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Observation of a transition state resonance in the integral cross section
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We have studied the reactionHHD at low collision energies using a combination of experimental

and theoretical methods. Clear evidence for a reactive resonance is found in the integral cross
section for the reactive channel-HHD—HF+D. Using a crossed molecular beam apparatus, the
total reactive cross sections for the HB and DFH channels were obtained in the collision
energy range of 0.2-5 kcal/mol. In addition, Doppler profiles were obtained over this range of
energies, which provide information about the angularly resolved distribution of final vibrational
states. The cross section shows a distinctive steplike feature near 0.5 kcal/mol. Furthermore, the
Doppler profiles reveal a dramatic change in the angular distribution of products over a narrow
energy range centered at 0.5 kcal/mol. This feature is shown to arise from a reactive resonance
localized near the transition state. Theoretical scattering calculations have been carried out using the
Stark—Werner potential energy surface, which accurately reproduce the shape of the resonance
feature. A detailed analysis of quantum dynamics using the spectral quantization method reveals that
a quantum resonance exists near 0.52 kcal/mol, which is localized about the collinear FHD
geometry. At collision energies below 1 kcal/mol, the reaction was found to proceed almost
exclusively through resonant tunneling with very little contribution from direct, over the barrier,
reaction. The properties of the quantum resonance, such as the position, lifetime, and partial widths
were found to correlate well with the experimental results and the quantum scattering calculations.
© 2000 American Institute of Physids$0021-9606800)00709-1

I. INTRODUCTION be sought in the differential cross section for collision ex-
periments since impact parameter averaging is expected to
The F+H, reaction has served as an archetypal syster@mear out resonance features in the total reactive cross
for the study of chemical reaction dynanfi@nd as a focal section’® This stands in contrast to resonances seen in, e.g.,
point in the search for reactive resonantésseries of suc- nuclear physics where strong resonant signatures are often
cessive improvements in experimental and theoretical methapparent in the integral cross sectiSriEhe issue seemed to
ods has led to a detailed understanding of many aspect of thise put to rest in the recent discussions of reactive resonances
reaction. Although this system has been studied for decadef the H+H, system where experiméfitand theory* coa-
much of the more recent interest in this problem was inspiredesced to show the resonances to be completely obscured in
by the crossed molecular beam experiments of Lee anthe integral cross section;(E), but perhaps survived in the
co-workers® An anomalous forward scattering peak in the differential cross sectiordo(E)/d().
state-resolved product distribution for HF(=3) was ob- An alternative approach is to search for resonances using
served at collision energies in the rangeEc transition state spectroscopy, which is dynamically a half-
=1.84-3.42kcal/mol, which seemed to provide evidenceollision process and circumvents the impact parameter-
that reactive resonances may exist in this system. Additionalveraging problem. Neumark and co-workéisave recently
molecular beam studies of+fH, and its isotopomers have observed the photodetachment spectrum of Fihe spec-
subsequently provided higher levels of resolution and furthetrum revealed structure, but, at the available level of energy
details about the reaction and possible resonance fedturesesolution, the peaks could not be definitely assigned to tran-
The evidence for reactive resonances in the beam expersition state resonanc&s® Theoretical analysis assigned
ments was not conclusive, however, since there are oth&ome of the spectral peaks to van der Waals type states or
dynamical explanations for the forward scattering peak whethreshold type stat&associated with the well in the long
considered on the realistic potential surfa€eFurthermore, range entrance and exit channels but not to states trapped
the contemporaneous theoretical simulations could not reprarear the barrier. At this point in time, the only conclusive
duce the experimental results in a way that would confirmevidence for reactive resonances in bimolecéarBC re-
the existence of a resonance. Nevertheless, since this work,dttions is for the +HI system, which was studied by photo-
has become the conventional wisdom that resonances shoulétachment of IH1.*°
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The theoretical investigation of 4H, reactive reso- due to a kinematic tunneling effetAn analogous peak was
nances has a long history, dating back to the collinear studiesbtained in the F-HD reaction, which was tentatively attrib-
of Wu et al’® and Schatzet al,'” and since then a wide uted to the same sort of effettIn this work, we shall re-
variety of dynamical methods and potential energy surfacespen the interpretation of peak A for therHD case and
(PES have been applied. In the simplest physical terms, theome to the opposite conclusion.
existence of reactive resonances was found to trace back to In particular, we present an experimental and theoretical
dynamical trapping in wells on the vibrationally adiabatic investigation of the reaction
potential curves® While a more sophisticated analysis is .

. . . . . . . —HFv',j")+D
certainly possible, the vibrationally adiabatic model seems t¢+HD(v=0,j=0,1) _
provide the correct zero-order dynamical picture. The reso- —DFv',j")+H
nance energies are, of course, sensitive to the PES, and ag- 5w collision energiesEc=0.2—5 kcal/mol. There has
curate predictions had to wait for a sufficiently accurate suryaan considerably less attention given to this isotope and to
face to be constructed. the low energy regime in particular. At such low energies,

Recently, a highly accurate PES has been developed by features in the entrance channel of the potential energy
Stark and Werne(SW) (Ref. 19 that makes possible quan- g face may have a large effect on the reaction dynamics.

titative comparison with experiments. The SW-PES exhibitszyen if the van der Waals well does not trap resonance
a highly bent saddlepoint and long range van der Waalgiates, it still may significantly deflect incoming trajectories.
wells in the entrance and exit channels. The dynamics on thitheed, we shall observe a “steering” effect toward collision
PES has been studied using quasiclassical traje¢®GT) iy the T-shaped geometry due to the long range potential.
simulations, by Aoizet al,”’ and also with full quantum | o collision energies are also interesting since the number
scattering  calculations, ~ by  Manolopoulos  andof partial waves contributing to the cross section is greatly
co-workers}*"?? and other$® The photodetachment spec- reduced. Resonance features occurring at low energies may
trum of Neumark and co-workers has also been quantumot he washed out to the extent seen at higher energies.
mechanically simulatetf** The comparison of the quantum In the present work we return to the crossed molecular
simulation to the results Of Lee and CO'WorkerS, while notbeam Study Of the reaction dynamics using an apparatus de_
perfect, was found to be reasonably good. The simulations ofcribed in detail previousl§. Due to technological improve-
the FH, photodetachment spectrum are also in fairly goodments incorporated into the beam machine, it is possible to
agreement with experiment. These successes build confineasure reliable cross sections to significantly lower colli-

dence in the belief that the SW-PES s, in fact, sufficientlysion energies than achieved in previous measurements on
accurate to describe a variety of experimental observablesithis system. In particular it is possible to go below the

While the SW-PES combined with accurate quantumHF(y’=3) energetic threshold which occurs &
mechanical simulations seemed to be getting close to the:-1.1 kcal/mol. Since theoretical calculations on various PES
experimental observations, the role of transition state resthave predicted reactive resonances belowuthe 3 thresh-
nances was not totally clear. Using three-dimensional quarpld, it will be interesting to investigate this regime. Some-
tum simulations, Manolopoulos and co-worké®' and  what complicating the analysis of the results is the possible
Takayanagi and Kurosakihave identified numerous reso- contribution of reaction involving the excited state atom,
nance states trapped in the van der Walls wells fe,  F(2P,;,). Since the excited state lies only 1.15 kcal/mol
F+HD, and F+D,, but not states localized near the saddle-above the ground state #K5,), there is no way to eliminate
point. The van der Waals resonances are far too narrow tthis species from the beam source. While reaction*ofih
significantly affect the reaction probability and are probablyH, has been observed at low collision enerdfeghere is
not a good explanation for the results of Lee and co-workergood reason to believe that the associated cross section is
although they probably influence the photodetachment spedairly small?®3? Consequently, we feel confident that the
trum. Of course earlier studies on other surfaces has yieldedominant contribution to the reaction at low energy occurs
reactive resonances trapped near the saddlepomthile  through the ground atomic state.
such resonances have not been reported on the SW-surface Our contention in this paper is that a feature seen in the
there is no reason to believe that they will not exist. Transiintegral cross section for-/HD is due to the existence of a
tion state resonances appear on all reasonable surfaces amdctive resonance. Since this assertion runs contrary to con-
appear to be quite robust with respect to details of the PESentional wisdom, it is useful from the onset to state how the
and dynamical approximation. resonance might survive the averaging effects. In a sense, the

