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Experimental Absolute Cross-Sections for the Reaction R D, at Collision Energies
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Absolute differential and integral cross-sections for the #FQ—4) vibrational products of the F-
Dy(»i=0,i=0—2) — DF(xs) + F reaction have been evaluated from the time-of-flight spectra measured in
high-resolution crossed molecular beam scattering experiments at five collision energies within the range
90—-240 meV. The observed rise of the total reactive cross-section with increasing collision energy can be
fitted with an empirical, modified line-of-centers model, yielding an activation energy of 1.8nkehl.
Remarkably pronounced angular structures are observed in the vibrationally resolved differential reactive
cross-sections, especially for the largest accessible vibratiprs3 andy: = 4. The experimental absolute
cross-sections are compared with the results of previously reported quantum mechanical and quasiclassical
trajectory calculations on the most recent potential energy surfaces foritH,lSystem. An overall excellent
agreement is found within the experimental uncertainty. However, some significant differences are also
apparent, especially at the lowest collision energies studied.

I. Introduction The early history of quantum chemical calculations on the F
The F + H, system has played a central role in the 1 Hzsystem has been described in several reviéw. The

development of experimental and theoretical chemical dynamics State-of-the-artab initio calculations are the 6SEC-DMBE
and kinetics during the past 3 decades and has become a modhereafter 6SEC} potential energy surface (PES) of Truhlar
important benchmark test for predicting interaction potential @nd co-workers and the more recabtinitio SW PES calculated
energy hypersurfaces of simple bimolecular reactions. by Stark and Wernet:% Overall, the dynamical calculations
The F + H, reaction and its isotopic variants have been ©On these surfaces provide a very encouraging qualitative and
extensively studied in a wide variety of experiments. Thermal duantitative agreement with the experimental resullts for the state
rate constants and activation energies have been determined withesolved differential and integral cross-sections of the A
different technique®:6 In the late 1960s, chemiluminisced@e  reaction and its isotopic variars:** The accuracy of the 6SEC
and laser experimer¥tsi! provided the first state resolved @nd SW PES's has motivated a new generation of dynamical
product distributions for a chemical system. In the eighties, studies concerning the characterization of the CO!lISIOﬂ energy
Lee and co-workers completed a series of pioneering experi- dépendence of the F Hy, F 4+ HD, and F+ D, reaction cross-
ments in which they performed the first crossed molecular beam Sectionst> _ _
scattering investigation'§, determining vibrationally-resolved In the present paper we report on a high-resolution crossed
differential cross-sections (DCS) for thetFH,/D,/HD isotopic beam scattering study of the state resolvegl absolute dlfferentlal
systems in the range of 2448 meV (0.68-3.4 kcal/mol) and_ !ntegral cross-sections of the reactiontFD, at f|v_e
collision energies. Similar crossed molecular beam scattering collision energies within the range 9240 meV. After a brief
experiments have since been carried out in our laboratory in description of the crossed molecular beam scattering apparatus
Gattingen for the F+ D; reaction in the collision energy range i section Il, a detailed presentation is given in section Il of
82.5-240 meV (1.9-5.5 kcal/mol). A much improved resolu- the analysis met_hod used for the evaluat|_on of th_e center-of-
tion yielded more accurate vibrational and rotational state Mass cross-sections from the measured time-of-flight spectra,
resolved differential and integral reactive cross-sectidri. with special emphasis on the absolute calibration of the
In particular, the first absolute differential cross-sections for this @Pparatus beam intensities and detection efficiency. The reactive
reaction were determined at a 82.5 meV collision endfgy. Cross-sections are then presente_d and d|SCl_Js_sed in section IV,
Furthermore, a strong dependence of the reactive differential Where they are also compared with the predictions of quantum
cross-sections on the,[nitial rotational state was experimen- mMechanical and quasiclassical calculations on the 6SEC and SW
tally observed for the first time in this syste#h.Additionally, potenﬂgl energy surfaces. F|naIIy', the results are summarized
these beam scattering experiments were extended to nonreactivé? section V, and general conclusions are drawn.
elastic and inelastic collisions in order to study the long-range || Apparatus
interaction of the FH./D, reactant$>2¢ In another recent
development, Neumark and co-workers have performed pho-
todetachment experiments of the stable,FHon?"~2° that
mainly sample the transition state region. These results comple-
ment well the crossed beam scattering experiment for the
determination of the potential energy surface.

