1. Bound states and resonance states for the electronic ground .
state of HCI. The envelopes illustrate thalependence of the well ~ Where|nUrepresent either boundJMO(eq 13) or freelkJMO
depth and of the barrier height of the effective potential energy curve (€0 14) eigenstates of the unperturbed system given by eq 6.
(eq 12). The insert shows the two possible transitions from:thve T, Note that here and in the following, the combined sum/integral
J = 59) resonance state to the (3,58) or (2,60) bound states induced bydenotes a sum over all discrete (bound) states and an integration
laser pulses as specified in the text. over the continuum (free) states, so thagw(t)|? is a (dimen-

sionless) probability andcem(t)|2 has the dimension of a

probability per volume in momentum space.

For collision pairs interacting with time-dependent external
| fields, eq 16 must be replaced by an equation for the quantum
mechanical probability of finding the collision partners initially
prepared in a scattering stédtef the form of eq 15 in a final
gtate f. This probability per unit time and per volume in
momentum space is the product of the incoming probability
currentJ; = hk/u and a time-dependent partial inelastic cross
dr 1200 section for the transitiofi<— i (for f = i). Therefore we can
——Y;u (0.4, (14) define di(t)/dQ (with the dimension of an area),

zﬂ)slzk r
dofi(t) 1 d 2
9o -—malcf(t)l

-30000

a total number of 984 bound states fox0J < 65 where the
number of bound states varies from 24 fbr= 0 to a single
state forJ = 65. The resulting bound levels are shown in Figure
1. For comparison, the minima (wells) and maxima (centrifugal
barriers) of the effective potential energy curves with respect
to J are also shown as interpolated solid curves.

Free states can be represented in position space by a basi
set similar to expression 13

kaMD:(

Here the continuous radial wave functiggy(r) is normalized
asymtotically with respect to sik( — Jz/2 + d;) with a phase
shift 6.

In our calculations we use scattering states which are linear
combinations of eqs 14

(18)

which is differential with respect to the direction of the incoming

wave defined by, ¢« in eq 15. Note that the-axis is already

given by the direction of the laser polarization. flfis a

ar 1 20 continuum state, this equation gives the probability of finding
T -3 _jog ko the system in a state betwekandf + df and &/dQ will have

[Fiki= (zn)g/z EZ%I € r Yim(0ddYsp(Or¢r) (15) to be replaced by a doubly differential cross sectiéu (@Qdf).

Integration over the duration of the light pulse (eq 10) then yields

These scattering states exhibit the asymptotic behavior of antime averaged partial cross sections
incoming plane wave with a specific momentuik and of

_ 2
outgoing spherical waves. The scattering energy of this state doj _1 21, doy(t) _ lci(t = 2T)| (19)
is € with k = 1/v/2me. We emphasize, that we do not use dQ 2T, de 21,13

localized wave packets as initial states, but stationary scattering

functions of the form of eq 15 because we do not want the final Summation over all final states gives the total cross section for
results to depend on the actual choice of the inital wave packet.inelastic scattering for a given initial state We also define
Our approach is also much more general since it is possible tothe association cross section{&dQ as the summation over
construct any wave packet from a linear combination of all final bound state= |vJMCand the acceleration cross section
stationary scattering states. 0°°° as the integration over all final free states: |kIML
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dof  _dof dof™ do? p(t+ AY = e My

—=Y— —= dk IK— 20 - AR —iAG
do U;dgl do ;‘/;( do ( ) — e*lAt/%e*IAtV/heflAtT/Z‘Lw(t) + O(At)3 (24)

We note that the actual value of the association and accelerationl YPically, a time step of 0.1 fs was used to propagate ftem
cross section will depend on the laser parameters. In particular,0 ©0t = 2Tp. Finally, the coefficientscq(t = 2T)| in eq 17 are
the actual size of the cross sections can be easily controlled byPtained by projecting the time-dependent wave functibps-
changing the amplitude of the laser pulse. The time-dependent(tion that of the final statesas given by egs 13 and 14.
coefficients |c(t)|2 and hence the inelastic cross sections 2.5. Perturbation Theory. In our perturl_:)atlve approach we
dof/dQ are obtained by numerical integration of the time- USE & State space representation. Insertingutisatzof eq 17
dependent Sctitinger equation. In the following subsections Nt© the time-dependent Schfinger equation and projecting

we will present two different numerical techniques used in the on one 3ff;he e|ge|nstate_s ylelfds a;lsy_stemdof conépled first or_der
present investigation. integro-differential equations for the time-dependent expansion