Manolopoulos and co-workétsand Takayanagi and result is consequence of some fortuitous features of the
Kurosakf® also have observed a broader peak, “peak A,” in F+HD system. First, the resonance in question lies just
the cumulative reaction probability for individual partial above the entrance channel threshold. This minimizes the
waves. ForJ=0, this peak lies at collision energy 0.4 kcal/ number of partial waves contributing at the lowest energies.
mol in the F+-H, reaction and moves steadily upward with Second, and most important, at the resonance energy there is
the total angular momentund, The highJ versions of this little or no direct(or backgroungreactive scattering. All the
feature are apparently responsible for a large part of the forreactive flux apparently passes through the resonance state.
ward scattering peak in the H#(=3) product. Castillo and Thus, the integral cross section shows a sharp stepghly
Manolopoulos have argued, based on a time-delay analysithe low energy “half’ of a Lorentziahp with a half-width
that peak A is not a resonance in the H, reaction, but is equal to the resonance half-width. The half-Lorzentian can
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be fit to theJ=0 resonant reaction probability. At higher resulting uncertainties in the relative cross section measure-
energy, but still below the direct reaction threshdkghifted  ments were all within+5% and the overall errors in the
resonances contribute to the cross section. However, thesxperimentgincluding uncertainties in the collision energy,
shifted Lorenztians combine to give a characteristic profileas discussed belgwvere estimated to be less tharl0%.
that is easily identifiable in the experimental cross section. To span the collision energy range of this work
Thus, although the resonanceJshifted to higher energy, =0.2-5 kcal/mol), for each beam two different sources
the absence of background reaction permits a direct analysigere employed. To produce the F-atom beam, a discharge
of the integral cross section. was passed through 5% I either He or Ne at 8 atm. It is
Ultimately, the goal of both the experimental and theo-well known that a F-atom beam produced through a dis-
retical analyses is a detailed understanding of the reactiocharge contains significant amounts of the spin—orbit excited
process. By combining the experimental and theoretical inF* (?P,,,) atoms2®3! However, there is experimental evi-
vestigations of this system, the hope is to provide a picture oflence that the reactivity of*Fis, in fact, quite small com-
the dynamical effects in this system. The work in this paperpared to that of the ground state’Pg,) atom®2 Thus, the
is divided into three components. First, the experimentalesults presented below should not be significantly affected
measurements are carried out to identify potentially interestby the negligibly small contribution from*F To produce the
ing phenomena. Second, quantum scattering calculations atarget HD beam, either a reverse-seeded HD wiftb% Ar
performed to establish that the SW-PES combined with acer the neat HD expansion was used. The beam speeds were
curate quantum dynamics can reproduce the observed efletermined by either the Doppler-shift or the fast ionization
fects. And third, classical trajectory, wave packet, and specgauge measurement. Although the different beam sources
tral quantization calculation are employed to physicallycover different collision energy ranges, there are substantial
interpret the phenomena. All three components of this workntervals of overlap among them. The consistency of the
are required to establish the existence of a reactive resteplike structure in the resulting excitation functioisee
nance. below) from different sets of source combinations confirms
In Sec. Il, the experimental methods and results are prethe accuracy of the speed determination and that the results
sented. In Sec. lll, the theoretical treatment of the reactiomre devoid of experimental artifacts after the density to flux
dynamics is presented. In the discussion in Sec. 1V, the tharansformation was implemented. The previous characteriza-
oretical and experimental results are compared and the eviion of the neat expansion of the HD beam indicated an av-
dence in favor of the existence of a reactive resonance israge rotational energy of 0.05 kcal/mol, which corresponds
summarized. to a rotational temperature of 50 K with 82% js==0 and
18% in j=1.2" A similar, or somewhat colder, rotational
distribution is anticipated for the reverse-seeded HD beam.
The translational energy resolution of the experiment was
A. Apparatus and method governed by the velocity spreads and angular divergences of
he two doubly-skimmed molecular beams. NeBg

Il. EXPERIMENT

The experiment was carried out in a crossed-beam scaE L . .
tering apparatus using the same procedures as describg{’—;*;1 6 kcalllltr_nol, Wh'cdh Its th? re;g[[onbof mt;cer?slt of the/zEreport,
previously?’ In brief, a skimmed F-atom beam was gener- € resolution was determined to be abou €/Ec)
ated from a discharge souf@ef F, passing through a pulsed while the uncertainty in absolute energy was less than 0.1

valve. The subsequent supersonic expansion translationalﬁfallmc’l'
cooled the F-beam, which then collided with a target HD-
beam from a second pulsed valve. By alternating the HD gag' Results

pulses and taking the difference signal, the H- or D-atom  Figure 1 shows the normalized excitation functions for
reaction product was interrogated using a-(Il) resonance- the HFD and DF-H product channels. The results of a
enhanced multiphotom ionizatigREMPI) detection scheme previous QCT simulation on the SW-PES, presented by Aoiz
combined with time-of-flight mass spectrometry. One conveand co-workerg? are also plotted for reference. It is clear
nient feature of the apparatus is the ability to control thethat while there is reasonably good agreement for the-BF
collision energy simply by changing the intersection angle ofchannel, a very significant discrepancy between QCT and
the two molecular beams without the need to change angxperiment is evident for the HFD channel. The most strik-
other source parameter. Therefore, at a given intersectioing observation of the experimental results is a pronounced
angle, the probe laser wavelength can be scanned and teeeplike feature peaking at around 0.5 kcal/mol, which are
resulting difference signals integrated over the entire Dopcompletely absent in the QCT simulation. In view of the
pler profile to yield a quantity proportional to the integral success of the SW-PES in predicting many other dynamical
reactive cross section. The reaction excitation function, i.e.attributes for this and isotopically analogous reacfiothe

the translational energy dependence of the reactive cross satiscrepancy with the classical prediction suggests the quantal
tion, was then obtained by repeating the measurements aature of this feature. Since the adiabatic barrier to reaction
different intersection angles. To normalize the relative crosss about 1.0 kcal/mol on the SW-PES, the 0.5 kcal/mol fea-
sections for the two isotopic channels, several back-to-bacture in the HF-D channel must be mediated through tunnel-
wavelength scans at fixed intersection angles were performedg, and must only produce HEF(<2) product states.

with appropriate measures taken to ensure that the H- and The isotope branching ratie;(DF+H)/o(HF+D), ob-
D-atom products were detected with equal efficiency. Theserved in the experiment is qualitatively reproduced by the
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FIG. 2. A series of unnormalizedDoppler spectra of the H/D-atom prod-
E, (kcal/mol) ucts taken for the two isotopic channels at tunneling energies. The shapes of

thesell-Doppler profiles provide an immediate view of the global angular
distribution, as indicated by “b’(backward hemispherand “f’ (forward
hemispherg Note the sharp contrast in product angular distributions for the
fwo isotopic channels. Energetic considerations lead to the product vibra-
tional state assignments of the observed features. These assignments are
confirmed by the on-going c.o.m. differential cross section measurements.