The crossed molecular beam scattering apparatus used in the
present experiments has been described in detail in earlier
publicationst®23 Further details can be found in refs-126
and 19. Both the argon-seeded F-atom and thedactant
beams are produced in supersonic expansions with large fluxes
and high speed ratios. Each of the beams pass through three
TPresent address: Departamento dénflea Fsica, Universidad Com-  differential pumping stages before reaching the scattering region,

plutense, E-28040 Madrid, Spain. i 7
¥ Permanent address: Institut of Energy Problems of Chemical Physics, where th.e background pressure is _kept below’TMbrr. The
Leninskil Prospect 38, Bldg. 2, Moscow 117829, Russia. DF reaction products travel over a flight path of 146 cm through
€ Abstract published ifAdvance ACS Abstractsuly 15, 1997. four additional differential pumping stages before reaching an
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TABLE 1: Experimental Conditions and Characteristic Parameters of the Fluorine (10% F/Ar Mixture) and the Converted
Deuterium (90% ortho-D,, 10% para-D,) Reactant Supersonic Beams in the Present Investigation of the + D, Reaction
[Source PressurePo; Source Temperature, To; Nozzle Diameter,Do; Gas Flux; Rotational Temperature of the D, Reactants,
Tor; Degree of Dissociation of the i Molecules,a; Average Beam Velocity,ve p,; and Full-Width Spread, Au/v]

molecular flux Trot.
expt. Ecm (MeV) beam Po (bar) To (K) Do («m) (Torr-L-s™) (D) (K) o (%) Vb, (M/S) Avlv (%)
Aq 90+1.5 F 105 1155 65 2.0 35 1150 6
D, 100 295 30 29 45 2010 3
A, 90+1.5 F 2.0 1145 120 3.2 55 1145 8
D, 100 295 35 32 45 2010 3
B, 111+ 2 F 10.0 1210 75 2.4 40 1175 6
D, 220 380 30 60 45 2230 3
B> 110+ 2 F 7.0 1120 90 2.5 40 1135 6
D, 220 380 30 60 45 2230 3
Bs 110+ 2 F 2.0 1145 120 3.2 55 1145 8
D, 100 380 35 30 65 2230 4
C 140+ 3 F 5.0 1100 80 2.7 25 1130 6
D, 250 500 30 45 60 2620 3
C; 140+ 3 F 5.0 1100 90 3.4 25 1130 6
D, 250 500 30 45 60 2620 3
D, 180+ 4 F 5.0 1120 120 3.0 32 1125 6
D, 350 750 30 52 85 3020 3
D, 180+ 4 F 7.0 1200 95 2.7 41 1160 6
D, 350 750 30 52 85 3020 3
Ex 240+ 5 F 8.0 1220 85 2.5 40 1165 6
D, 350 980 30 45 115 3530 3
E, 239+ 5 F 8.0 1220 85 25 40 1165 6
D, 225 980 33 35 135 3530 3
Es 241+ 6 F 2.5 1180 160 3.4 55 1150 8
D, 115 980 35 20 175 3560 45