2.4. Numerical Solution. In our nonperturbative approach coefficientscq(t)

we solve the time-dependent Schiger equation in position d ,
space. In spherical coordinates the initial wave functjgn |h&cn(t) = Z menm(t)e"“”"“cm(t) (25)
(;t) can be expressed generally in terms of spherical harmonics
Yom Here Whn(t) = m|W(t)|mgives the matrix elements of the

b(r1) perturbation operator for the<~— m transition, andvym = (En

N — Em)/h is the corresponding Bohr frequency.
Fly M= % r Yom(0r9:) (21) The usual approach of time-dependent perturbation theory

for weak interaction assumes negligible changes of the popula-
tion numbers, thus rendering the coefficieatft) = c(t = 0)

on the right hand side of eq 25 to be independent of ime.
Hence, for the system initially prepared in stateve obtain

for the coefficient of the final state= i

Note that a negative imaginary potential is used to avoid the
effect of the periodic boundary conditioffs. Inserting this
approach into the time-dependent Salinger equation and
projection on|Yjulresults in a set of coupled partial equations

for the time-dependent radial wave functions d 1 - 2 at\, o ot
M — T T2 i H v fi fi
) . dtcf(t) 2ih[ﬂ|ﬂ €plisi (ZTp)(e +e>") (26)
ih—p(r;t) = | — — — + Vg 4(r rt) —
8t¢J( ) l 2m 52 ena() |10 where the expression 8 for the electric dipole interaction operator

v and the explicit time-dependence (eq 9) of the electric field
'u(r)e(t)%SJWM"PU ) (22) has already been inserted and where the detuning of the light
frequency from the Bohr frequency is given by

E-F
h

with the Hinl—London factor&

Qi = tw, + (27)

T .
Swaw = [, d6, siné,
21 Integration of eq 26 over the perturbation time (pulse duration)
fO Ar Y (6r-6)COS6r) Yo (Or.tr) then yields the coefficients at the end of the laser pulse

_ [a-matm, T )
T @I- D@+ e G(2T) = o WA, iG(QT,) + G T))  (28)

-M+1)J+M+ 1)5 Sy (23) where the effective line shape functi@ is obtained as the
(Q+1)(20+3) MMM Fourier transform of the stdike pulse shape function

representing the matrix elements of the direction cosineleos sy A 2T oof Tt o

(eq 8) in the basis of spherical harmonics. G2 Ty) - T /0 dt sirf 2T, €
The radial wave functions are represented on an equally )

spaced grid which facilitates evaluation of the kinetic energy @it — 1

operatorT by FFT techniqued’ The grid consists of 4096 C20FT [(Q*Tplﬂ)z —-1] (29)
points covering the range up to= 5.3 nm where we had to fi T

cut off the Ecattering wa_\(/je f#nction.f :]—hef_rglati"%y large grir(]j Assuming the light pulse being long compared to the Bohr
size was chosen to avoid effects of the finite grid size on the . _ - - + -
photoinduced dynamics. Though we consideteglues from period (& > Ll ), either G(<; Ty) or G(<2q Tp) will be
0 to 77 in our calculations, we never propagated more than three
neighboringJ-terms at the same time. That means we just
coupled three different partial waves together and not the whole
range of 78 partial waves. For weak couplings which means

neglected for stimulated emissioB; (< E; ) or absorption
> E), respectively (resonant approximation).

For the photoinduced processes under investigation, analytical
expressions for the coefficients of eq 28 can be given with
the help of the position space representations of bound eq 13

Welfk Iasf(]—cz_r _f|elﬁs this I\INtI'" be ‘? go?dthaplr_)lrox[rl?atl_on. feqs and free eq 14 states. First, we define the radial matrix element
or sufficiently small time stepAt, the Hamiltonian of eq of the dipole moment function

