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Product rotationally state-resolved differential cross sections (DCS) have been determined forzh@)DF(
products of the F+ D, (yy = 0, ji = 0, 1, 2) reaction from the detailed analysis of high resolution crossed
molecular beam experiments at the collision energies of 140, 180, and 240 meV. An increasing rotational
excitation when going from the backward to the sideways and forward scattering regions is observed for all
vibrational DF states, except fef = 4. The DF products ins = 4 scattered in the forward regioficf, =

0°—20°) are rotationally cooler than those scattered at intermediate scattering ahgles30°—100°). The
experimental results are compared with quasiclassical trajectory (QCT) calculations on the ab initio potential
energy surface (PES) of Stark and Werner. Good qualitative agreement is found for the observed trend of
the v, j¢ state-resolved DCSs. In particular, the behavior ofifhe 4 product state is well accounted for by

the QCT calculation. The results are discussed in terms of the quasiclassical state-to-state reaction probabilities
as a function of the total angular momentum (opacity functions).

I. Introduction resolved differential and integral reaction cross sections became
possible. In particular, careful calibration experiments allowed
for the first time the determination of absolute values of the
integral and differential reaction cross secti®#%.In addition,

a strong dependence of the reactive DCSs on thenibial
rotational state was obsernfe@nd inelastic (nonreactive)
scattering experiments of the+ H,/D, were also performed,

The F+ H, — HF + H reaction and its isotopic variants
have become a benchmark in the field of reaction dynamics
and played a key role in both theoretical and experimental
studies of reactive scattering (for a recent review see ref 1 and
for work up to 1980 see ref 2). A major breakthrough in the
study of this reaction occurred with the molecular beam . . . !

. . . mainly to determine the long-range interaction part of the
experiments reported by Lee and co-workers in 183 series a2
of systematic measurements at different collision energies reagents: ) ] o
allowed the authors to extract a very comprehensive picture of From the theoretical side, the advent of a fully ab initio
the dynamical behavior of the reaction. The resolution achieved Potential energy surface (PES) by Stark and Werner (hereafter
in these experiments was unprecedented for the study of anySW)'* has allowed the simulatiéfof the experiments of Lee
reaction at the time, and remained so for several years. Theand co-workerkfor the F+ H; reaction based on quantum
experimental results, consisting on laboratory (LAB) product mechanical (QMY and quasiclassical trajectory (QCT) calcula-
angular distributions (AD) and time-of-flight (TOF) spectra, tions!® The simulation¥ using the QM DCSs showed an
yielded fully vibrationally state-resolved differential cross unprecedentedly good agreement with the experimental LAB
sections (DCS) at several collision energies for the-FH; ADs and TOF spectra. In particular, the height of the peak in
reaction and its isotopic variants,+ D, and F+ HD, which the experimental LAB AD corresponding to the conspicuous
were elegantly presented as anglelocity contour polar maps ~ HF(y = 3) CM forward scattering was quite well reproduced.
obtained following the suitable transformation from the LAB The simulations based on QCT data failed to account for most
to the center-of-mass (CM) frame. of the vy = 3 forward peak, although sideward and backward

During the last few years, our group in"tiogen has scattering was very well accounted for. One of the main
thoroughly investigated the H D, isotopic variant of the conclusions of that work was the importance of performing
reaction at several collision energies within the range 82.5 simulations of the experimental dynamical observables in the
240 meV (1.9-5.5 kcal mot?).5-11 In these newer experiments, LAB system to assess the quality of a given calculation on a
using a conventional crossed molecular beam machine but withgiven PES* For the F+ D, isotopic variant, simulations based
a resolution between 3 to 4 times higher than that of Lee and on QCT calculations on the SW PES have shown somewhat
co-workers, a more accurate evaluation of the vibrationally state- better agreement with the experimental restiftéthan those
for the F+ Hy, but nevertheless, the forward scattering into

* Corresponding author. = 4 is also underestimated in the classical calculation. Recent
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collision energie¥ have shown good agreement with the
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TABLE 1: Experimental Conditions of the F atom (10% F,/Ar mixture) and the Converted Molecular D, (90% ortho—D,, 10%
para—D,) Supersonic Beams: Average Beam Velocitiesg, vp,, and Collision energy,E.n, Rotational Temperature of the D,
Beam T,o, and Rotational Populations p(j;)

e(i)
experimert Ecm [meV] ve [M/s] vp, [M/s] Trot [K] ji=0 ji= ji=2 ji=3
C, C 140+ 3 1130+ 35 2620+ 40 60 0.85 0.10 0.05 0.00
D; 180+ 3 1125+ 35 3020+ 45 85 0.74 0.10 0.16 0.00
D, 180+ 3 1160+ 35 3020+ 45 85 0.74 0.10 0.16 0.00
E; 240+ 5 1165+ 35 3530+ 55 115 0.59 0.09 0.31 0.01
E> 239+ 5 1165+ 35 3530+ 55 135 0.52 0.09 0.37 0.02
E; 241+ 6 1150+ 45 3560+ 80 175 0.41 0.08 0.47 0.04