electron bombardment ionizer followed by a magnetic mass beam was ofAuvp,/up, = 3% in all cases. This target beam
spectrometer and an electron multiplier. The extensive dif- was produced in a tungsten nozzle which we assume not to
ferential pumping enables us to achieve high fluxes for the catalyzepara/ortho conversion at these temperatures.
supersonic beams while keeping the background low in the As is well-known, normal deuterium is actually a mixture of
scattering chamber. In addition, it prevents DF gas in the two nuclear spin systems, the so-caltetho andpara species.
scattering chamber from reaching the detector. The target gas in the present experiments was a mixture of 90%
The most relevant experimental parameters governing the ortho deuterium (evenspecies) and 10%aradeuterium (odd-
properties of the reactant beams in the present study, such aspecies) which was produced via catalyzed conversion of the
the stagnation pressure and temperature, the gas flow, and th@ormal gas at temperatures around 30 K with an efficiency of
nozzle orifice, are listed in Table 1. Since the energy resolution 90%1¢ Because of its high cost and the high fluxes involved
of our experiment is mainly limited by the velocity spread of in the experiments, the deuterium gas was recovered, cleaned,
the fluorine atom beam, a seed gas was added to achieve and recompressed in a closed cycle system. The rotational
narrower velocity distribution in the supersonic expansion. A temperature of the gj;) reagent molecules in the beam was
mixture of 10% F in argon was used at total stagnation estimated by means of the expression
pressures of 210 bar with nozzle orifices of 65120um. The
typical total gas flow of 3.0 Tort.-s™1 and a pressure below P,D,
1.5 mTorr was maintained in the expansion chamber by a 14 000 log(T,o/To) = —0.44 |0§(W) —0.32 1)
L/s diffusion pump. The molecular fluorine was thermally To
dissociated in a resistively heated magnesium fluoride oven
developed in our group and described elsewh&relhe which provides a best linear fit to the experimental data of
temperatures at the nozzle tip were in the range @20 K Pollard and co-worker&:4° This expression is consistent within
(see Table 1). The degree of dissociation, which was monitored5% with the similar type of fit introduced in ref 50 fdfy =
by elastic scattering of F atoms and: Folecules from 293 K, but it differs by roughly 25% from the expression
helium4-1848was found to lie between 25 and 55% in all cases employed forTo = 500-980 K in previous publication)??
(see section 111.B). Fluorine beam velocitigs= 1125-1175 where logPoDo/To) was used in the right hand side of eq 1, as
m/s with full width at half-maximum (fwhm) spread&u/v suggested in ref 50. According to eq 1, the rotational temper-
between 6 and 8% were measured under the present conditionsature of the [ beam lies in the rang&.. = 45—175 K for the
The D, supersonic target beam was produced at stagnationdifferent experiments of the present study (see Table 1). The
pressures of 106350 bar with a nozzle aperture of about 30 corresponding relative rotational populations are listed in Table
um (see Table 1). A 50000 L/s diffusion pump was used to 2, where it can be seen thgt= 0 is the most populated
evacuate the expansion chamber so that a background pressumtational state in all experiments but one. Only at the highest
of somewhat less than 1®Torr could be maintained despite  collision energy, at 240 meV (experiment E3), fhe 2 state
the large total gas flow of up to 52 Tekr-s™X. The velocity shows the highest population.
of the D, beam largely determines the collision energy in the  The deuterium beam was modulated during the scattering
center-of-mass system due to the almost five-times smaller massexperiments using a pseudorandom 255-slit sequence with an
compared to fluorine. By varying the,eam velocity in the overall time-of-flight (TOF) window of 1.79 ms. Depending
interval between 2010 and 3530 m/s (source temperafiges on the scattered intensity, the total measuring time for each time-
= 295-980 K), collision energies in the range Bfn = 90— of-flight spectrum of the DF products varied between 6 and 16
240 meV were achieved. The half-width velocity spread of the h. The investigation of a given collision energy was completed
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TABLE 2: Relative Rotational Populations, p(j;), of the D,
Reagents at the Estimated Rotational TemperaturesT ., Of
the Present Experiments Listed in Table 2

expt  Em(meV) Tw (K) p(i=0) p(i=1) p(i=2) p(i=3)
Ay A 20 45 090 010 000 0.0
Bu B: 110 45 090 010 000 0.0
Bs 110 65 084 010 006  0.00
Cu. G 140 60 085 010 005 0.0
D, D, 180 85 074 010 016  0.00
Es 240 115 059 009 031 001
E 240 135 052 009 037 002
Es 240 175 041 008 047  0.04

aA converted

in all cases.

Detected DF Intensity I [cps]

110 meV -
33°

180 meV
37°
(o]

d)

mixture with 90%/10%rtho-D /para-D, was used
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angles with the same ArfFmixture to monitor the intensity
and stability of both beams and of the scattering and detecting
conditions. The ArD, scattering system was also used for
the absolute calibration of the reactant beam intensities and for
the determination of the absolute sensitivity of the detector, as
described in section III.B.

lll. Analysis

IIlLA. Time-of-Flight Spectra. Typical time-of-flight spec-
tra of the DF products are shown in Figure 1 for each of the
collision energies studied in the present work. Typically;-25
30 spectra were measured at each collision energy covering the
relevant range of scattering angles. The laboratory (LAB)
scattering angle®qp (angle in the reactant plane) ashgh, (out-
of-plane angle) are defined in ref 18. Even though all center-
of-mass (CM) scattering angles of any two-body collision
process can be studied in the plane of the two incident beams,
the energy resolution can be significantly improved by taking
advantage of the out-of-plane geometfiésThe optimum
product energy resolution (fwhm) in the TOF spectra ranges
between 20K:, = 90 meV) and 40 meVH:y, = 240 meV),
which allows one to clearly resolve all five accessible DF
vibrational states froma; = 0 to s = 4. The product vibrational
states associated with the respective time-of-flight peaks in the
spectra are indicated in Figure 1.