can be regarded to be time-independent thus permitting an easy

evaluation of the time evolution operator using the split =
operatof39 pg = [y dr g u(r) (30)
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wherei andf represents either, J for bound states dk, J for 2 pi
scattering states. These matrix elements are obtained numeri- 2
cally from the grid representations of the radial wavefunctions =
; ; ; ; 2 i (a)
x(r) (see previous section). Their squares give the Franck £ p
Condon factors of the corresponding transition. For a discussion 5
of the peculiarities of these factors for boundfree transitions, R
we refer to the review in ref 40.
For the photoassociation transition from an initial scattering g 0000 ¢
state|k(to a bound stat¢zJMO(eq 13) the coefficients of the g 4000 |
bound states at the end of the laser pulse are \U 2000 |
c (ZTp) . 47 Gpr 1 {i‘]revaY* (0 P ) y 200(; + —
=— _— = (0, N I i=7,59
vIM (271)¥? 2k k % I MWk Pk éE“ ()
SJM,J'M',“uJ,ng'G(QzJ;rJ,k,JTp)} (31) :\: 1000
©
Accordingly, the transition from the same initial scattering state 0 e 3748 3750
|ki(lto a specific partial wavékJMO(eq 14) of the photoaccel- scattering energy / cm™'
erated collision pair can be described by the coefficients Figure 2. (a) Scattering phasise(K) in the vicinity of the ¢ = 7,J =
59) resonance state at= 3747.4 cm’. The maximum slope is used
(4Jr)2 Epr 1 L to determine position and width of the resonance state (see eq 34). (b)
Cm(2Ty) = — = % { i7% Y4 ,M’(GK'(pk‘-) X Association cross section versus scattering ener@iie peak is mainly
(2‘7[)3 2h Kk due to the (3,58y (7,59) transition. (c) Acceleration cross section vs

. scattering energy.
SJM,J’M’#kJ,kiJ’G(QkJ,kIJ'Tp)} (32)
LeRoy*! which employs an Airy function boundary condition
In the present work, a further simplification of eqs 31 and 32 is method to determine the resonance energies, as well as a uniform
reached by assuming the incoming plane wadyés be parallel  semiclassical approximation to calculate their widths. The
to the zaxis (and hence to the polarization direction of the results obtained from these two approaches are found to be in
electric field). Then the expression for the spherical harméhics  good agreement with each other. FoeQ < 77 we discover
a total of 176 quasibound states which are also included in
Y, (6, =0,6,) = 2J+ 1(3 (33) Figure 1. Although resonance states are not truly bound states,
IMTG 2P A 4 MO we designate quasibound states according to the numbér
o ) ] nodes within the potential well formed by the centrigugal barrier.
eliminates the summation ovbt' in eqs 31 and 32, so thatthe  The calculated lifetimess = A/T of the resonance states vary
problem is reduced to a two-dimensional dde= 0. Apart greatly with the vibrational quantum number where the highest
from being computationally much easier to solve, the perturba- quasibound states just below the centrifugal barrier exhibit
tion ansatz also offers a much easier interpretation of the shortest lifetimes. For our model of the HCI molecule, the
inelastic cross sections. From the above equations it is clearghortest-lived resonance state is found for< 10, J = 53)
that, apart from normalization factors, the cross sections areith 7, = 150 fs,T" = 35 cntl. However, this is a rather
proportional to FranckCondon and Hol—London factors as  yntypical case because it almost coincides with the height of
well as the effective line shape function (eq 29) of the pulsed the centrifugal barrier. Most resonances exhibit lifetimes of at
light source. However, there may be interferences between thejeast a picosecond or, in many cases, considerably longer. This
two terms corresponding to the only nonvanishingnHo corresponds to energetic widths Bf< 1 cnr L.
London factors (see eq 23) féf=J + 1 andJ =J — 1. In In the following, we focus our attention on the energetically
the present investigation these interference effects do not playmgest isolated quasibound state as the best candidate for state-

a major role, because, for a given scattering energy coinciding selective processes. Surveying the resonance energies, one finds
with a shape resonance, the Fran€london factors are only  that this is the (7,59) state ab = 3747.4 cmi! which is

large for one specific value df. separated by more than 120 chfrom its lower and upper
neighbors (4,63) and (5,62).The energetic width of the (7,59)
3. Results statel' = 1.0352 cn! corresponds to a lifetime ak = 5.13