FIG. 1. The normalized excitation functiofigpper pangland the branching
ratio (low pane) of the two isotopic channels for thetHD reaction. The
QCT simulations from Ref. 20 are plotted for comparison. The experimen
is normalized to theory by a single scaling factor for both channels.

QCT calculations at the higher energies. Thus, the propensity
in favor of the DF product appears consistent with classicals particularly favorable to demonstrate the rich dynamical
theory at these energies. The physical origin of the branchingformation using this simple technique with the rotating
ratio may be similar to that seen in the €D reaction sources machine.
discussed recentfi$. At lower collision energies, the QCT Plotted in Fig. 2 are a series BDoppler profiles of the
branching ratio remains roughly constant while the experi-D-atom product from the HFD channel at energies in the
mental ratio decreases linearly iy, except a “bump” near vicinity of the 0.5 kcal/mol feature. The profiles begin pre-
1.2 kcal/mol. There are two identifiable features occurring adominantly backward peaked at 0.48 kcal/mol, then protrude
nearby energies that could be the cause of the bump, vizinto the forward hemisphere and become roughly isotropic at
either a threshold anomaly for the opening of the HF( 0.73 kcal/mol(Ref. 38 and finally shift to a somewhat for-
=3) channel or an effect of the adiabatic barrier to reactionward weighted distribution at higher collision energies. The
However, at this point the nature of this bump is unclear. dramatic evolution of the Doppler profiles over such a nar-
In addition to the facile control of collision energies in row energy range is truly startling and unprecedented. From
integral cross section measurements using this rotatinthe extent of the Doppler shift, all these Doppler features
source machine, further advantage can be taken to obtaeppear to arise mainly from the HF(=2) product state.
differential cross section information as a continuous func-On-going experiments using the Doppler-selected TOF tech-
tion of energy. A technique, referred to as Doppler-selecteahique clearly demonstrate that this is indeed the case. The
time-of-flight, has recently been developed and applied to @uantitative information on the rotationally state-resolved
number of reactio8°3®to directly map out the three- differential cross sections will be reported in the future. For
dimensional(3D) c.o.m. differential cross section. The first comparison, a fev-Doppler profiles of the H-atom product
step of this new approach is the conventiofidd) Doppler-  from the DF-H channel in the threshold region are also
shift technique operated in thieconfiguration, where the ini- shown in Fig. 2. By contrast, all the profiles now are nearly
tial relative velocity of the colliding species lies along the identical and display two backward peaks. Again, the
propagation axis of the probe laser. It can readily be shownDoppler-selected TOF measurements prove that these two
and has been demonstrated previodélihat with the com-  peaks correspond to the DF(=4) and DF¢’ =3) product
bination of energy conservation and the state-to-state probstates, respectively. A backward angular distribution con-
this 1D-projection measurement yields directly the producfirms the previous study of this isotope channel at higher
state-specific angular distribution. The kinematics 6fHD  energies, and is the expected behavior for a direct abstrac-
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tion reaction with a rebound mechanism when viewed withinTABLE I. Properties of SW-PES for +£HD.
the classical framework. The striking contrast between the

) ) . N . Saddlepoint R? ra a VP V&
vibrationally-specific angular distributions for the two iso- P ’ o a"
tope channels, seen in Fig. 2, strongly suggests that the 0f%iD-bent 3.467 1.458 131.6 1.53 1.06
kcal feature might be a byproduct of the elusive dynamicafPH-Pent 3.166 1.458 5.1 1.53 1.24

, : . ) HD-collinear 3.911 1.441 180 1.92 1.79
resonance first predicted from the collinear model studies ofn,_oinear 3.431 1441 0 192 187

this reaction over 25 years addb!’ The theoretical investi-

gation in the next section not only confirms this conjecture Normal mode$

. . L . Saddlepoint w, ® )
unequivocally, but also provides much deeper insights inta o bend
the nature of the quasibound state. FHD-bent 3216 i 714 227

FDH-bent 3294 i 526 276
FHD-collinear 3161 i 502 262
IIl. THEORY FDH-collinear 3347 i 474 231
To help interpret the experimental findings, theoretical Other properties
dynamics calculations have been performed in the low en: —
) . xothermicity 31.32 kcal/mol
ergy regime. The calculations were done on the SW-PES p) 1400 1 (HF) 1.735
which does not explicitly include the spin—orbit coupling. w,(HD) 3774 wo(HF) 4123 wo(DF) 2988
The properties of the SW-PES have been discussed in detdl(HD) 45.6 Be(HF) 20.9 Be(DF) 11.0
elsewheré? For convenience, here we review the character£v-oj-o(HD) 5.36 kcal/mol E, -3j-o(HF)=38.32 kcal/mol

istics of this PES specialized to the isotopeD and to the a3, 0ni coordinates expressed in units of bohr and deg.
coordinate system we employ. For most depictions of théenergy expressed in kcal/mol measured relative to the minimum of the
dynamics, we employed the-channel Jacobi coordinates, entrance channel well.
(R,r,v), whereR is the F4HD),, distance,r is the HD ‘Adiabatic barrier in I_<cal/mol computed usingad:hval%ﬁAwb_enJZ
. +V, for the bent barrier an¥l .= A w,/2+ 7 A wpengt Vo for the collinear
bond length, and is the angle between tfieandr vectors. | ior
We definey=0° to the the FDH collinear arrangement and ¢The frequencies and rotation constants are in’tm
vy=180° to be the FHD arrangement. The saddlepoints are
located at bent geometrieRR(,y) =(3.498,1.457,133.1°),
in units of bohr and deg, for the FHD case gB8dL86, 1.457, the collision energies investigated by Lee and co-worRétrs.
53.39 for the FDH case. The barrier height is 1.53 kcal/molwas a straightforward extension of this earlier work to per-
relative to the potential minimum in the entrance channelform the present calculations at more collision energies and
The collinear barriers are located at R,¢(,y) for both quantum mechanical parity blocks so as to obtain
=(3.911,1.442,180°) for FHD an¢B.431, 1.442, O°for  the collision energy dependence of the cross sections for
FDH with a height of 1.92 kcal/mol. A normal mode analysis F+HD(v=0,j=0) and F+HD(v=0,j=1).%
at the bent saddlepoints reveals that the reaction coordinate The resulting cross sections for these two initial states of
has large angular and translational components and relativeipe HD-molecule are shown in Fig. 3, and the averaged cross
little vibrational, r, component. If the harmonic zero point Sections simulating the experimental beam populations, 80%
energies of the vibration and bending modes are included,=0 and 20%j=1 are compared with the present experi-
the adiabatic barrier height is 1.06 and 1.24 kcal/mol formental results in Fig. 4. It is clear from the comparison that
FHD and FDH, respectively. The collinear configurations arethe simulation is in excellent agreement with experiment for
unstable with respect to bending motion, since the collineathe F-HD—DF+H reaction, and also in fairly good agree-
geometry is a local potential maximum yswhich suggests ment with experiment for fHD—HF+D. In particular, the
the collinear approach is dynamically unfavorable. In the endistinct peak in the experimentabfHD—HF+D cross sec-
trance channel, a van der Waals well of depth 0.36 kcal/malion at 0.5 kcal/mol is also very apparent in the simulation.
is located at the T-shaped geometnRat4.77a,. Thus, the However, this peak is somewhat larger in the simulation than
long range part of the interaction should tend to steer thén the experiment.
dynamics into a sideways approach. The important proper- The discrepancy between theory and experiment pre-
ties of the surface are summarized in Table I. sumably relates to inaccuracies in the SW-PES since the dy-
We have investigated the reaction dynamics for low enfiamical calculations are converged. The peak in the
ergy F+HD collisions using a variety of theoretical tech- F+HD—HF+D cross section at 0.5 kcal/mol occurs below
niques including converged time-independent scattering cakthe classical threshold for the reaction, which has been de-
culations, collisional wave packet dynamics, spectratermined to be around 1 kcal/mol in the QCT calculations on
quantization, and quasiclassical trajectories. Together, the¢ge SW-PES, and therefore involves quantum tunneling.
approaches can provide insight in the reaction dynamics. Thus, we suspect that the SW-PES may permit too much
tunneling. One source of error could be in the barrier height.
Indeed, the adiabatic inclusion of spin—orbit coupling in the
In order to simulate the experimental results described itHartke—Stark—WernefHWS) surfacé® does predict an in-
Sec. Il, we have calculated the quantum mechanical crossrease in the barrier energy by about 0.35 kcal/mol. A more
sections for the FHD reaction on the SW-PES. These cal- detailed critique of the SW-PES will be deferred to Sec. IV.
culations were performed using the same quantum reactivEhe tacit assumption from this point on will be that the SW-
scattering methods used previoulio study this reaction at PES surface is sufficiently realistic, in spite of this discrep-