2 Notation as in ref 10.

The original experiments of Lee and co-workers had not bimodality has been well reproduced by QM calculations
enough resolution, however, to yield information about ro- performed on the SW PES.1°
vibrational state-resolved DCSs. The availability of experi- In the present work, we report on rovibrationally state-
mentalzs, j¢ integral and differential cross sections could provide resolved DCSs for the f D, reaction at the collision energies
a better means for the assessment of the ab initio PESs and thef 140, 180, and 240 meV (3.23, 4.15, and 5.53 kcal ol
different dynamical calculations. Recently, a considerable from high resolution crossed molecular beam experiments. The
amount of experimental effort has gone into measurids experimentally evaluatedr, jj CM DCSs are extensively
resolved integral and differential cross sections for this reactive compared with the results of QCT calculations for the title
system. In this direction, Chapman et?&have reported the  reaction performed on the SW PES at exactly the same
measurement of the nascent rotational HK 3, jr) distribution experimental conditions.
for the F+ H; reaction using crossed molecular beams and  The paper is organized as follows: section Il describes the
infrared (IR) direct absorption of the products at a collision experimental setup and the method of analysis used to evaluate
energy of 1.8 kcal mott. The experimental integral cross theu, jf CM DCSs from the measured TOF spectra. In section
sections were compared with QM calculations carried out on Ill, the QCT method employed for the dynamical calculations
the SW PES at 1.84 kcal mdlby Castillo and Manolopoulds. is briefly reviewed. Section IV contains selected experimental
The most important conclusion was that the experimental TOF spectra and experimental j; state-resolved DCSs and
rotational distribution intay = 3 is hotter than the theoretical their comparison with the QCT results. The discussion is
one, and that HR¢ = 3, js) product channels, which are presented in section V, and finally, the conclusions are sum-
energetically closed to reaction in the QM calculations on the marized in section VI.
SW PES, were found to be experimentally accessible at that
collision energy. One possible explanation for the observed Il. Experimental Section
discrepancies can be the contribution to reaction from non-
adiabatic channels involving #/;) atoms which are also
present in the atomic beam.

Keil and co-workerd-22 have carried out new crossed

A. Apparatus and Time—of—Flight Spectra. The crossed
molecular beam scattering apparatus used in the present
experiments has been described in detail elsewhane, only
i . some general features are discussed here. The argon-seeded F
molecular beam experiments also for the+FH, reaction. atom and the Breactant beams are produced in supersonic
Angular distributions were measured for individugljs state-  gynansjons involving large fluxes and high speed ratios. Atomic
resolved states of HF by using IR laser excitation and bolometric f,orine is produced by thermal dissociation of molecular
detection of the products. The technique is sensitive 10 forine in a 10% mixture in argon in a homemade magnesium
population differences between= 1, jr andur = 2, j; — 1 HF fluoride over#* at temperatures ranging 1160220 K. Both
states as a function of the LAB scatterlng.angle.. The measuredbeams pass through three differential pumping stages before
LAB ADs were reproduced very well by simulations using QM  gntering the scattering chamber where the background pressure
ur, )¢ State-resolved DCSs calculated on the SW PES by Castillo g kept below 107 torr. The DF reaction products travel then
and Manolopoulo$ at a slightly different collision energy. A gyer a flight path of about 146 cm through four additional
very interesting finding was the presence of HFG 1, j1)  ifferential pumping stages before reaching an electron bom-
scattering in the forward hemisphere in the CM frame, which pargment ionizer followed by a magnetic mass spectrometer
was well accounted for by simulations using the QM state- and an electron multiplier.
resolved DCSs of Castillo and Manolopoulos. Since the QCT  The state-to-state DCSs obtained in the present work were
results of Aoiz et al® on the same surface did not show  getermined from a series of crossed beam experiments at three
appreciable scattering in the forward hemisphere forJA&( different average collision energies: 1403 meV (3.23 kcal
1), this feature was attributed to a quantum mechanical mol-1), 180+ 4 meV (4.15 kcal moll), and 240+ 5 meV
effect??> However, recent simulations based on new, better (5 53 kcal mot?). Table 1 lists some of the relevant experi-
converged, QM calculations on the SW PES at exactly the samemental parameters of the F atom (LO%AF mixture) and the
collision energy have not been able to reproduce this fedture. converted molecular D(90% ortho-B, 10% para-B) super-

Although no separated, js peaks have been resolved in the sonic beams in each of the experiments, namely, the average
TOF spectra measurements carried out in the experiments ofbeam velocitiesr andup,, the rotational temperature of the D
Gottingen for the F+ D5 reaction, at 90 meV collision energy  beam,To, and the corresponding rotational populatiop@).

a careful analysis of the envelopes has allowed the extractionA complete characterization of the experimental conditions for
of v, j¢ state-resolved DCSs in the CM frarie.The results the reactant beams, the stagnation pressure and temperature, the
reveal that the backward scattered =€ 2—3) products show  nozzle orifice, gas flow, etc., can be found in refs 6 and 10
a bimodal structure of their rotational distribution. This (140 meV) and refs 8 and 10 (180 and 240 meV). In those
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20 P(r;ur = 1—4) (eq 2) shown in b). At the LAB anglé®., = 35°, ®jap
Product Flight Time [ms] = 15°, the detected DF products are scattered in the intétyak

: : - 110-13C in the CM frame. The average CM scattering an6ig,
Figure 1. Typical TOF spectra (open circles) of the DF products at . o L S
thg collisionygnergies: (ag) and (t()) F140 mev, ()c) and (d) 1%0 meV, (e) SPanned for thi states within eachy envelope is indicated. The best
and (f) 240 meV Oy, and dy, denote the in-plane and out-of-plane fit simulation A was calculated with the JR¢r) distributions also