3.1. Shape ResonancesShape resonances are located in Ps. The wavefunction and the effective potential (eq 12)for
two different ways. First, scattering states are calculated by = 59 is illustrated in Figure 3. Although most of the probability
integrating the Schidinger equation numerically as described amplitude|y(r)|? is inside the potential well, there is yet some
above and monitoring the phase shiiffe) as a function of the amplitude outside in the asymptotic region, which is typical for
scattering energy. Normally, this function changes slowly the very highest quasibound states because of the nonnegligible
with respect to the scattering energgxcept at the resonance  effect of tunneling.
energiesr where it changes rapidly by (for an example, see 3.2. Population Dynamics. In this section we study the
Figure 2) which allows us to determine the position and width process of laser-induced stabilization of the (7,59) resonance
of quasibound shape resonances. The latter is obtained fromrstate ateo = 3747.4 cm* by transition to the highest bound

state (at negative energy). With the selection myle= +1
_[dd, -1 being valid, these are the (3,58) state at —852.4 cnt! and
r=2 “de |e=en (34) the (2,60) state at = —794.1 cni! (see the insert of Figure
1). To get the population dynamics of the association process,
For comparison, we use the program LEVEL 6.0 by R. J. we use our nonperturbative treatment. For simplicity, we choose
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Figure 3. (a) Effective potential energy curves fdr= 0 (dashed)
andJ = 59 (dotted) and quasibound wave function (solid) for the (7,
59) shape resonanceeat= 3747.4 cmi™. The cross indicates the position
of the maximum (centrifugal barrier) of the effective potential. (b)
Dipole moment function for the electronic ground state of HCI, adapted
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Figure 4. Population dynamics for the photoassociaticn (v, J) —
i = (7, 59) for the optimized laser pulse (see text). The duration of the
laser pulse is 200 fsTf = 100 fs).

3.3. Validity of Perturbative Treatment. We now compare
the numerical and perturbative treatment for the example of the

from ref 31. transition from the (7,59) shape resonance to the (3,58) bound

state, which was already investigated in the previous section.
The comparison is performed by calculating the partial cross
section @} g5, 54dQ which is obtained by averaging over the
duration of the laser pulse according to eq 19. The amplitude
€p of the electric field, and hence the intensity of the pulse, is
varied, while the values of all other pulse parameters are those
of the optimized pulse.

with ko = 1f+v2me. Then we solve the coupled partial The numerical treatment follows the description in section
differential eqs 22 forJ e [58; 60] andt e [0; 2Ty]. By 3.2, and the cross section is calculated for different values of
projection on the bound states (eq 13) we calculate the squareshe |aser amplitudes, € [514 MV/m; 262 GV/m]. This

of the expansion coeﬁicienﬂsl_,J(t)|2 for values ofJ = .58,60 corresponds to an intensity between 3.3.0° and 9.1x 104

and U; Eot’hl' 2, 3)|- tWe fptm;lzetth?hlas(gr%l;ls? Itn su'(l:lhba Wicm2. In the perturbative treatment we use eq 31 to calculate
way, that the population transter to the (3, state will be |c3,592Tp)|2 and hencesh o4 In both cases, we simplify the
maximized. For constant amplitude of the fiejg= 514 MV/”; simulations by assumir?SSfﬁggincoming plane wave to be parallel
corresponding to a maximum pulsellntensnypf: 3.5 101. to the electric field (see eq 33), and by assuming the initial
W/cn and for constant pulse duratioff2= 200 fs, we obtain state to comprise of a single partial wave (see eq 35). The

the optimal frequency ofs, = 4605.9 cm? which implies a . - .
detuning ofQ* = —6.6 cn1! with respect to the Bohr frequency gg:)nvsr? rilsoFr: g%fréhg results obtained for the two approaches is

of the (3,58)< (7,59) transition. The resulting population . . )