A. Reactive scattering calculations
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. . ) FIG. 4. Comparison of the computed cross sections for 80%jHD( and
FIG. 3. Computed integral cross sections for theHD(v=0,j=0) and - . : -

. ; . 20% HD(j =1) with the experimental results multiplied by 8/9.
F+HD(v=0,j=1) reactions on the SW-PES vs collision energy. 6 HD(=1) P P Y

. o . . Fig. 6. It is clear from this plot that the peak energy almost
ancy, to give valuable insight into the experimental results . . .

. . perfectly satisfies the equation one would expect for a linear
present in Sec. Il. In particular, we shall focus on the 0.5

kcal/mol peak in the FHD(v =0,j =0)—HF+D cross sec- t_riatomic. Furthermore, the rotatior_1a| -constanB
A =(0.0051 kcal/mol that is obtained from Fig. 6 is too large to
tion in Fig. 4 and assume that whatever can be learned about

this peak from the calculations applies equal well to the peak
that is seen in the experiment.

One striking feature of the 0.5 kcal/mol peak that can be o8
seen from Fig. 3 is that it is highly sensitive to the initial
rotational state of the HD-molecule. The computed cross sec
tion for the H-HD(v =0,j =0)—HF+D reaction shows the I

peak very clearly, but it is much smaller and shifted to lower ~ 06

F+HD(v=0,j=0) — HF+D

energy in the cross section for the+HD(v=0,=1) f’
—HF+D. In order to investigate the peak further, we shall *%
therefore concentrate exclusively on the lHD(v=0,j =0) w 04}
—HF+D cross section, which is resolved into its partial §
wave (total angular momentuprcomponents in Fig. 5. This &
resolution of the partial wave sum clearly shows the effect of & 02

i

i “‘ ‘ f '[".‘:"‘4‘ Y

partial wave averaging, which tends to “smear out” the peak
in the integral cross section. The interesting thing is that the X 4

feature, although modified from pure Lorentzian, survives B =
this averaging in both the experimental cross section mea % 1 2 3
surement and the simulations. collision energy (kcal/mol)

Further insight into the origin of the peak can be Ob_FIG. 5. Computed partial cross sections for the-HD(v=0,=0)

tained by USin_g the data in Fig. 5 to plot the er_]e@y’ Of_ —HF+D reaction as a function of the total angular momentum quantum
the peak maximum as a function 8€J+1), as is done in  number,J, up to collision energies of 3 kcal/mol.
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be consistent with anything other than a fairly compact ge- § 5 e N ] /
ometry close to the transition state geometry of the reaction. c ] SN \ =
Castillo and Manolopouldé reached the same conclusion in 4 : ,/:«<
an earlier study but were unable to determine whether or no i
the peak(referred to as peak “A” in Ref. 2Pwas due to a m
resonance. This issue will be settled conclusively in follow- 2 W ——— ——
ing sections, where we shall show that the peak is due to ¢ 0 30 60 90 120 150 180
guantum reactive scattering resonance with a collinear FHD Y (degree)

geometry localized in the transition state region of the reac-

tion. FIG. 7. Two ensembles of quasiclassical trajectories @it0, v =0, and
j=0 plotted in the R,y) coordinates. The top panel is at a translational
energy of 0.6 kcal/mol, which is below the classical reaction threshold,
while the lower panel is d@ = 1.0 kcal/mol, which is just above the reac-

. . . . . tion threshold.
A classical analysis of the reaction dynamics provides a

useful complement to the quantum studies in two ways. First,
the quasiclassical trajectories give us physical insight into
the nature of the reaction coordinate. Second, a semiclassicakre termed “migratory” by Aoizet al=” As noted previ-
treatment of the resonance using a periodic orbit analysisusly, addition of even one quantum of HD-rotational energy
provides a useful approximation for the characteristics of theyreatly suppresses the migratory reaction mechanism. During
scattering resonance. the “internal rotation” phase of these collisions, most of the
Aoiz and co-worker® have carried out a thorough QCT kinetic energy resides in the rotational mode. Trajectories
study of F+HD on the SW-PES. The results shown in Fig. 1impacting near the T-shaped geometys 90°, show little
reveal that the experimentalE) is in qualitative agreement deflection and are never reactive. It is very interesting that
with QCT at higher energies, especially for the Bl chan-  almost all the reactive trajectories going into the Hb
nel. The 0.5 kcal/mol feature is not reproduced and is apparhannel first hit the D-atom, while for the BfH channel
ently a quantum mechanical effect mediated through tunnelthey first hit the H-atom. Clearly, the reaction coordinate for
ing. Nevertheless, the behavior of low energy trajectoriepassage over the transition stéaéspecially into the HFD
gives some insight for dynamics in the entrance channel. lithannel shows a very significant angular component. In this
Fig. 7 we plot two quasiclassical ensembles with quantumregard, the low energy FHD collisions resemble those for
numbersy =0, j =0, andJ=0 in the coordinate§R,y) (Ref. ~ the heavy-light—heavy systemt-HI that show angular
40) at energies just below and just above the reaction threstbottlenecks to reactiof?** One can easily imagine that at
old. Since vibrational adiabaticity in the entrance valley iscollision energies below the classical barrier the reaction
essentially exact, the vibrational coordinatés a spectator may occur by tunneling through an angular barrier initiated
until the transition state is crossed. It is seen from the figurdy a rotational scattering event.
that the dynamics exhibits a very strong rotational- A semiclassical treatment of reactive resonances can be
translational coupling. The collinear geometries, FHD andobtained through the use of periodic orfitslt has been
FDH, are seen to be very unstable with respect to rotationadbserved that often a single orbit at the center of the classical
(bending motion. Trajectories hitting the D-atom tend to be complex region can provide reasonable predictions of reso-
scattered toward the H-atom side while those impacting th@ance energies. For collinear resonance states, the so-called
H-atom are scattered toward the D-atom. Such trajectorie&resonating periodic orbits”(RPOg, first discussed by Pol-