LAB scattering angles, respectively (see text). The product vibrational g_erthtt)ecti_ Ain (tjhe Ict)w(;aere_lrtsthThle simulati?n Bh\{va;]s obta(ijrjedl Wiﬂ:j tge
stateus associated to each peak in the spectra is indicated. The best fitblstJJ utions te?r? € t"t1' el owei pa_rts whic tet‘reth 'Sg’ a??t y
simulations to the TOF spectra are shown with lines. etween one 1o three rotational quanta with respect 1o the best it ones

previous report&81°the experiments were described in detail
and were analyzed for vibration state distributions only. The j; state-resolved DCSs from the measured TOF spectra has been
vibrationally state-resolved DCSs in absolute units were then discussed in detail in previous work? The analysis of the
presented, while here we consider the rotational envelopes oftime-dependent scattering intensity in the complete set of TOF
the vibrational time-of-flight peaks. measurements is perfomed simultaneously by deconvoluting a
Typically, between 20 and 30 TOF spectra of the DF products trial set of i, jf CM DCSs by means of a three-dimensional
were measured at each collision energy covering the appropiateMonte Carlo sampling of the velocity and spatial density
set of LAB angles®y, (in the plane of the incident beams, distributions of the F and Preagent beams and of the angular
with respect to the direction of the incoming F atom beam) and acceptance of the detector (eq 1 of ref 8).
@4 (perpendicular plane anglejn order to span the relevant The numerical convolution was averaged over the initial
CM scattering anglesfen.  Figures 3 show just a small rotational states of B jj = 0, 1 and 2, with weights corre-
selection of the measured TOF spectra. A larger selection of sponding to the experimental estimated relative populafiéhs.
TOF spectra can be found in refs 6, 8, and 25. The optimal setAll the experiments discussed in the present paper were
of LAB angles within the hemispherical scattering region performed with a cryogenically catalyzed mixture of 90% ortho-
accessible to the detector was chosen at each collision energydeuterium and 10% para-deuterium with estimated rotational
in order to study the different CM angles with the best possible temperatures for the Dmolecules in the reactant beam of 60,
energy resolution, for which scattering angles out of the collision 85, and 115175 K for the experiments at 140, 180, and 240
plane @ > 0°) are often favorableé2®> The product energy  meV, respectively®2> The corresponding; populations are
resolution (full width at half-maximum, fwhm) achieved in the listed in Table 1.

spectra is angle and state dependent and ranges frerd@0 As in our previous works, only F atoms in tABs, ground
meV for s = 4, the highest vibrational state accessible, to-100 state were assumed to take part in the reaction. At a typical
200 meV forus = 1, the lowest observed vibrational sta#e. fluorine source operating temperature of 1150 K, about 23%

This is more than a factor of three greater than the resolution of the F atoms are estimated to be in i, excited fine-
achieved in previous crossed beam experiments employingstructure electronic state, which lie$0 meV above the ground
similar detection techniquésand allows for a more precise state. Some evidence for thé?P{;) + D, reaction with a cross
evaluation of the state-resolved DCSs. section at least 1 order of magnitude smaller than that for the
B. Evaluation of Rotationally State-Resolved Differential ground state PPs,) + D, reaction has been recently reported.
Cross Sections. The method followed for the evaluation af In view of this small reaction cross section, and since all the
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g § »\/B © =95 | E(v1,0cm), which determine, respectively, the maximum and the
T 56 %\ fap— = | width of the distributiof25
c u o
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5 N .+1dj(j+/2) 1- (2)
n Jr Erec(Uf) Erec(Uf)
0.0 - G - a) wheref(vr, Ocm) is given by
' 1.25 1.50 175 2.00
Flight Time [ms] E(vs, Ocm)
— vg, 0.) = vy, 6 P ——
T T Vs ﬂ( f cm) ( f Cl’ﬂ) (l_E(Uf, ecrn)
f
= A B 7-=¢ . .
?‘; va/-. — '—'~\9°’“ e In eq 2,Eredvt, Ocm) = ADg + Ecm — Evip is the maximum
= /./ _/)< N N recoil energy of the vibrational state, with ADg being the
- e N \»\ b) reaction exothermicityEcm the collision energy and., and
- L T Eror, the product state vibrational and rotational energidss
0 2 4 6 a normalization constant.
Product Rotational State J; In the early scattering studies of the+F D, reaction from

Figure 3. Same as Figure 3 but for a TOF spectrum at 140 meV our group; Boltzmann-like product rotational distributions were
collision energy an®ap = 9.5°, ®1ap = 0°. Here, DF{s = 4) products assumed to analyze the TOF spectra with an effective temper-

scattered afi.m ~ 0°—15° are detected. In this case the simulations B ature as the only fit parameter. However, significant deviations

qnd C have been calcula_ted after displacing the pr(_)duct state distribu-from the Boltzmanij dependence were observed in more recent

tions P{;zr) by one rotational quantum number with respect to the experiments at collision energies between-980 meV6-8

best fit distribution A. Therefore, we introduced the two-parameter functioRal

(it;vr,0cm) described in eq 2, which is consistent with that

previously suggested by Neumark et%nd provides satisfac-

tory fits to our TOF measurements at all scattering angles and
collision energies investigated.
High resolution experiments have allowed recently the

observation of bimodal rotational distributions for DFE 2,

3) product at 90 and 110 meV collision energié$® The
%(Uﬁ i:0em = Alvy, 0PG5 o1, Or) (1) double-peakegt distributions were modeled by replacing eq 2
dw with a four-parameter expression involving two independent

] ] distributions (eq 2 in ref 11). In the experiments considered
whereA (vt, Ocm) defines thesr DCS summed of at the CM here at 146-240 meV collision energies, however, no evidence
scattering anglécm andP (jr; v1,0cm) is @ normalized rotational  of himodal distributions was found, and the envelope ofithe
distribution. Throughout the present discussion, the CM scat- peaks in all TOF spectra could be correctly evaluated using the

terlng anglwcm =0Q° COfreSpondS to a DF prOdUCt VeIOC|ty |n two_parameter (monomoda') form given in eq 2.

the direction of the initial F atom CM velocity (forward Angle—velocity contour polar maps have been derived from

scattering). the fully ux, j; state-resolved DCSs after including the broadening

Absolute values for they state-resolved DCSs (i.e., for the  gjven by the product energy resolution achieved in the present