dynamics is shown in Figure 4. During the pulse duration of It is clear that f_or the flrst-_order per_turbatwe treatment the
200 fs, we see a continuous rise of the target state populationPa”'a[ Cross section varies .I|r'1early Wlth.respect to the pulse
(3,58). Although the (2,60) state is energetically very close to Intensity, because the coefficieassd2Tp) in eq 31 depends
the (3,58), the population of the latter remains by approximately linéarly one,. The two methods are in very good agreement
3 orders of magnitude lower than that of the former. Further- for laser intensities up to 5 10'2 W/cm™2. Up to this point
more, we see an intermediate buildup of population in the other the linear rise of the perturbation-based result exactly matches
vibrational states of th@ = 58 manifold. As has been shown the numerically values for partial cross section as can be seen
in our previous study on photoassociation and photoaccelera—in Figure 5. Beyond that threshold, the numerical values start
tion,1° the contribution of these states is relatively small unless to level off and the discrepancy between the two sets of results
the frequency is near-resonant for higher order processes. Foincreases rapidly with the intensity. Our perturbative treatment
the given example with the frequenay, being about halfway s not suitable to describe the nonlinear effects occuring in this
between the resonance condition for two-photon transitions to regime unless higher order terms are included, which, however,
either the (0,58) or the (1,58) level, the corresponding popula- would lead to considerably more complicated expressions for
tions are found to be several orders of magnitude below that of the cross sections. All calculations in the remainder of the
the (3,58) state. We also tried to optimize the laser pulse with present work, with the exception of this comparison, were
respect to population of the (2,60) target level. The resulting carried out for an electric field amplitude ef = 514 MV/m
population of the target state is about one order of magnitude (corresonding to 3.5« 10 W/cn? ). Hence, all the cross
smaller than for the previous case, because the Fra@okdon sections displayed in Figures-80 can be enlarged by two
factor (see eq 30) sensitively depends on the difference in theorders of magnitude with the perturbation ansatz still being valid.
vibrational quantum numbers of initial and final state. It is noted that, for intensities of about ¥OW/cm=2, the

the initial wave function (eq 21) to be a single partial wave of
the scattering state (eq 15)

Py o(r, t=0)=

1 .3s,
Js6 JaOYM{mﬁeé Van(23+ 1)XkOJ(r)} (35)
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Figure 7. Association cross sectionoffidQ as a function of
different initial scattering energies (solid line). Some of the peaks in
the spectrum are labeled with quantum numbers according to the main
bound<— resonance transition. The stars show the density of bound
states per energy interval of 0.01 chshifted by the laser energy 4606

Figure 5. Partial cross section for the association (3, 587, 59) vs
laser intensity. The remaining parameters are those of the optimized
pulse (I, = 200 fs,w, = 4605.9 cn1l). Comparison of numerical
(solid curve) and perturbative treatment (dashed curve).
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Figure 6. Partial cross sectiono/dQ (in pn?, with an offset of 1 ) ) ) .
pi?) for the association process with= (7, 59) andf = (, J) using Figure 8. Acceleration cross sectionoff7dQ as a function of _

the optimized laser pulsef= 514 MV/m, 2T, = 200 fs,w, = 4605.9 different initial scattering energies. Some of the peaks are labeled with
cmY). the (v, J) quantum numbers of th_e initial sha_pe resonance state. In e_ach
case, these resonances are either the highest or the second-highest
photoassociation cross sections can be quite large approachinguasibound states for a givenJ.

values of a few nm

3.4. State Selectivity. After the investigation of the popula-  state are displayed in Figure 6. The distribution lies in the
tion dynamics in section 3.2, where the initial state was assumedvicinity of a curve corresponding to equal enekgywp in the
to be asinglepartial wave (eq 35), we now want to discuss the v, J plane. It spreads fro = 60 down to the lowesl-states.
question of state selectivity of the photoassociation product for The oscillatory pattern in the distribution along the curve is due
the initial state being a full scattering state as given by eq 15 Franck-Condon factors. Nevertheless, for the example dis-
comprising ofall partial waves. We again consider a scattering cussed here, the final population of the (3,58) target state is by
energy ofeg = 3747.4 cn! exactly coinciding with the (7,59)  far the largest and exceeds that of the second highest, the (19,15)
shape resonance and the laser pulse optimized for the (3;58) state, by a factor of 56. However, summing up the photoas-
(7,59) transition. sociation probabilities for all nonresonahtalues yields a non-

As anticipated in the introduction, the non-resonant partial negligible contribution to the total association probability.
waves § = 7) exhibit much lower probability amplitude than  Nevertheless, the final population of the (3,58) target state is a
the resonant partial wave in the region of short internuclear factor of 4 larger than the sum of the populations of all other
separations where the dipole moment function is nonvanishing. bound states at the end of the laser pulse.