B. Classical dynamics

|20
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lak and Child® have proved particularly useful. The quanti- C. Collisional wave packet study

zation condition for the RPO is To investigate the dynamics at tunneling energies, it is

necessary to adopt a quantum mechanical treatment of the
3€ p-dg=h(vgtuv,+1), (D) reaction. Since the rotation&r bending motion played a
central role in the classical reaction mechanism, the use of a
where ¢p,vg) are quantum numbers for the exit and en-collinear or other two-dimensional representation of the re-
trance channel “local modes’” of the resonance. For asym.aCtion would be unwise. Therefore, we have carried out a
metrical reactions, the quantum numbers for which an actudhree-dimensional time-dependent wave packet simulation
quantum resonance exists generally corresponds to a situf® the caseJ=0. Itis hoped that the dynamics of the lowest
tion of near degeneracy between the reactant and produ@ﬁrtial wave will be sufficient to gain a physical understand-
local mode$* For the F-HD reaction, it is not obvious that ing of the dynamical effects at low energy.
the RPO’s would prove useful in identifying resonances The quantum wave packet calculations were carried out
since the reaction path follows a bent geometry. using a method described previoustyThe following is a
Using a Newton—Raphson search procedure, the Rporief review. The system is described by the standbrd
was found over a range of energies from slightly above thdlamiltonian for anA+BC reaction expressed in Jacobi
classical barrier to nearly the three-body dissociation limitcoordinate$® The wave function was represented on a spa-
A quantized orbit in roughly the correct energy rangetial grid in the radial coordinate&R, r) and in a Legendre
and with an approximate degeneracy between the locdtasis for the angular coordinage Typically, the size of the
modes was found to correspond to the quantum number§presentation Ng,N;,N,) is between (128,128,12 to
(vp,vr)=(3,0). This orbit was located using a numerical (256,256,20. The wave packets were propagated using a
root search procedure with E¢L), was found to have an Feit—Fleck split operator representation for the time-
energyE-= —0.45(i.e., a total energy 4.91 kcal/mphk pe- development operatot)(At). TheR andr contributions to
riod 22.5 fs, and Lyapunov numbers 4.73 and 0.24. Becausgnetic energy are evaluated using fast-Fourier-transform
the exit channel reaction path is strongly collinear, the RPGFFT) algorithm. The correct behavior at the origin is en-
remains collinear. The orbit is shown later, in Fig. 14, alongforced using a sine-FFT representation. Using this propaga-
with a quantum resonance state of similar energy. Restrictet®'. the size of the representation is limited by the storage of
to the collinear subspace, the RPO is stable at total energids(At), which consists oNgx N, matrices of sizeN2. The
above 9.3 kcal/mol. However, in three-dimensions the RPYalue chosen foAt was 2 a.u.
is never stable which again points to the bending instability ~ Unphysical reflection of the wave packet at the edge of
of the classical dynamics. Unlike for systems with a collinearthe grid was suppressed using an absorbing optical potential
reaction path, the local bending stability parameters of théituated in the exit channels. A linear ramping form of the
RPO are not useful to obtain a bending frequency since theptical potential was used. The parameters were optimized to
bend potential is a double well along much of the orbit. Mminimize reflection for each packet using analog collinear
Instead, a bending frequency was obtained by timecalculations as a guide. This was necessary since the low
averaging the bend potential($;Rr,Ryp), i.e., the full ~ translation energy modes in the entrance channel are difficult
potential with theRg, and R,,p bond lengths held constant, t0 absorb.

and theG-matrix element,G,,, along the periodic orbit. ~ The quantum dynamics of the low energy-HD reac-
Thus, we can use the quantities tion can be visualized with the aid of quantum wave packets

that propagate inward toward the barrier from the entrance

T _ channel. We have employed initial wave packets localized at
V()= r Jo V(:iRen(1),Rup(1)dt, Ry in the entrance channel with average initial momentum
— P, of a Gaussian form,
L )
6= ;f G 4 &iRen(1), Rupl(1)) dt W(R,r,y,t=0)=exd ~ (R~Ro)*20°
0 .
—iPoRIT ] ho(r)Li(y). 4

to define a semiclassical action and quantum numberthrougltl| o is th d vibrati lei tate of HD and
ere, ¢, is the ground vibrational eigenstate o dis

the jth-Legendre polynomial. The value ofdetermines the
I(E)= f# V2(E—V(¢))/G(¢)dp=h(vpendt 1/2). (3)  energy dispersion of the packet. We wish to makerge to
minimize the spread around the mean collision energy, how-
The bend frequency was defined using the energy differencever it cannot be made too large without losing the physical
between thev=0 andv=1 solutions to Eq.3), i.e., E; insight into the reaction dynamics. In Fig. 8 we show snap-
—Eo=% wpeng. The result iswpe,=320cni L. A prediction  shots of a wave packet with=0, (E)=0.6kcal/mol and

for the resonance energy in 3D can be made by adding theAE)=0.25 kcal/mol at various stages of the collision pro-
2D RPO energy to the bending zero-point energy. The valueess. For this wave packet, most of the reaction is due to
obtained, Ec=0.46 kcal/mol, is close to the 0.5 kcal/mol tunneling. Two representations of th#|2 are given; the
feature seen in the experiment and the quantum scatterirfgst in the (R, ) coordinates withr integrated out, and the
calculation. We shall later see that a quantum resonance egecond is a slice through the FHD collinear subspace, i.e.,
ists that is closely related to this classical orbit. vy=180°. At early times, the packet is uniformly distributed
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in angle,y, and localized far from the barrier. As the packetlations. The results of this simulation are consistent with the
approaches the barrier, the effects of the van der Waals wetiollisional formation of a reactive resonance with a linear
and of the collinear angular barriers tend to focus the wavegeometry.

packet into the T-shaped geometsys 90°. This behavior is We have also considered collisions witk=1, which
clearly reminiscent of the low energy classical dynamicsmake about a 20% contribution in the experiment. The es-
During the strong part of the collision, the packet spreadsential difference with thg =0 dynamics seems to trace
into the product wells mostly through thecoordinate mo- back to they=90° node in the initial wave function foj

tion. This angular tunneling path was also presaged from the=1. This node, which persists during the evolution, inhibits
classical mechanics. The density mainly enters into théhe focusing of the wave packet at the T-shaped geometry
HF+D reactive channel, with the much smaller PR con-  and, hence, the subsequent angular spreading into the reac-
tribution coming mostly from the higher energy tail of the tive channel. However, one still observes the formation of a
wave packet. The collinear plots show the creation of a perthree-node amplitude in the FHD linear arrangement, but
sistent density just past the saddlepoint with three plainiythere is much more reflection of the packet back into the
visible nodes. This density build up is localized at the col-F+HD entrance channel. The ratio of reaction probabilities
linear geometry showed no nodes in thalirection. This at (E)=0.6kcal/mol, P(j=0):P(j=1), is about 2.5:1,
density pattern persists out to the longest times in the simuwhich is consistent with the results of the scattering calcula-
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FIG. 8. (Continued)

r (bohr)
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tion presented above when averaged over the energy spreadndidate for the reactive resonance. The wave function as-
of the packet. sociated with this peak was extracted from the optimal wave
packet using the Fourier transform

D. Spectral quantization

To investigate the possibility of a reactive resonance que&R'rﬁ’)“fﬁxq’(er’%t)'elEregﬁdt- (5)
near 0.5 kcal/mol, we have carried out an analysis of the
reaction using the spectral quantization(SQ The probability density for the resonance wave function is
procedurd?*>4748The transition state was probed using ashown in Fig. 10. It is seen to have the same nodal pattern as
set of initial wave packets propagated from near the saddlethe state created in the collisional wave packet study, namely
point. Background was reduced by optimization of the initialthree-nodes in the asymmetric stretch direction and zero-
packet. Using a control algorithm described previously, thenodes in the bending and symmetric stretch directions. To
spectral background was minimized using an initial state obfurther verify that this state is a resonance, we have propa-
tained variationally from the sum of five Gaussian basisgated numerous packets that show a peak fixed at this energy
functions localized at points near the collinear FHD RPO. Awith similar linewidths. Final, convincing evidence of the
typical spectrum(using an unoptimized initial packeis resonance character of this state was obtained using a time
shown in Fig. 9. The intense peakB¢=0.52 kcal/mol is a decay calculation. The resonance wave function pictured in
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Collision Energy (kcal/mol) FIG. 11. The natural logarithm of the survival probability of the resonance

state shown in Fig. 10 as a function of time. The figure clearly shows an

. .__.._exponential decay after an induction period.
FIG. 9. A typical energy spectrum employed by the spectral quantization

method that is used to identify resonance states.

the Fourier extracted wave function. When the incoming
Fig. 10 was used as an initial state for a new wave packewave is depleted, pure exponential decay is established. The
calculation. The decay of the survival probability, plotted in lifetime obtained from the decay calculation is 109 fs. This
Fig. 11, shows exponential decay after an induction periodvalue is consistent with the lifetime obtained by a Lorenztian
As discussed in our previous work, the induction period offit to the spectral peak shown in Fig. 9. It is also consistent
slower decay is due to the existence of incoming waves inwith the linewidth of peak “A” from the scattering calcula-
tions.