A(vr,0cm) values) were obtained by means of a careful calibration experiments. The final expression for the CM angtelocity
of the beam intensities and product detection efficidhajth distribution is given bif

the aid of additional nonreactive scattering experiments on the

Ar—D; system, whose interaction is well characterizedlhe 2 W — W, |2 (dZO)

absolute calibration of the+D, reactive experiment is then P(w, ) = Z,o(j)ZNk expg — —! )
basically determined by twoelative magnitudes: the ratio = Aw d’w/x

between the density of Ar atoms and reactive F atoms in the

scattering center, and the ratio of detection efficiencies for DF Where the sum ik = (zr, ) extends to all final rovibrational
molecules versus Ar atoms. Whereas the former quantity could States of the products which are energetically accessible, and
be measured in situ during the experiment, the latter was the sum inj; considers the initial Protation withp(j) denoting
estimated from available theoretical data. The whole procedurethe relative population of thg = 0, 1, 2 states (Table 1). The

is discussed in detail in previous publicati®®8:2425 The experimental uncertainty in the CM recoil velocitvis modeled
uncertainty in the absolute value of the state-to-state reactionwith a Gaussian distribution centered in every cas#athe
cross sections evaluated from the present experiments isrecoil velocity associated with the internal stédeand with a
estimated to be 50%. The uncertainty in the determination of width Awi. The N are the normalization constants of the
relative r state-resolved cross sections, (i.e., the relative ratio Gaussian profiles. The fwhm, given bwh2Aw/w,, was
between the total DCS of two different vibrational states at 7% in all cases, which corresponds to 14% of uncertainty in
arbitrary scattering angles, is much less, typically 10%. The the CM energy of the DF product.

uncertainty attained in the relative values of thej; state- The best fit simulations to the TOF measurements in Figures
resolved DCSs is somewhat larger, typically 20%, as discussed1—3 are shown in the same figures as solid lines. As can be
below in this section. seen, a very good agreement is found between the best-fit

TOF spectra in the present work could be correctly fitted without
any reactive contribution from B/,) atoms, this channel was
ignored in the present analysis.

The DCSs for each product vibrational and rotational state
were constructed according to the expreskion
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simulated and the measured spectra, the location and shape of
the observed vibrational TOF peaks being well reproduced in
all cases. Although the resolution of the TOF spectra does not
allow for the observation of individual rotational states of the
DF products, it is shown below that the shape of the rotational
envelope within each final vibrational TOF peak provides
sensitive information on thg distribution of the DF product
molecules.

The sensitivity of the present measurements to changes in
the best-fity, j; state-resolved DCSs is exemplified in Figures
2 and 3 for two of the TOF spectra measured at 140 meV
collision energy. In this case, the product energy resolution is
typically 150, 100, 50, and 25 meV for the product states
1, 2, 3, and 4, respectively. Thedistributions associated with
the different trial fits of the spectra in Figures 2 and 3 are meant
for illustration purposes only and are averaged overahe
interval spanned for each, j; state at the given LAB scattering
angles.

Figure 2 displays the result of the analysis of a typical TOF
measurement a®j, = 35°, O = 15° which covers the
reactive scattering into the CM sideways regifg(= 110°—
13, depending on the final vibrational staie,= 1—4). The
result of the best-fit simulation to the measurement (denoted
by “A”) is shown together with a trial simulation (“B”) in which
the maxima of the product final rotational distributions have
been shifted toward larg@rvalues (by one rotational quantum
number forys = 4, by roughly one and a half fay = 3 and 2
and by three rotational quantum numbersifor 1) as displayed 120 150 % 120
in the lower parts of Figure 2. Such changes account for shifts Center-of-mass scattering angle [deg]
in the maxima of the product translational energy distribution gigyre 4. Center-of-mass differential cross sections for the DF product
by AEr = 115, 40, 20, and 7 meV fors = 1, 2, 3, and 4, molecules in the vibrational states= 0—4 from the F+ D, reaction
respectively, and are clearly observable in the experiment. In at collision energies of 140, 180, and 240 meV—¢ experiment;
fact, the comparison of simulations A and B in Figure 2 shows (d—f) QCT calculation on the SW PES. The error bars indicate the
that the TOF measurement is actually sensitive to smaller experimental uncertainty in thg determination of the rela_tlve value _of
changes in the trig®(jr;r) distribution than those proposed in the DCS of two arbitrary vibrational states at representative scattering
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the example, especially far = 2 and 3. Notice also that for

vs = 4, the best experimentally resolved vibrational product,
the relatively small displacement by only 7 meV of the

maximum of the product rotational energy distribution (frpm

= 2 tojs = 3) results already in a detectable displacement of
the simulated TOF peak toward longer flight times with respect
to the measured peak.

In Figure 3 a similar analysis is carried out for a TOF
spectrum at®p, = 9.5°, dp = 0°. This is a typical
measurement at 140 meV in the forward scattering redign (
< 15°) of DF(vs = 4). The faster and narrower peak of the
two observed in the TOF spectrum (denotédz 4 in Figure
3) originates from CM scattering angles strictly smaller than
15°, whereas for the slower and broader peak (denoted 4)
somewhat larger CM scattering angles are involved{B%°).
Two trial simulations (B and C) are compared with the best fit
simulation (A) and with the experimental TOF spectrum in
Figure 3, in order to investigate the effect induced by a shift of
the trialjs distribution by (plus or minus) one quantum number.

angles. Note that the experimental cross sections are given in absolute
units of AZ/sr (with an uncertainty of 50%; see text and ref 10).

rotationally cooler triaj; distribution C yields a simulated peak
which is appreciably faster than the experimental one. The fact
that the analysis is more sensitive to displacements of the best
fit distribution toward largej; states (B) than toward smaller
ones (C) is due to the larger change in the rotational energy
involved, and is additionally reinforced by the larger Jacobi
factors|dw/dQ2| in the CM—LAB transformation for the higher
rotational states of; = 4.