The measured time-of-flight spectra were analyzed by means
of a three-dimensional forward convolution for the time-
dependent intensity at a given laboratory scattering direction,

[ (Oraby Prap,tr) 222342

1(O)apy Piaprtn) = Ne°Np,°€(DF) (O3, Pyt 2)
whereng® andnp,® are the absolute average number densities
of the reagent beams in the scattering center&Bd) is the
efficiency for DF detection. The produck’np,’¢(DF) was
determined by a calibration procedure described below. Finally,
|(®Iab,q)lab-tn) is given by

i(®|ab'q)lab7tn) =
JEr () A (1) [dQ D(Q;0, Prep) [ f dUF dUD X

2 v,=3 240 meV
) % f(v) f(up,)8y £() Z ( ) “ Zrgy
1 i z T dw pq dQ qu
e)
o 2
o |l do| _ Y
2
1.0 . .1.5 2.0 [o]e] up |C0§pq|
Product Flight Time t [ms]
Figure 1. Five typical time-of-flight spectra of the DF products of F(t)) = Hlzpg—t] H[(t,+0) =7, (3)

the F+ Dz reaction measured at collision energigs,, and laboratory
scattering angle®i. (in-plane angle) anda, (out-of-plane): (aEcm
=90 meV,Bjap = 33, iap = 0% (b) 110 meV, 38, 0°; (c) 140 meV,
40°, 0°; (d) 180 meV, 37, 0°; (e) 240 meV, 36, 15°. The vibrational
state of the DF moleculey = 0—4, associated with each peak in the
spectra is indicated. The circle®) denote the measurements, and the
solid curves represent the best-fit simulation of each spectrum.

The multiple integrals were calculated by a Monte Carlo
sampling of the velocities and the spatial densities of the F and
D, reagents, determined by the experimental beam velocity
profiles and angular divergences:

o 5]
) ) _ _ _ f(v) = N, expy —(——
in a series of 23 experimental runs, each of them involving ov
the measurement of typically about 10 TOF spectra. The TOF
spectra of Figure 1 were repeated in regular intervals together A,(r) =N exp{ _(V(r))z}

with measurements of the F and Beam velocities and of the * 4 oy,

degree of dissociation of the F beam in order to account for the

different experimental conditions at the respective collision A denotes the F or thedbheam, respectively. The normalized
energy and to control possible deterioration of the scattering velocity distribution of the reactant beanfigy), is characterized
conditions during the course of each experiment. Additionally, by the most probable velocities;°, and full widths at half-
Ar—D, elastic scattering intensities were measured at severalmaximum,Av; = 2(In 2)Y2)»;. The position vector refers to
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a point of the beam intersection volume in which the density
distribution of each reactarfy;(r), is represented by a normal-
ized Gaussian distribution of full width,, = 2(In 2)V2),, which

Faubel et al.
Gk(ecm) = H[(ch_(ecmk_A)] H[(ecmk+A)_0cn1]

Here 6., = 0° corresponds to a DF product center-of-mass

is determined by the angular divergence of the reactant beamsye|ocity in the direction of the initial velocity of the F atom

(Actual values are\, = 1.6° for the F atoms and\, = 2.0°
for the D, beam, respectively.)N, and N, are normalization
factors, respectively.

The remaining notation in eq 3 is as followggj;) is the initial
relative population of th@ rotational states of P(Table 2),g
is the relative velocity of the reactantsig{dw)yq is the center-
of-mass differential cross-section for a product molecule in the
p(=ut,jr) rovibrational state, andyq is its final velocity in the
laboratory frame. The additional subindgx (+ or —) denotes
product center-of-mass velocities which are directed either
to the right or to the left of the relative velocity, leading to
“fast” and “slow” products in the laboratory frame, respec-
tively;5! &4 is the angle between,q andu,. The integral over
the solid angleQ, accounts for the cone of acceptance of the
detector, represented by the functD(€2; 04, Piar). The factor
1/vpqin eq 3 accounts for the number-density sensitivity of the
electron-bombardment ionization detector. Finally, the meas-
ured total flight time,zpq = tor + tp, + tion, is the sum of the
flight time of the DF product molecule in the corresponding
internal state from the scattering center to the ionization region,
tor, plus the flight times of the Preagent from the chopper to
the scattering centetp,, and of the molecular ion DF inside
the mass spectrometer toward the electron multiptigr, A
time window [, tn + 0] is associated with each time-of-flight
channel in the experiment, whetg and 6 = 7 us are,
respectively, the time and full width of thath channel f =
1-255,t; = 0.532us, ts5 = 2.310us). The produck(t,) of
Heaviside step functionkl(x) (equal to 1 for positivex and
equal to zero for negative assures that only products within
the corresponding time windows contribute to a given channel.