The branching ratios of the decay products; HD(v’
=0,j') and HF@',j’)+ D are calculated by computing the
decay flux projected onto the various exit channels. The flux
into the DF+H reactive channel was very small and was not
accurately measured. To obtain the branching ratios in the
HF(@',j’)+D channels it was necessary to switch to the
D+HF channel Jacobi coordinates. Unlike time-independent
calculations, for the time-dependent decay of an unstable
state the flux into the decay channels has an intrinsic depen-
dence on the translational coordind&®eat which the flux is
evaluated?® Effectively, the flux at a valu® depends on the
decay rate of the resonance at an earlier tinseRR/v, where
v is the channel velocity. Thus, due to this retardation effect,
the flux increases witlR since the resonance has a greater
population at earlier times. ThRR-dependence can be elimi-
nated by multiplying the flux by exp{R/v7), which is con-
sistent with the continuity equation for an exponentially de-
caying state with lifetimer. As an illustration, in Fig. 12, the
flux into each HF ¢") product vibration state is plotted vs
time and the rotational channels have been summed over.
The final results, shown in Table IlI, indicate that the reso-
nance decays into both the nonreactive and reactive channels
but shows a strong preference for the +B reactive chan-
nel. The vibrational product distribution is dominantly into
the FH (' =2) channel, with a probability of 97%. The HF
(v'=1) channel has a 3% probability and HB'E0) is
~0.1%. The rotational distributions are somewhat more dif-
FIG. 10. The probability density of the reactive resonanceEat  ficult to numerically converge due to need to represent the

=0.52 keal/mol. In the top panel the FHD collinear subspace is shown usinglynamics further into the exit channels. In the I#D chan-

the coordinate$R, r). In the bottom panel, the probability density is sliced ; ; . 0)- - ; . ;

atr =2 bohr and is shown in th@R, ) coordinates. The plot clearly shows I’le|, the b_ranchlng I’_atld? (j=0): P(j=1) is 2.4:1. Thej

a state with three-nodes along the asymmetric stretch and zero nodes in tie2 State is energetically closed at the resonance energy. The

symmetric stretch and bend. rotational distribution for decay into the HR (=2,j) +D

5

1 (@) y=180°

r (bohr)

v (degree)

R (bohr)
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FIG. 12. The natural logarithm of the quantum flux into the vibrational 0.0 0 5 1'0 T 15
channels HR¢{'=2), HF(v'=1), and HF¢'=0) as a function of time. J

The fluxes show exponential decay corresponding to the lifetime of the
state. The flux is divided by the survival probability and corrected for theFIG. 13. The resonance decay probability into the rotational channels

channel radius to obtain the branching ratios report in Table II.

HF(v'=2,j’) and the Franck—Condon factors of the resonance state. The
curve marked “wave packet” is the asymptotic normalized decay probabil-
ity projected onto the HR('=2,j’) rotational channels. The curve marked
“scattering” was obtained from th&matrix S(v=0,j=0;v'=2,j') at

channels, shown In Fig. 13, is seen to pe extremely broadk__ o 6 kcal/mol. The “FC-factor” curve was obtained by projecting the
The average rotational energy release is about 3 kcal/molesonance wave function unto the asymptotic rotational states of HF.

which is nearly a third of the available energy in the=2

channel. TheJ=0 scattering calculations at 0.6 kcal/mol

also exhibit a similar distribution of rotational populations asHowever, we have computed the FC-factors by projecting

shown in the figure.

the asymptotic free-rotor states onto the resonance wave

The very hot rotational distribution of the HF-product function, and the result is not nearly so broadly distributed.
might, at first sight, be simply attributed to the rotational As shown in Fig. 13, the FC-factors also fail to account for

Franck—Condon factors of

a linear-triatomic

to the peaking at’'=9. We believe the broad and inverted

atom+diatomic free rotor decay process for the resonance-otational distribution is further evidence of the strong role of

TABLE Il. Theoretical characteristics of transition state resonance.

3D(J=0)
Eres 5.88 kcal/mol
Ec=Ees E,-0j-0(HD) 0.52 kcal/mol
Lifetime 109 fs
Bo 1.8cm?

Vib. branching ratiogHF+D)

Rot. branching ratiogF+HD)

Channel branching ratios

Quantum numberfocal mode picturg

HF(v'=2)=0.97,
HF(v'=1)=0.03,
HF(v'=0)=0.001

HD(j=0)=0.7,
HD(j=1)=0.3

(HF+D)=0.6,
(F+HD)=0.4,
(DF+H)=<0.01

Urp=3, Uup=0, Upend=0

Quantum numbergormal mode pictute v,=3, V=0, Vpen=0

Bending frequency E,.{3D)— E,d2D) 349 cm!
Collinear
Eres 4.88 kcal/mol
Ec=Ees E,-o(HD) —0.48 kcal/mol
(below threshold
Lifetime 1300 fs
Product branching ratios HF(2)=0.91, HR1)=0.09,
HF(0)=0.003
E,es (Semiclassical 4.91 kcal/mol
B, (semiclassical 1.62 cmt
Bend frequencysemiclassical 320 cmt

rotational(or bending motion in the reaction dynamics. The
decay of the resonance state has major contribution from
bending dynamics, as did the collisional formation of the
reactive complex. Angular tunneling into the highstates
may be an important effect.

The rotational properties of the triatomic complex can be
investigated by computing the rotation const&qt for the
resonance state. Based on the assumption of a linear com-
plex, By was computed by taking the expectation value of
the inverse moment of inertia with the resonance state, and
then

h? /1

Since we do not want to include the contribution from the
decay products, the integration in the matrix element is cut-
off beyond R=4a,. The result isBo=1.8cm L. This is
close to the value of 1.62 cm obtained classically by time-
averaging the moment of inertia along the quantizing peri-
odic orbit. It is also identical to the valueB,
=0.0051 kcal/mo:1.8 cm 't obtained from the
J-dependence of peak “A” in the scattering calculations.
Although the resonance at 0.52 kcal/mol is our primary
interest since it serves as an explanation for the peak in the
cross section, for completeness we have also located several
other transition state resonances that lie outside of the energy
range of interest. In the FHD collinear configuration, we
have found resonances &:=9.25 and 11.50 kcal/mol.
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5F pared resonance state, was found to be quite long, 1.3 ps,
more than an order of magnitude larger than the 3D result.