From the results presented in Figures 2 and 3, it can be
concluded that the energy resolution achieved in the present
experiments is sufficient to evaluate the location of the
maximum and the width of the rotational distribution of the
DF(v) products with an uncertaint\j of one rotational
quantum forys = 3 and 4, of two quanta fors = 2, and of
three to four quanta fars = 1. In relative terms, the rotational
distributionsP(u,js) of the best resolved vibrational states,
= 3 andu; = 4, are evaluated in the present experiments within

As can be seen, significant differences are apparent betweerfn accuracy of typically 20%.

the different simulated spectra in spite of the relatively small
change in the product translational energy introduced by the
displaced triaj distributions. Note that the internal energy of
the DF states with maximum cross section in the cases B,

4,js = 4; and Cus = 4, j; = 2; differs by only~17 meV. The
rotational distribution B, displaced by one quantum number
toward largeijs values with respect to the best-fit distribution,
leads to ay = 4 TOF peak which is noticeably slower and
broader than the measured one.

[ll. Quasiclassical Trajectory Method

The general method of calculation of quasiclassical trajec-
tories is the same one as used in previous works. Itis described
more extensively in refs 18 and 27, and only the particular
details relevant to the present work are given here.

The calculations have been performed on the ab initio SW
PES for the - D, (v = 0, i = 0, 1, 2) reaction at the collision

On the other hand, theenergies of 140, 180, and 240 meV, corresponding to the average
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Figure 5. Selected center-of-mass differential cross sections for the
DF(vr = 2, js) product molecules in representative rotational states
from the F+ D; reaction at the collision energies of 140, 180, and
240: (a—c) Experiment; (e-f) QCT calculation on the SW PES. The
uncertainty attained in the experimental relative values ofthestate-
resolved DCSs is illustrated with the error bars. Note that the
experimental cross sections are given in absolute units2tst Awith

an uncertainty of 50%; see text and ref 10).
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Figure 6. Same as Figure 5 but for the DF(= 3, j;) product
molecules.

of the LAB and CM experimental results for thetFD, reaction
were made by appropriately weighting on the initial rotational
quantum numbej; of the D, reagent (Table 1). It should be
stressed that, since the experimental DCSs are absolutely
calibrated, the QCT simulations do not contain any adjustable

collision energies of the molecular beam experiments discussedP@rameter. - ) . )
above. Batches of 60 000 trajectories have been calculated at The state specific reaction probabilities as a function of the

each energy and initial rotational quantum numjer

As in a previous study® the quantization of the rotational
angular momentum of the Dreagent and of the DF product
was performed semiclassically by equating the square of the
rotational angular momentum tp ¢ /,)%h? (Langer correction).
With the (real)j; value so obtained for the DF products, the
vibrational quantum number; was found by equating the
internal energy of the outgoing molecule to a rovibrational
Dunham expansion containing 20 terms (fourth powes; it
1/, and third power in j¢ + %,)?) calculated by fitting the
rovibrational energies given by the asymptotic diatomic limits
of the SW PES. The values of andj; found in this way were
then rounded to the nearest integer.

The vibrationally and rotationally state-resolved DCSs were
calculated by the method of moments expansion in Legendre
polynomialst®27 The truncation of the series is addressed by
performing the SmirnovKolmogorov test of the cumulative
probability distribution. Significance levels higher than 95%
were achieved using8L2 Legendre moments, ensuring a very
good convergence. Angtevelocity contour polar maps includ-
ing the experimental broadening were calculated fromethg

total angular momentum] (opacity functions) were also
calculated using the method of moments expansion in Legendre
polynomials as described in ref 27.

IV. Results

A. Vibrationally State-Resolved Center-of-Mass Dif-
ferential Cross Sections. The experimentally evaluated vi-
brationally state-resolved CM DCSs at 140, 180, and 240 meV
collision energies are shown in Figures—4a Their main
features have been discussed in detail in refs 6, 8, and 25.
Briefly, the observed general trends are the following: (i) At
all three collision energies, the product CM angular distributions
are predominantly backward, but significant scattering is also
found in the forward region. (ii) The; state-resolved DCSs
shift toward smaller CM scattering angles (from backward to
forward scattering) as; increases. Appreciable scattering into
vs = 0 is only found at the two highest collision energies and
is confined into the backward hemisphere. In contrast, the
curves foris = 1, 2, 3, and 4 cover progressively a larger angular
interval. (iii) The DCSs of alls shift as well toward smaller
scattering angles with increasing collision energy.

state-resolved DCSs as described in section 11.B. The simulation The DCSs forss = 4, which were measured in the whole
of the TOF spectra using the QCT CM DCSs was carried out range of CM scattering angles at all three collision energies,
by means of the same Monte Carlo procedure employed for are found to be quite flat except for scattering andlgs <

the evaluation of the experimental DC&3. All the simulations 20°, where a characteristic forward peak appears. The height
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Figure 7. Same as Figure 5 but for the DF(= 4, j5) product
molecules.

of this forward peak increases with collision energy and seems
to level off at the highest collision energy measutedhe
vibrational specificity of thesy = 4 forward peak makes it

interesting for the extraction of more detailed information on 05 10 15 20
the rotational distribution of the forward scattered products (see . .
section IV.B below). In addition, thes = 4 CM DCS displays Product Flight Time [ms]

a broad local maximum at abo@g,, =~ 40°—70° at 240 meV Figure 8. Comparison of experimental TOF measurements (open
collision energy, which is also present, but to a lesser extent, atcircles) and simulated spectra (lines) using the present QGIDCSs
the lower collision energies. for three representative sets of LAB scattering an@gs P, at 140