The initial relative rotational populations corresponding to
each experiment, as listed in Table 2, were taken foro(hg
weights. The internal energy of each initial rotational state was
simply added to the reaction exothermicity (1.382e\81.86
kcal/mol). Thus, the measureg j; state resolved differential

(forward scattering), wheredk,, = 18(° is directed opposite
to the incident F atom (backward scattering). The trid/(
dw),,j; functions were structured in discrete boxes corresponding
to the intervals of center-of-mass scattering angl@s.
A,Ocrf+A] of half-width A = 1.5° and average scattering angle
Ok = (2k — 1)A, where the indexk (k = 1—60) denotes the
kth box. The functionGy(fcm) in eq 4, which is a product of
two Heavyside step functions similar Eft) in eq 3, projects
out a uniform cross-section, given by the prod&gts) Pu(jr;zs),
for each of the discrete angular intervals. Three adjustable
parameters, different for each product vibrational state, are
associated with each intervay(zr), the total differential cross-
section at the corresponding scattering angle, and two additional
parameters that determine the maximum and the width of the
product rotational probability distributid®(js;2), as described
in refs 22-24. For backward scattered DF products in the
vibrational statesy = 2 andy; = 3 at low collision energy,
Ecm = 90 and 110 meV, bimodal rotational distributions were
required which were constructed with the expressierdd),,
= AD(vr;0cm) P(jf;00cm) + A@(r;0cm) PO(jf;00cm), involving
two independent two-paramefedistributions P andP(®),23.24

The best-fit parameters of the center-of-mass differential
cross-sectiondo/dw were determined by trial and error calcula-
tions via eq 2 of the measured TOF spectra of the DF products.
In Figure 1 the corresponding best-fit simulations, shown as
solid lines, are compared with representative TOF measurements
for the five collision energies investigated. The agreement
between the simulated and the measured spectra is very good,
the location and shape of the observed vibrational time-of-flight
peaks being well-reproduced in all cases, as shown in greater
detail previously?0.22-24

I11.B. Absolute Calibration. The determination cdibsolute
differential cross-sections from the time-of-flight measurements
by means of eq 2 in principle requires the knowledge of the
absolute values of the density of the F anglrBactants in the

cross-sections can be interpreted as averages over the particulajcattering center and of the efficiency of detection of the DF

initial rotational state distribution of each experiment.

In the present analysis, and as in our previous wWé#R;22:23
only fluorine atoms in their £, ground state were assumed to
take part in the reaction. At a typical fluorine-source operating

products. In the present work an alternative method has been
followed which is based on an additional nonreactive-Bp
scattering experiment calibration. The -AD, interaction is
well-characterized, and absolute differential cross-sections for

temperature of 1150 K, around 23% of the atoms produced aree|astic scattering and for rotational excitation of the D

estimated to be in th& Py, excited fine-structure state, which

molecules are well-know??: The Ar—D, system also has the

lies about 50 meV above the ground state. Although evidence gdvantage that it can be investigated simultaneously and under

for the reactivity of? Py fluorine has been reported at a collision
energy slightly below the range here studied (83.5 méWj;23

the same conditions as those for thelB, reactive experiment,
since Ar constitutes about 90% of the seeded F beam.

the reactive cross-section for this excited state was measured \ith the same notation as that in eq 2, the time-of-flight
to be at least 1 order of magnitude smaller than for the reaction spectra measured in the AD, scattering experiments are

from 2 P3j, ground state atoms. In view of this small cross-

section and since all the measured TOF spectra could be

correctly fitted without any reactive contribution from the/,
state, this channel was neglected altogether.