Hence, their individual contribution to the photoassociation In summary, we find very high state selectivity which
probability is much smaller. The photoassociation cross sectionsoriginates in the existence of shape resonances. For the shape
as a function of the quantum numbers J) of the final bound resonance ai = 3747.4 investigated here, the initial scattering
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with a step size ofAe = 1.0 cnT!. This increment is needed

to resolve at least the energetically wider resonances with a
lifetime shorter than 5 ps. Our choice of the step size is just
small enough to resolve the (7,59) resonance which has an
energetic width of slightly more than 1 cth This consideration
gives another justification for the choice of this particular shape
resonance. Apart from being the energetically most isolated
one, its width in energy and time is very favorable. On the
one hand, the relatively large energy width can be resolved
without resorting to an extremely small energetic step size; on
the other hand, the lifetime of about 5.13 ps is long enough to
use sub-picosecond laser puls&s € 100 fs) to manipulate
the resonance state within its lifetime.

Our association spectrum can be seen in Figure 7. First of
all, the curve shows a couple of very sharp peaks corresponding
to certain bound— resonance transitions. The largest of these
peaks have been identified and labeled by the respective initial
9500 2500 3300 4500 and final states in the figure. Although the scattering energy

scattering energy / cm’”' covers almost the whole range of shape resonance states of the
Figure 9. Averaged association cross sectionss&dQ assuming a ~ HCl molecule, only a small selection of the 176 resonances
nozzle beam velocity distribution for three different values of the speed causes a peak in the spectrum. The reason for this is obvious.
ratio S vs the mean scattering energigi’/(2m) of the initial state According to eq 2, the photon energy must match the energy
distribution. The resonance peaks correspond to those shown in Figuredifference between a quasibound and a bound state within the
7. width of the effective line shape of the laser pulse (eq 29) which
is of the order of a few 100 cmd. Clearly, the peak for the
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scattering energy coinciding with the (7,59) shape resonance
e exhibits the largest photoassociation cross section. This peak
S 1000 M is almost exclusively due the (3,58) (7,59) transition. Again,
9 this confirms the very high state selectivity of the photoasso-
3 ciation process. The height of the other peaks mostly depends
2000 ; . on how closely the transition energy resembles the carrier
X frequencyw, of the laser pulse.
§ Finally, we want to discuss the broad background of the
g 1000 M spectrum in Figure 7. This contribution to the photoassociation
& probability is caused by bound- free transitions where the
© initial (free) state does not represent a shape resonance state. It
2000 ' ' slightly rises with the scattering energy and reaches its maximum
o at a scattering energy of about= 4400 cntl, after which it
S 1000 | rapidly falls off. To explain this behavior statistically, we
2 Moo ] calculate the density of bound states with respect to energy.
i) The stars in Figure 6 give this density per energy interval of
0 . . 0.01 cnt! shifted by the laser energy, = 4606 cntt. It
1500 2500 3500 4500 increases steeply from low values in the region of the lowest

scattering energy / cm’ bound states up to a maximum just below the dissociation limit
Figure 10. Averaged acceleration cross section$°#d<2 assuminga  beyond which it disappears. Hence, the density of bound states
nozzle beam velocity distribution for three different values of the speed ghows the same qualitative behavior as the background of the
ratio S vs the mean scattering energgkc/(2m) of the initial state photoassociation spectrum thus demonstrating the mainly
g'_smbunon' The resonance peaks correspond to those shown in F'gurestatistical nature of the photoassociation process in the absence

of shape resonances. Only the fact that the rise of the
state (eq 15) shows a shape resonance only for one Speciﬁcbackground Wit.h increasing energy is slightly steeper than the
J-value 0 = 59). Because of the large overlap of resonance fise of the density of states is due to the course of the respective
states with the dipole moment function, this partial wave is Franck-Condon factors.
strongly favored in both the association and acceleration process. 3.6. Photoacceleration Cross Sectionln the following,
The combination with an optimized laser pulse designed to the cross section for the photoacceleration process due to the
maximize the population of a bound target state results in the absorption of a photon is studied. As in the previous section
observed high state-selectivity. on photoassociation, we use our perturbative treatment, and we
3.5. Photoassociation Cross Sectionln this section, we vary the initial scattering energy from 1000 cn1! to 5000
calculate the association cross section defined in section 2.3 agm~! with a step size ofAe = 1 cnT!. In order to make the
a function of the scattering energy We follow the perturbative ~ association and acceleration cross sections comparable, we use
treatment of section 2.5 and we use the laser pulse of sectionthe same optimized laser pulse as in the previous section.
3.2 p = 514 MV/m, 2T, = 200 fs, w, = 4605.9 cn1?) Methodologically, the main difference to the treatment of
optimized for the (3,58)y— (7,59) transition. The scattering photoassociation in section 3.5 is that the final states are not
wave function of eq 15 is used as an initial state. In our discrete states but form a continuum of free (scattering) states,
calculations, the value af is varied from 1000 to 5000 cm see eq 20. We approximate this continuum using a discrete