. meV collision energy. Since the experimental cross sections are
It should be noticed that the: state-resolved DCSs at 140 (4jiprated in absolute units, the QCT simulations do not include any

meV collision energy here presented (Figure 4a), differ slightly adjustable parameter. The additional dotted line in panel (c) has been
from those already published in ref 6. In this earlier preliminary included for purposes of relative cross section comparisons and has
report from our laboratory, an approximate analytical fitting been obtained by scaling the QCT simulated spectrum with the indicated
method was employed for the evaluation of the CM DCSs, in factor of 4 in order to match the height of the= 4 peak.
which the translational energy width for each product state was
calculated from a first-order Taylor expansion of the variance theoretical DCSs being shifted to sideways scattering angles
matrix5 Although that analytical approach is reliable for most With respect to the experimental ones. Interestingly, the
scattering angles, it does not perform correctly for LAB angles €xperimentally deduced DCSs summedpstates show some
where the CM Newton sphere of a given final product state is undulations, especially at 180 and 240 meV collision energies,
intersected close to its boundary (i.e, almost tangentially). This which reflect the maxima of the individuak state-resolved
has a noticeable effect in the evaluation of the reactive yield DCSs. On the contrary, the QCT total DCSs do not show such
into the CM forward and backward scattering regions, which peak structure, the reason being theesolved DCSs take their
is fully accounted for in the Monte Carlo convolution procedure maximum values at CM scattering angles that are closer together
employed in the present work (section 11.B). than in the experiment. As fors = 4, the QCT results
The QCT calculation on the SW PES reproduces reasonablyreproduce qualitatively the experimental CM DCSs. The largest
well the main trends of the experimentaktate-resolved DCSs  discrepancy occurs in the height of the forward peak, which is
at the three collision energies studied (see Figuresfidin clearly underestimated in the classical calculation, and the
particular, a remarkably good agreement between theory andamount of sideways scatteringcf, ~ 60—90°), which is
experiment is obtained fa = 3. For the rest of vibrational  overestimated (in this case with the exception of 240 meV
states, however, some noticeable discrepancies are observed:ollision energy). At 240 meV collision energy, the QCT total
The QCT results clearly underestimate the= 1 andv; = 2 forward peak is quite similar in height and width to the
backward scattering at the three collision energies studied, theexperimental one. However, whereas experimentally all the
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Figure 9. Center-of-mass scattering anglecoil velocity contour map and 3D perspective for the DF products of tihell; reaction at 140 meV
obtained using the experimenta] j; resolved DCSs. The dashed circles represent the maximum DF recoil velocity at each vibrational state.

forward scattering correspondsu#o= 4, in the QCT case there  peaked distribution fojy = 0—5, at all three collision energies,

is a substantial contribution from = 3. to a more sideways-peaked angular shape for the higher states
B. Rotationally State-Resolved Center-of-Mass Differen-  j; = 10. As for theys = 1 state (not shown), gl state-resolved

tial Cross Sections. Figures 5-7 display a representative set DCSs are roughly confined into the backward hemisphere. The

of the experimentally evaluated, j; state-resolved CM DCSs  DCSs fory; = 1, j = 12—14 are found to be the largest at all

at the collision energies 140, 180, and 240 meV, respectively. scattering angles at the three collision energies here considered,

The effect of increasing the collision energy on thg; DCSs and no definite trend was observed in the overall form of the
is two-fold: (i) an increase of the reaction cross section of the pcss ag; changes.

higher j; states within eachy state (i.e., an increase of the

product rotational excitation); (ii) a global shift of each of the

s, js DCSs toward smaller CM scattering angles. Interestingly,

a similar backwareforward shifting can be observed at fixed

collision energy as the product rotational quantum numnjper . . —

increases. Thus, theresolved DCSs shift to smaller scattering cross sectlon.for Baciward ;catterlngcn( R 1500._180))
corresponds tgx = 1—3 and shifts tg; = 4—8 for sideways

angles, both as the product rotational energy and as the collision ) . :
energy increase. This resembles the behavior ofvitsate- scattering @em = 50°—120%). However, in the narrow scattering

resolved DCSs discussed in section IV.A (see Figure 4). @ngularregion where the conspicuous forward peak applars (
Therefore, the DCSs for loyy values tend to be confined into  ~ 20°), the rotational distribution reaches its maximum jor
the backward region, whereas the DCSs for ljighalues have ~ — 174, depending on the collision energy of the experiment
their maximum at smaller CM angles. In other words, the ~ (S€€ Figure 7). This is cooler by roughly 4 rotational quanta
products appear rotationally cooler at the large scattering anglesthan at the sideways scattering angles. The galéstribution
(backward) than at the intermediate ones. found for the forward scattereg = 4 products is in contrast
The j; state-resolved DCSs far = 3 shown in Figure 6 with the general trend observed with changthg, for all final
exemplify these observations. At 140 meV collision energy, Vibrational states, includings = 4, in the backward and
for instance, the maximum in thedistribution fory; = 3 shifts sideways scattering region. Thus, the CM forward reactive
from j; ~ 4 (Ejot ~ 24 meV) atlem = 170° 10 j; ~ 10 Eror ~ scattering turns out to be a highly specific feature, not only
132.3 meV) ab.n = 75°. A similar effect is observed also at  Vibrationally (it has been observed so far only for the F
the two higher collision energies. Far= 2, the same behavior ~ 4) product§6819.2§, but also rotationally. Only a small number
is observed (see Figure 5). For this vibrational state, agffor  of j states withinus = 4 (typically three to four low rotational
= 3, the maximum in the DCS of eaghstate shifts toward states rangings = 0—5) account for most of the forward
smaller angles with increasing moving from a backward-  scattering at each collision energy.

At this point, the specific rotational behavior observeddfor
= 4 requires a more detailed discussion. For this vibrational
state, the above mentioned trends apply only for CM angles in
the backward and sideways regions. For instance, the maximum
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Figure 10. Same as Figure 9 but for the experiment at 180 meV collision energy.