4 3 This makes clear once again that the bending instability of

. _ the dynamics plays a major role in the decay of the reso-
e nance. The branching ratio of H¥() products was similar

5 to the 3D case although the=0,1 probabilities are three

times higher for the collinear case.
1E
. IV. DISCUSSION

The exhaustive study of thetfH, reaction and the re-
cent successes of quantum dynamical simulations had led to
FIG. 14. The probability density for the, 0) resonance of the collinear the SpeC]chI:?]tloﬁ that the .IaSt chapter hﬁd beerl](wmtin on the
F+HD reaction. The quantizing periodic orbit, RPO, is overplotted on thenature 0 the FH transition State'.ln this work, perhaps an
wave function. appendix has been added to this volume of research. We
believe that the sort of reactive resonance inferred by Lee

) ) . _and co-workers, and analyzed through many theoretical stud-
These resonances are also spatially localized in the region @fs has finally been observed in a beam experiment. The

the transition state with 1 node along the HD coordinate andemarkable aspect of this discovery is that the resonance sur-
4 (and § nodes in the FH coordinate. In the FDH arrange-yjyes in the integral cross section. It is a fortunate accident
ment, a resonance was found B¢ = —0.46 kcal/mol with  {hat the resonance for the+HFHD isotope lies so near the
four-nodes in the FD coordinate, zero-nodes in the HD Coyyreshold that direct reaction does not appear to interfere
ordinate, and zero-bending nodes. We also identified resqgith the resonant scattering. The reaction mechanism at low
nance states £C=0.3,2%.1, and 1.6 kcal/mol which are the gnergies is essentially pure resonant tunneling which gives
previously discovereéd® “uninteresting” resonances lo- rise to a distinctive excitation function even when averaged
cated in the channel wells. o over an angular momentum. In this section, we shall explore
To label the resonance states, it is necessary to adoptifie nature of a resonance-mediated reaction in more detail,
zero-order reference system that mimics the dynamics negfhq attempt to correlate the results obtained theoretically and
the transition state. Several schemes are possible. One mig&perimentally. We shall argue that all the experimental
use the vibrational states of a linear triatomic molecule USi”Qindings are consistent with the view that the reaction near
local or normal modes. Alternatively, hyperspherical mOdequ=O.5 kcal/mol is mediated through a reactive resonance
have been proposed to model heavy—light—heavy type syging that forE.> 1.1 kcal/mol the reaction becomes increas-

tems. Here, we find it convenient to use a '04351' mode deygly dominated by over the barrier dynamics and the open-
scription, which was used previously for4H,.™ For the  jng of the HFg' =3) channel.

FHD collinear arrangement, we can use the quantum num- ) .
bers ©e.Uup.Upend and for the FDH arrangement, A- Resonance mediated reaction

(VED UHD Vbend - IN this scheme, the resonance at 0.52 kcal/  For a resonance-mediated reaction, the reaction proceeds
mol is (3, 0, 0. The resonances at 9.25 and 11.50@el,  py the collisional formation of a resonance and subsequent
0) and(5, 1, 0. The resonance at0.46 kcal/mol is thé4, 0,  decay into product channels. This sort of mechanism is visu-
0) state referenced to the FDH geometry. alized through the wave packet evolution shown in Fig. 8.
Since the resonance states we have obtained are localn|ike other systems, which may have reactive resonance
ized in the FHD linear geometry, it is useful to consider thebut usua”y at energies above the barrier energy, foHP
collinear version of the reaction on the SW-PES. We havehere is no direct contribution to the reactive cross section at
previously investigated the collinear dynamics of FH, 0n  |ow energies. The resonance thus serves as a “gateway-
the SEC6-PES of Truhlar and co-work&rand so here we state” and, in fact, the only pathway through which all the
merely redo similar calculations on a different surface. ThQ’eactive flux must pass. Such a reaction mechanism was im-
analogous resonance state for the collinear reaction is founglicit in the studies of collineaA+BA model systems by
below the F-HD threshold atEc=—0.48kcal/mol € Bisselinget al®? In a resonance mediated reaction many of
=4.88 kcal/mol), which is quite close to the value predictedihe characteristics of the reactive cross section can then be
by the RPO. The resonance wave function, shown in Fig. 14jed to the properties of the resonance. Specifically, the reso-
is similar in appearance to the collinear slice of the 3D statg,gnce energy, width, and partial widths can be used to char-
pictured in Fig. 10. The RPO, also pictured here, is seen t@cterize the full reaction dynamics at low energies. Further-
lie in the region of high probability density. If the energy more, at sufficiently low temperatures the thermal rate

difference between the 2D and 3D states is interpreted as d@nstant will be dominated by the resonance contribution to
to bending zero point energy, i.e., the reaction.

Ered 3D) =Ed 2D) + 7 wpend, (7)

then the bending frequency is 349 chclose to the result
obtained semiclassically. The lifetime of the collinear reso-  We first consider the issue of the influence of an isolated
nance, obtained from the exponential decay rate of a prenear-threshold resonance on the excitation function. A reso-

B. Reactive cross sections
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nance has not been seen in an integral cross section for a F+HD(v=0,j=0) - HF+D

chemical reaction before, and it is have often been argued 08 T '

that resonances will not be observed in the integral cross I reaction probability
sections because of the effect of partial wave averaging. It is A T fit to peak A
therefore interesting to investigate the resonance contribution 0.6 | 777 remainder 1
to the computed FHD—HF+D cross section in a little
more detail. The most effective way we have found to do this
is to combine the expected resonance contribution to the re-
action probability at J=0 with the usual J-shifting
approximatior?®> The reaction probability going from the
a-channel to the3-channel is

04 r .

reaction probability

0.2 r :

Lol s EaVEg /

(E—EdJ=0))2+T?/4’ ® _

P, p(E,J=0)=const

whereE, andEz are the channel translational energies and 0 1 2 3
I', andI'; are the partial widths of the resonance, which 3 : :
satisfy XI' ,=I". Equation(8) is the Breit—Wigner expres- reaction cross section
sion for the contribution from a single pole in t&ematrixat | summed peak A contribution
E,es— iI'/2, although usually the kinematic energy factors are - - - - integrated peak A contribution
assumed to be constant over the width of the resonance. remainder
However, it is known that for near-threshold resonances one
term should be retained for low translational enetdy.
When this expression is combined with the standard
J-shifting approximation to the cross section,

ﬁZ

o
Tap(E)= g 2 (20+1)Pe o(E-Bod(I+1),

cross section (A

J=0), 9

we obtain the resonance contribution to the cross section. 0 0 1 2 3

The resonance parameters required in this formula may be collision energy (kcal/mol)

Obt.ained either Trom the spectral quantization_ results or fronI]:IG. 15. Analysis of the contributions of peak A to the compufed0

a fit to peak A in theJ=0 scattering calculation; and both  reaction probabilitftop panel, see Eq8)], and to the integral cross section

methods yield nearly equal results. For definiteness, we opbottom panel, see E)] for the F+HD(v = 0,j =0)— HF+D reaction. In

to fit peak A. The top panel of Fig. 15 shows the fit obtainedfitting the resonance peak, the exit channel velocity term was held fixed.

to the J=0 reaction probability using Eq8) with E; as-

sumed constant, and bottom panel shows the corresponding

resonance contribution to the integral cross section. Théng of HD. The energy level spacing betwegn 0 and j

resonance parameters obtained wdre-0.148 kcal/mol, =1 is 0.26 kcal/mol which is, in fact, equal to the peak shift

Ees= 0.498 kcal/mol, andB,=0.0054 kcal/mot1.9 cm L. between the two cross sections seen in Fig. 3. The ratio of

In Fig. 15 we plot the resonance contribution to the crosgpeak heights is roughly 3:1 which is close to the ratio of

section along with the calculated cross section. Below aboupartial widths,I'(F+HD(v'=0,j’=0))/I'(F+HD(v'=0,j’