4126 J. Phys. Chem. A, Vol. 102, No. 23, 1998 Backhaus et al.

number of continuum wave functions with a density of one tively, the cross section behaves like that in Figure 2c. However,
function per energy interval of 1 cth.  Usually, this density the absolute values are considerably larger than for photoasso-
is high enough to obtain converged acceleration cross sectionsgiation or for photoacceleration with the final state being a free
except if the energy of the final state coincides with a shape state. For the example studied here, the value of the cross
resonance. With the optimized frequency of the laser pulse section reaches abowf“ = 1.45 nn?. This value can be
being wp = 4605.9 cmt, only the six energetically highest  compared with e.go®= 0.007 nnd for the optimized (3,58)
shape resonances are eligible as target states for photoaccel- (7,59) transition. Clearly, the huge cross sections for
eration of collision pairs with an energy ef> 1000 cnr™. resonance— resonance transition are due to the very large
However, with the laser pulse optimized for the (3,58)7,59) Franck-Condon factor for a transition withy = 0.
transition, the photon energy does not match any of the possible 3.7. Averaging. In the previous sections, we always
resonance— resonance transition. Below, we will study this assumed initial scattering states of the form (eq 15) with a sharp
specific process for other photon energies on its own. momentum#hk parallel to€,. In the following we want to

The resulting acceleration cross section as a function of the investigate spectra for a realistic atomic beam scattering
scattering energy is shown in Figure 8. The sharp peaks experiment. In crossed beam experiments using well collimated
correspond to certain continuum resonance transitions. These beams, the distribution of collision angles can be made
are inelastic transitions from a quasibound state to a higher freesufficiently narrow so that we do not have to consider it here.
scattering state. For the main peaks, quantum numbers of theHowever, there is a nonnegligible distribution of relative
initial state have been assigned in Figure 8. In principle, one velocities of the collision partners. In order to simulate this
should expect all 176 shape resonances to show up in thespread of velocities, we perform an incoherent average by
spectrum whenever the initial scattering energy coincides with integrating the association and acceleration cross section over
any of the resonance energies. This is in contrast to the different initial k -values.
association spectrum where only those shape resonances are
visible for Whlch a bound— resonance transition is in near- FAsslace_ fdk 9K) O,iazsi/acc (36)
resonance with the laser frequency. However, in the simulations
of the photoacceleration process, only about 25 peaks are
detected for two different reasons. On the one hand, using a
finite step sizeAe = 1 cnm ! (or using a spectroscopic apparatus
with this resolution), shape resonances with an energetic width
below approximately 0.1 cmt usually cannot be seen which )
results in an upper bound for the lifetime of about 50 ps. This ﬁ{ SZ(" — k) )

. . \ oK) Dk expg — ———— (37)

excludes relatively low-lying quasibound states. Hence, the kﬁ

main peaks in Figure 8 are caused by the shorter-lived shape
}—ierehk_e/m gives the stream velocity of the beam aBd the

whereg(K) is the distribution function of (relative) velocities.
In our investigation we assume the use of supersonic nozzle
beams with their typically very narrow velocity distributions

resonances. These are typically the highest or second highes

of the quasibound states for a givéand are found just below . g . .
the centrifugal barrier of the effective potential (eq 12). On speed ratio (stream veloqty divided by.thermal velocity relative
: . to the former) characterizing the quality of the be#f?
the other hand, if a shape resonances is extremely close to the Ei 9 and 10 sh d " for ohot
centrifugal barrier it has an unusually short lifetime (i.e., in the 'gures < an show averaged Cross sections for photoas
femtosecond regime). As can be seen for the examples of thesomano_n and photoacceleration of thetHClI coII|S|on_ pairs,
respectively. The results are for a mean scattering energy

(10,53) state at 2896 crh or the (12,48) state at 2183 ci) 7 )

these resonances result in a broad and low peak because of the@kﬁ/ (2m) between 1500 and 4500 crhand for three d_|fferent

exceeding energetic width df > 30 cnrL. values § = 100, 500, 1000 ). The general trend illustrated
in the figures is always such that for decreasththe peaks