The u1, j DCSs calculated quasi--clasically on the SW PES  For v; = 4, the QCTj; distributions are rotationally hotter
for vy = 2, 3, and 4 andEc, = 140, 180, and 240 meV are than the experimental ones over large intervals of CM angles
represented in the right panels of Figures7s Overall, the in the sideways and early forward scattering regityy, & 30°—
QCT results reproduce qualitatively the trends experimentally 120°). The j; value for which the maximum reaction cross
observed. In particular, the calculations predict backward section is obtained is larger in the QCT calculation than in the
scattered DF products with less rotational excitation than those experiment by typically two or three quantum numbers. The
sideways scattered, in good agreement with the observationslargest differences with experiment are found figf, = 40°—
Furthermore, the QCT calculation agrees with the experiment 100° at 140 meV and fof;n, = 30°—75° at 180 meV. The
in an overall increase of the DF rotational excitation for all final TOF spectrum shown in Figure 8b @, = 27°, Oy, = 10°
vs States with increasing collision energy. and 140 meV collision energy, corresponds to an average CM

Significant discrepancies are, however, apparent between thescattering angle for Dk = 4) of O ~ 95° + 2°. The QCT
experimental and QCT product rotational distributions. The simulation predicts a much greater DF intensity than experi-
QCT calculations predigt distributions forys = 2 and 3 which mentally observed at the long flight times between-22 ms,
are significantly cooler than the experimental ones at all CM which correspond to the arrival times of the high lying
scattering angles. In the experiment at 140 meV collision rovibrational states ofis = 4, jf = 5. This is a direct
energy, for instance, the product rotational states with the consequence of the hotter and broader rotational distribution
maximum reaction cross section @&, ~ 140" arej; = 7—9 obtained in the calculation for this vibrational state in compari-
for both sy = 2 andys = 3. In contrast, the QCT calculation  son with the experimental one.
predictsjs = 4—5 to be the most probable final rotational state The QCT calculations reproduce well the state specificity of
at this scattering angle. The discrepancies are clearly appreci-the forward scatteringi.e., theys = 4 DCS atfcn ~ 0° is
ated when the comparison between experiment and theory isdominated by scattering into low rotational states. As shown
performed in the LAB frame. Figure 8 shows simulations based in Figure 7, the QCTj; distribution forv; = 4 at Ocm = 0°—
on the QCTu, js DCSs for three representative TOF spectra 25°, although somewhat cooler than the experimental one, is
measured at 140 meV collision energy. The TOF spectra qualitatively correct at the three collision energies. The
measured a®,, = 40°, )5 = 0° (Figure 8a) and a®ap = comparison in the LAB frame shown in Figure 8c for the 140
27°, @i = 10° (Figure 8b) correspond to DER(= 1—4) meV measurement &4, = 8.5°, indicates a good agreement
molecules scattered into backward and sideways CM scatteringbetween theory and experiment for the location and shape
angles. The QCT simulations yield TOF peaks for= 1—3 (although not for the total intensity) of the = 4 TOF peak,
which are systematically faster (i.e., appear at shorter flight which is associated to small CM scattering angles,~ 0—15°.
times) and narrower than the corresponding experimental peaks, Finally, it is interesting to notice that in the QCT calculation
which is an evidence for the cooler rotational distributions the contribution of the higly states to the small-angle reactive
predicted by the calculation. scattering becomes progressively more relevant as the collision
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Figure 11. Same as Figure 9 but for the experiment at 240 meV collisio) energy.

energy increases. This effect, to a lesser extent, is also observed Figure 12 shows the CM velocity flux contour map obtained
in the experiment. Hence, at 240 meV the QCT rotational from the QCTu, js DCSs calculated on the SW PES at 240
distribution of the forward scattered: = 4 products is meV collision energy. The more sideways character of the
significantly broader than the experimental one, even though scattering intas = 1 and 2 and the smaller flux into forward
the rotational states with the largest cross sectjpr(3—4) scattering forus = 4 in comparison with the experimental one
are well accounted for. (Figure 11) can be appreciated in this map.

C. Center-of-Mass Angle-Velocity Polar Maps. Figures
9—11 display the CM velocity flux contour maps for the+F V. Discussion
D, reaction at the three collision energies studied in this work.
They were obtained from the experimeniglj DCSs following The existence of a forward peak in the DCS of the highest
the method outlined in section II.B. The following trends can accesible vibrational state of the products, HE 3) and DF{;
be recognized in the polar plots: (i) predominance of DF = 4), from the F H; and F+ D, reactions was first observed
products into the backward scattering hemisphere for all by Neumark and co-workefst Since then its interpretation
vibrational states with the only exception af= 4. (ii) Shift has been a challenge for subsequent experimental and theoretical
of the reactive flux toward the forward scattering hemisphere investigations of this system. This feature was originally
both as the internal energy of the products and/or the collision discussed as an evidence for a dynamical reson&hdgow-
energy of the reactants increase. (iii) At large scattering ever, this interpretation has been gquestioned since QCT calcula-
(backward) angles, most of the reactive flux is found to be tions on different semiempirical and ab initio PESs have also
confined in a narrow interval of CM recoil velocities lying close succeeded in reproducing this forward péaki2%30 The
to the maximum velocity kinematically allowed for each analysis of the forward scattering in both QCT and QM
vibrational state. However, at smaller scattering angles the calculations indicated that it is associated with the largest
recoil velocity distribution becomes progressively broader and accesible total angular momenfathat can yield reaction.
shifts toward smaller average values. This behavior is a Manolopoulos and co-workes&® have interpreted their QM
consequence of the observed increase of the product rotationatalculations as indicating that tunneling through the combined
excitation in the sideways scattering region with respect to the centrifugal and potential energy barrier was the sole reason for

backward one. the enhancement of the forward scattering into &K 3) with
The most prominent feature of the polar maps at the three respect to the QCT one. Similar conclusions were drawn from
collision energies studied is the sharp maximumifo= 4 at the analysis of time delays in the peaks of the cumulative