The differential cross-section for each product vibrational and
rotational state,do/dw),,j;, was constructed using the following
scheme:

(dofdw), ; (e = ZAk(vf) Pdinv) G0 (4)

with

zpk(jf;”f) =1
It

analyzed with the following expression:
| Ar(@1apy Praprtn) = N "Np,°€(Ar) T2 (O Prapty)  (5)

By comparing the detected signal,, with the Monte Carlo
evaluation ofl o, for the calculated Ar D, absolute differential
cross-sections the absolute value of the proaging,®e(Ar)
was first determined. Then, the produgfnp,’e(DF) for the
reactive scattering experiment in teemeconditions for beam
production and product detection was calculated by rewriting
np,°, using eq 5:

Ne* €(DF) lar

Ne°np °e(DF) =

(6)

N’ €(Ar) iAr
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Thus, the F-D; absolute differential reactive cross-sections are
determined from the analysis of the TOF measurements,
| oF(®1ab, Prantn) With the following expression, formally equiva-
lent to eq 2:

e e(DF) | -
Na° €(An) Ar! DF

@)

where the dependence®f; = Ia/la and ofipr on Ojap Prantn)

has been omitted to simplify the notation. The determination
of the relative density, ne°/na°, and therelative detection
efficiency,e(DF)/e(Ar), are described below in this section. The
former ratio is measureih situ, whereas the latter one has to
be estimated from previously published experimental and
theoretical data.

The density of reactants in the scattering volume is determined
by the respective B F,, and Ar beam source conditions and
by the F-atom source dissociation and survival probability in
the molecular beam formation process.

The thermal dissociation of the;Fnolecules atconstant
pressurein the beam source changes slightly the composition
of the gas mixture. For our present mixture, of 10%arFAr,
for a given degree of dissociation, the F/Ar density ratio in
the source is given by the following expression:

IE(® 2y Praptn) = Ne°Np,°€(DF) Tor=

e oom @)
n® 1-0.11
Ar

For an effusive molecular beam, the density of fluorine atoms
relative to that of argon atoms would be the same in the
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Figure 2. Typical time-of-flight spectrum of the elastic scattering of
F atoms and Fmolecules from helium used to determine the degree
of dissociation of the fluorine beamy (55% in this example). A
reversed Newton diagram is also shown in the lower part of the figure
for direct comparison with the time-of-flight axis and identification of
the experimental peaks.

(iv) Finally, in a nonideal supersonic expansion of a binary
gas mixture the velocity distribution in the direction perpen-
dicular to the beam axis tends to be broader for the lighter
species. The asymptotic perpendicular speed ratio follows
approximately the relatiors; O (WTo)Y287 wherem is the

scattering center as in the source. In a nonideal real free jetcqrresponding molecular (or atomic) mass @nds the effective
expansion, however, several factors can induce variations in theperpendicular temperature, which is the same for both species.

final composition of the beam with respect to the source
conditions:

(i) The interaction of the species of the mixture with the
background gas in the expansion chamber can induce
significant intensity attenuation, prior to the extraction of the
beam. This process should, in principle, be more effective for
Ar because of its larger cross-section compared to the F atoms
According toBeer's lawthe intensity at a distandefrom the
nozzle source i$(l) = lo exp(—nlo), wherelo = I(I = 0), nis
the density of the background gas, ang) are the total cross-
sections for scattering of the Ar and F atoms from the
background gas. With the typical values ~ 0.36 x 10718
m?, o ~ 0.24 x 10 m25 andn ~ 3.2 x 10! m=3
(background pressure of 1 mTorl)x 2 cm (flight path from
the nozzle to the first collimator), we estimatet/Id)ar
0.93(/lg)e.

(ii) Another important aspect is the possible interference of
the expanding gas with the conical skimmer used to extract the
beam?* It is difficult to quantify the magnitude of this effect,
which, in general, tends to affect largely the lighter species, in
this case the F atoms.
commercially available skimmer with better transmission

%

properties was used for both beams. The factor of 2 increase

in beam flux with respect to our previous experiméhssiggests
a significant reduction in beam interference. Thus, it is
reasonable to assume a similar intensity attenuation for both
and Ar atoms (within 10% in the worst case) due to skimmer
interference.