As has.been discussed f.O'T the association spectrum, also theclssociated with the shape resonances are becoming less pro-
acceleration spectrum exhibits a background caused by-free nounced with respect to the background which is due to the
free transitions where neither the initial nor the final energy ?ssociation/acceleration of free states

al

matches any of the shape resonances. This background sign The averaged photoassociation cross sections of Figure 9

falls off slowly with the scattering energy as a result of the show that also after applying the averaging procedure (eq 36)
depepplence of the Franek:ondc_m. .factors for free— free all the peaks in the photoassociation spectrum are still visible.
transitions on the energy of the initial (free) state. Furthermore, the peak for the (3,58} (7,59) transition is

In Figures 2b,c we compare the cross sections of the somewhat larger than the peaks for any of the other betind
competing processes in the vicinity of the (7,59) resonance resonance transitions. However, already ®r= 1000 its
energy. Here we used a smaller step sizdeof= 0.1 cnt! to absolute height does not exceed that of the background at around
obtain a higher resolution. The peaks of both the photoasso-4400 cnt®. Another interesting aspect is the relative amplitude
ciation and photoacceleration cross sections coincide with the of the peaks. For example, the narrow, high paak (3, 44)
jump of the partial scattering phadex(eo) (see Figure 2a) again  and the wide, low peaki (= 13, 45 ) of Figure 7 become
showing the uniqueness of the shape resonance state. For g@omparable upon averaging. This tendency continues for
scattering energy of about= eo = 3747.4 cmi*, which matches  decreasing the speed raBo Finally, for S= 100 most peaks

the (7,59) shape resonance, the cross section for photoassociatioRave disappeared and the remaining (13,44), (13,45), and (7,59)
is about three times larger than that for photoacceleration.  are of comparable size and shape.

Finally, we also study resonanee resonance transitions Similar trends can be found in the averaged photoacceleration
between shape resonance states. As an example, we optimizepectra of Figure 10. Fd = 1000 all the peaks can still be
the laser frequency, with respect to the transition (7,66} distinguished. However, their height relative to the background
(7,59). The energy of the (7,60) target state is 4144 cntl, has decreased. Also some relative intensities have changed e.g.,

The optimized laser energyis, = 423 cnt in the far infrared the two peaks (12,47) and (11,49) around 2000 Ym The
region, which implies a detuning &~ = 30 cnt!. Qualita- tendency of broadening increases &+ 500. Finally, forS
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= 100 the shape resonances can only be recognized as small In future work, photoassociation spectroscopy could be used

oscillations of the background. to investigate potential energy functions and (transition) dipole
moment functions. In particular, the information gained for very
4. Conclusions high rovibrational states can be used to refine these functions

at very large internuclear distances. Another possible applica-

\We have shown that shape resonances play an important rol&;q, oy be to exploit the very high sensitivity of the optimized
for_the procgsses_of photoas_somatlon and_ photoaccgeleratlorqaser pulse parameters with respect to the dynamics of the
which were mvestlga.\ted. previously on!y using a rotqtlonless collision pair to generate isotope selected photoassociation
model?®1° The localization of probability density mainly at products (e.g., B Cl vs H¥7 Cl). We also want to point out
internuclear separations shorter than that of the centrifugal y,o nsssibility of using shorter laser pulses to generate coherent
barrier where_|t strongly _overlaps with the molecular dipole superpositions of rovibrational states of the molecular prod-
moment function results in large Frane€ondon factors for uct1415 The corresponding wave-packet dynamics could be

EF?E:'tg)hnj féorr;sglri:f]fg:gdSrt\a;iset;f)ei:[ngrvl\i:u?gr (t)r:;r?neaitiatjelzpmbed by excitation into a fluorescing or an ionizing state which
L pe o P . y ; PUlByould provide a means to image the photoassociation process
tion of collision pairs in the electronic ground state by infrared ., (a1 time. Finally, it is a challenge to extend the present
(IfR)r:'ght' Thisis in analcr)]gy wg)thdreceﬂ.t findings ?]n the rl?,le, approach to other systems including polyatomic hydrides where
of shape resonances In three-body collisions such as collisiongeective photoassociation or acceleration has to compete with

ingluced stabil?za_tion and dissociatith. On the_one h_and, dissipative channels such as intramolecular rovibrational redis-
stimulated emission can lead to photoassociation which may ;. tion.

be used to prepare molecules, in particular in extremely high
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