O.m = 0°—15°. In accord to the cold rotational distributions reaction probability®> All the recent theoretical studies seem
observed in the forward scattered DFE 4), this peak is to rule out the original interpretation of the forward scattering
confined within a narrow interval of CM velocities close to the as a manifestation of a pure reactive scattering resonance. The
maximum recoil velocity for this vibrational state. analysis of the present QCT calculations also shows unequivo-
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Figure 12. Same as Figure 9 but for the QCT calculation on the SW PES at 240 meV collision energy.

cally that the forward peak for the title reaction is exclusively DCSs for these rovibrational states. Furthermore, the prominent
caused by the largest accessible angular momenta (or impacsideways scattering observed for the states 4, j = 6—8
parameters). (Figure 7) can be rationalized in the same way. In this case, it

On intuitive grounds, if impulsive collisions dominate the is related to the efficient reaction of-fD, collisions with
reactive scattering, then backward scattering should be mainlyangular momental = 14-20 (Figure 13c). One direct
due to collisions with small total angular momentungsmall consequence is that the hotter rotational distributions predicted
impact parameters), whereas collisions with intermediate and by the QCT calculation as compared with the experimental ones
largeJ values should lead to scattering into the sideways and for DF products irvs = 4 at CM angles 30-100° (see Figures
forward regions. Also, small values of will favor the 8a and d) must be related with the overestimation of the reaction
production of DF products into loyy states within eacky, and probability for states witliy > 5 at largeJ values. In fact, this
conversely, the highegt states will be produced in collisions s the case for the F H, isotopic variant of the reaction for
with large values of. This would explain the trends observed \ynich both QM and QCT calculations are available on the SW
in the experimentals, j; DCSs discussed in section IV.B. PES. The QCTP(J) for the highest vibrational states(= 3

In order to check this model further, the Q@ j; reaction for F 4+ H,) show a pronounced maximum for intermedidte
probabilities as a function of, PU ;ux, jr) (opacity functions) y51yes, which is much smaller in the QR(J). As a result the
have been calculated for the#Do(v; = 0, i = 0) reaction on 5T caculations predict substantially more sideways scattering

ch_e Swlgfstit 14_02mgv ccéllilsiotntenergy, andbare shO\t/\r/]n in into that state than that found in the QM DCSs, which,
igure orthey = 2, 5, and 4 states. AS can be seen, there consequently, are also rotationally cooler.

is a shift of the maximum of the opacity functions toward larger i . -
The QCT opacity functions presented in Figure 13 can also

values ofJ with increasingj; for the threeus states. Fows = ; o .
2, for instance, the largest reaction probability jio= 2 occurs be used to explain the specific behavior of the forward scattered

atJ < 5, whereas foj; = 16 it becomes largest dt= 17—20. !I)F(uf = 4,jf.) molecules, Which, as discussed above, are mostly
As a consequence, the QCT CM DCS fgr= 2, j; = 2 peaks in low rotational states. Figure 13c shows that #pr= 4 the
at backward angle®¢, ~ 165°), whereas fors = 2, ji = 16 classicalP(J) for smallj; extends from low to high values df
it peaks at sideways anglef.§ ~ 90°), which is in qualitative in some cases with a double maximum structure (e.g.P{e

agreement with the experiment (see Figure 5). Similar con- curve forji = 1). The highJ values contribute to forward
siderations apply to the higher product vibrational states. For scattering, whereas the smdlivalues give rise to backward

ut = 3, the most probable rotational states at 140 meV, both in scattering. Interestingly, the QCT calculation at 140 meV shows
the experiment and in the QCT calculation, gre 7—10 (see that for largeij; values, collisions with high yield preferentially
Figure 6). As can be seen in Figure 13b, the large value of the sideways scattering with little contribution to the forward peak.
reaction probability fod = 12—18 is responsible for the large  Hence, it turns out that in order for a Dk(= 4) product
maximum at sideways scattering angles observed in the CM molecule to be scattered in the forward direction, it must be
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Figure 13. QCT F+ D (ji = 0) reaction probabilities at 140 meV
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produced in reactive collisions with high orbital angular
momentum and also be in a low finglstate.

VI. Conclusions

In this work, product rotational state-resolved differential

cross sections (DCS) have been evaluated from high resolution

crossed molecular beam experiments on thie B, reaction at

Faubel et al.

CM DCS for this vibrational state presents a narrow maximum
associated exclusively with low rotational states. The DF
molecules scattered intg = 4 at CM angles close té., = 0°

are rotationally colder (typically 35 rotational quanta) than
those scattered at intermediate angles.

These trends are, in general, well reproduced by the QCT
calculations. However, this comparison must be taken with care
since, although in some instances there is a reasonable good
agreement between QCT and QM state-resolved DCSs calcu-
lated on the same PES$27:31a rigorous interpretation of the
dynamics of a reactive system must be based on exact QM
calculations. Moreover, the proper assessment of the potential
energy surface can only be achieved by a direct simulation of
the high resolution experimental results using accurate QM state-
resolved DCS&!14.19.32

One of the most important conclusions of the present study
has been the experimental confirmation that the B, forward
scattering is not only vibrationally specific but also rotationally,
and, moreover, the finding that the forward peak is built with
the contribution of a few low rotational states only (i.e., it is
rotationally cold. The analysis based on the QCT calculations
for the system corroborates previous QM studies for the F
H, reaction in showing that this behavior can be rationalized
by resorting to the reaction probability as a function of the total
angular momentum and indicate that for molecules scattered
into the forward region, there is an inefficient transfer of orbital
to rotational angular momentum, and the orbital angular
momentum remains roughly unchanged.
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