(iii) The asymptotic velocity of the F atoms in the beam under

a

In the present experiments, a new

Consequently, in the F/Ar beam of the present experiments, a
slightly larger angular divergence is to be expected for the F
than for the Ar atoms. The angular divergence (fwhm) of the
Ar and D, beams in the present experiments is typically =

1.5°. From Ar—He and F-He scattering experiments we found
that the angular divergence of the F beam in the same conditions
is at mostAyg < 1.8. In any case, the variation afyr between

1.5 and 2.0 induces changes of less than 10% in the absolute
calibration.

Summarizing, the effects mentioned iv above partially
cancel each other and account, altogether, for a possible change
of the Ar/F density ratio of less than 10%. In view of this, it
has been assumed throughout the present analysis that the
relative density maintains approximately the same value in the
scattering volume as in the thermal sourog;°/ng° ~ nﬁfr)/
ne.

A measurement of the fractional dissociatiBh= ng/n,
allows one to determine the degree of dissociation of the beam,
o = BI(2 + B). a cannot be determined from its equilibrium
value in the source since it very likely changes during the Ar-
seeded supersonic expansion of the fluoffhed was therefore
measured by kinematical separation of the atomic and the
molecular fluorine species in elastic scattering from he-

plium. 182348 Figure 2 shows typical +/F,—He elastic scattering

time-of-flight spectra, showing a clear separation of elastically
scattered F andJF

A Newton diagram representing the experimental kinematical

the present conditions, due to the lower mass, is about 2% largerconditions is shown in Figure 2 and helps to identify the time-

than for the Ar atom&® This reduces the relative density of F
in the beam by about 2% with respect to the Ar density.

of-flight peaks. The density ratio of both species is determined
from the following expression:
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Ne, € (doldw)e |dw/dQe ve, Ig 10 b i P
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Equation 9 involves the ratio of the ionization cross-sections 100 L S
for dissociative ionization of fto F* and of direct ionization
of F to F, e}:f/ep ~ 0.5118707lthe cross-sections of the+ 100 nelastic |
He and F-He elastic scattering processes in the center-of-mass
system, (d/dw)g,r;, and the ratio of the Jacobi factors of the 102l |

Ar - D,(j;) = Ar - D,(j;)
2

transformation from the laboratory to the center-of-mass coor-
dinate system)dw/dQ2|,r). The ratiol¢/lg, represents the
measured scattering intensities, i.e., the areas under the detecte
scattered time-of-flight peaks measured with the mass spec-
trometer detector at mass 19. The ratigvg, of the final
laboratory velocities corrects for the density-proportional ef-
ficiency for electron impact ionization.

The largest uncertainty in the determination of the degree of
dissociation by eq 9 arises from the estimation of the ratio of
the center-of-mass differential cross-sectiortgy/dw)e,/(do/
dw)r. Aquilanti and co-workers have determined empirically
a potential energy surface for thetFHe systenf® However,
to date, the F—He interaction has not been characterized with
enough accuracy for the direct determination of the differential
cross-sections for elastic scattering. According to a simple
spherical hard shell model, for a given center-of-mass angle,
the cross-section forScattering should be a factor A&arger
than for scattering of F atoms because of the difference in sizes.
We must also account for the fact that in the time-of-flight
spectrum of Figure 2 &, = 16°, the peak for F atoms belongs
to a smaller center-of-mass scattering an@lg, & 75°) than
the peak for k (6:m ~ 125°), as can be seen in the Newton
diagram included in the lower panel of the figure. For realistic
potentials, we thus expect the F-atom cross-section to be larger.
Simple model estimates suggest that these effects should roughly
cancel, so thatdp/dw)e,—1e(125°) ~ (do/dw)r—ne(75°). This Center-of-mass Scattering Angle 6, [degrees]
is, indeed, found to be the case for the elastic scattering of Figure 3. Center-of-mass differential cross-sections for elastic and
systems with masses and sizes similar i lHe/F—He, such rotationally inelastic scattering for the system #rD,(ji=0,1,2) —
as Ar—He/Ne—He 16 Ar—D,/Ne—D,,5° and Ar—D,/F—D,.26 The Ar + Dy(js=0—6) calculated with the coupled-states approximation on

degrees of dissociation obtained with this assumption lie in the the semiempirical potential energy surface of Buakal® at the
range 25-55% and are listed in Table 1 collision energies of (a) the experiments of Bugtkal. (85 meV) and