1 kcal/mol, it is seen that this expression reproduces nearly 1))=2.5, when the translational energy factor in E8).

exactly the calculated cross section and also the sfiayge and the helicity are taken into account.

not the magnitudeof the experimental excitation function. We note the small oscillations evidenced in the calcu-

The clear message from the bottom panel of the figure is thdated cross sections in Fig. 3 at energies above 1 kcal/mol.

the resonance survives partial wave averaging to appear asComparing Fig. 3 to the bottom panel of Fig. 15 suggests

distinctive feature in the integral cross section because it ochat the small oscillations from the highresonance terms in

curs so far below the classical threshold for the reactionEq. (9). Indeed, a comparison between the spacing in the

From this analysis we can conclude that the 0.5 kcal/mol iroscillation with the spacing between thshifted versions of

the experimental cross section is in fact the resonance compeak A is consistent with that view. The experimental exci-

tribution. tation function is not resolved to the point where such small
The calculated cross section for+HD(v=0,=1) oscillations might be detected.

shown in Fig. 3 also shows a steplike feature at low energy  The remaining, nonresonant, contribution to the theoret-

but is not so distinct as for the=0 case. We can use E®) ical F+HD—HF+D cross section is seen, in Fig. 15, to

to compute the resonance contribution to this process ashow a typical threshold type behavior between 1 and 2 kcal/

well. The only difference with the previoys=0 analysisis mol. A similar threshold is observed in the case

an overall factor of the partial width appropriate to eachF+HD—DF+H, which of course has no resonance contri-

channel and an energy shiffE equal to the rotational spac- bution at low energy. This pattern is consistent with the onset
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of direct reaction at collision energies higher than the adia- The Doppler profiles we have measured suggest that the
batic barrier height. The experimentaltFHHD—DF+H cross  vibrational product distribution, HR(') + D, is highly domi-
section threshold agrees almost perfectly with the results ofiated by the HR{' =2) state at energies below tlé=3
the scattering calculation. For thetHD—HF+D reaction threshold. This is unlike higher energy collisions studied
over the same energy range, the experimental cross sectitvere and in previous work, or for the DF()+H isotopic
deviates slightly from the theoretical prediction in shape, buthannel, which showed a somewhat more “democratic” fi-
still seems consistent with a direct reaction threshold. nal state distribution. This highly inverted product distribu-
Finally, we note that if the resonance cross section, Eqgtion is consistent with the partial widths of the resonance
(9), is evaluated using the classical approximation that thevhich predict only 3% decay into the' =1 state and 0.1%
J-sum can replaced with an integral, an analytical expressiodecay into thev’ =0 state. A practical consequence of this
may be obtained, distribution is that perhaps thetHD reaction can be used
to create a more efficient chemical laser. In terms of a physi-
., 5(E)=const - Fal'g Im[e(E )In( H(EaHl” cal picture, the resonance can be roughly viewed as a state
a—f o = @ — ) . . . .
B, VE, 0(E,)—1 trapped in a well on an adiabatic potential curve that corre-
(100  lates with HF¢'=3). To decay into the'=2 state, a vi-
where brational transition must occur to the next lowest curve; to
decay into thev’=1 state a double transition to the next
\/(Eres(J:O)_iF/Z) lower curve must occur, etc. If the coupling between the
E, : vibrationally adiabatic curves is weak, one expects the tran-

Itis int fina t te that in thi imation th | fsition probability to fall off rapidly with larger quantum
is interesting to note that in this approximation the value of | - changes.

By only enters the cross section as an overall-scaling factor. The rotational product distribution from the experiment

As seen in Fig. 15, the classical approximation seems quit not yet available. However, the calculated rotational dis-

3\,%?;@6' A similar expression was obtained in a PreVIOURiputions are quite interesting. The probability distribution

of the states HR('=2,j') is seen from Fig. 14 to be quite
broad and actually peaks @§t=9, close to the energetic
threshold. Such a distribution argues for a fairly strong bend
C. Product distributions component in the decay dynamics.

O(E,) =

11

The product distribution in a resonance-mediated reac—D Anaular distributi
tion should follow the branching ratios for resonance decay, ngular distributions
i.e., the ratio of partial widths. We note first the dominance  Perhaps the most dramatic observation in the experiment
of the HF-D channel over the DIFH channel at low energy was the rapid variation of the Doppler profile at energies
in both experiment and theory. Indeed, it is not urij around the position of the resonance. Over an interval of
=1 kcal/mol that the DF-H channel becomes significant. In only about 0.2—0.3 kcal/mol, the profiles shifted continu-
terms of the resonance picture this behavior is completelpusly from backward to sideways and forward distributed.
understandable. Since the resonance state is highly localizétle expect this rapid change to also be manifested in the
in the FHD collinear arrangement, forming B products  differential cross section for the H&-(=2)+ D channel. In
would require an internal rotation of HD, which is improb- the resonance picture, the phase shift of an individual partial
able. In the resonance decay calculations, the flux into thevave changes byr in an interval of roughlyl" centered at
DF+H channel was, in fact, very small. There was no evi-E,.. In the present problem there is negligible direct reac-
dence for other mechanisms significantly contributing to theion to interfere with the resonant amplitude. Thus, it is the
DF+H channel. Specifically, there are no other resonancesoherent superposition of resonant amplitudes in many par-
with the arrangement FDH above between 0 and 1 kcal/mdiial waves that combine to determine the differential cross
to feed this channel. The direct, i.e., nonresonant, reactiosection. From the scattering calculation, we have been able
into the DF-H channel is small for several reasons. An ob-to compute the differential cross section at energies around
vious factor is that the higher mass of the D-atom inhibitsE.. In Fig. 16, the theoretical differential cross section is
tunneling. Furthermore, the adiabatic barrier height for thisseen to go from backward peaked at energies bé&lw to
channel is 0.2 kcal/mol higher than for H, which also  more forward and sideways peaked at energies aboue
makes the tunneling smaller. Finally, there is the effect of theThis is certainly at least in qualitative agreement with the
steric factors in the reaction. As seen from the classicaéxperimental results. A quantitative comparison must wait
analysis, the trajectories that react to form-HP predomi-  until the experimental differential cross section is available.
nately first attack the D-atom, and vice versa. The cone of In physical terms, thé€3, 0, O state should be regarded
acceptance interpretation of Johnsenhal® predicts the as a broad resonance since its widHL5 kcal/mol is much
DF+H channel should have the higher steric factor sincdarger than the rotation constat.0051 kcal/magl This im-
there is a greater range of angles where the D-side of HD iplies that the complex will only rotate a fraction of a period
attacked. Because of the migratory character of the trajectaduring its lifetime. For example, if we seledt=6, which
ries, this argument must be turned around to favor the-BF shows the maximum of the semiclassical deflection
channel. Indeed, the low energy classical simulations corfunctior?® at Ec=0.7 kcal/mol, the rotation period is 1420
firm this. fs. Thus, over the course of one resonance lifetime of 109 fs,



J. Chem. Phys., Vol. 112, No. 10, 8 March 2000 Transition state resonance in F+HD 4551

of spin—orbit coupling alluded to earlier. However, the the-
oretical prediction would be too large if the SW-barrier were
too narrow and thus gave excess tunneling. Since the reac-
tion coordinate is largely angular, the barrier may be too
narrow with respect tg. Of course, since tunneling is expo-
nentially sensitive to the barrier width, the error may be
rather small. From the results available so far, it appears that
the spin—orbit correction in the HSW-PES may put the bar-
rier too high to be consistent with experiment. When the
experimental product distributions are available, a more sen-
sitive test may be available.

differential cross section
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