. . . ; . (b—f) the present investigation (16@54 meV). The Ar-D, cross-
As mentioned in section II, only fluorine atoms in thexP  sections were used for the absolute calibration of the beam intensities
ground state are assumed to take part in the reaction with theand detection efficiency of the reactive-B, scattering experiments

ground state P molecules. Under thermal conditions about (see text).
77% of the produced atoms are estimated to populaté Fge
state at the typical fluorine-source operating temperature of 1150 The absolute detection efficiency of the mass spectrometer
K. Thus, the density of F atoms in the scattering volume detector is obtained in two steps: (i) The most recent experi-
considered in eq 6 has to be multiplied by the fagioe= 0.77, mental investigations agree on a cross-section for electron impact
in order to account for the actual densityrefictive F atoms. ionization of the Ar atom, Art- e — Ar™ + 2e, of ge(Ar) =

On the other hand, the quantum and quasiclassical dynamical(2.6 + 0.4) x 1076 cn? at the electron enerdye = 100 eV>8:5°
calculations with which the experimental results are compared of the present experiments. On the other hand, according to
in section IV have been performed for tée= 1/, state PED recent calculations of M#&,0 the cross-section for DF
which adiabatically correlates the ground states of the reactantsformation is 2.5 times smaller than that for Ar ionization at

102 SV R S |
102

119 meV

102 O R N |

Differential Cross Section do/dw %Azlsr]

0 60 120 180 0 60 120 180

and the products: 100 eV. Although the detection probability of a molecule also
- depends on the internal rovibrational state, from available
F(2P3,2,1/?) + D2(129+) = DF(3) + D(Zsm) experimental ionization data for different vibrational states of

HF %8 these corrections are expected to be smaller than 10
Q designates here the projection of thé P{;) atom onto the 20% for DF vibrational states up tox = 4 and have been
F—D, axis. Present potential calculations neglect implicitly any neglected in the analysis. Furthermore, it is assumed that the
contribution to the dynamics of the reaction from the two upper remaining stages of the detection process, namely, the trans-
surfaces, 2A' and2A"", connected asymptotically to tH€, mission through the mass spectrometer and the conversion to
and?Ps; 31 states of the separated fluoring/Bystem, respec-  electrons at the multiplier, are very similar for Aand DF
tively.18:56.57 Thus, when the result of these calculations is ions$! With these asumptions the relative detection efficiency
compared with the experimental observations, the calculated of (neutral) Ar atoms to DF molecules is estimated te @)/
cross-sections have been multiplied by a factor of 0.5, equal to ¢(DF) = 2.5, with an error 0f-25%.
the experimental relative population of tfe= 1/, fine structure (i) The calculated absolute differential cross-sections for the
state. elastic and rotationally inelastic scattering of-AD,(j;) — Ar—
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TABLE 3: Experimental Conditions and Characteristic Parameters of the Argon and the Converted Deuterium (90%/10%
ortho-D,/para-D,) Supersonic Beams in the Present Investigation of ArD, Nonreactive Scattering, Which Were Carried Out
for the Absolute Calibration of the Apparatus?

Eem(Ar—Dy) Ar D, Car = Iadin calibrated

(meV) Po (bar) To(K) v (m/s) Po (bar) To(K) v (m/s) (10%3 cpsm7-s) F—D, expt
100 2 1145 1125 100 295 2010 4.1 2 A
119 7 1120 1115 220 380 2230 54 2B
153 5 1100 1110 250 500 2600 4.5 1 C
196 5 1120 1105 350 750 3000 51 1D
254 8 1220 1140 350 980 3500 5.1 1 E

a2 The same notation is used as in Table 1. The calibration cons@nisare defined in eq 7.

Dy(js) are shown in Figure 3 for the collision energies of the accurately. From the uncertainty related to the signal-to-noise
present investigatiorkc, = 100—254 meV (because of the ratio in the TOF measurements (typicaly3—5%), and to
greater mass of Ak is slightly higher than for FD, with possible intensity drifts during the scattering experiments
the same relative velocity). The cross-sections were calculated(<10%), the relative error is about $05%.

employing the coupled-states approxima%of® on a potential

energy surface constructed empirically by Buck and co-workers IV. Results and Discussion

from D,—Ar crossed beam differential scattering experiméfts. IV.A. Absolute Differential Cross-Sections. The best-fit

The present calculations were tested by reproducing the CaICUIa‘center-of-mass absolute differential cross-sections for individual

tions and the experimental data of Buetal. at Ecm = 85 meV DF product vibrational states are displayed in Figure 5 for the

(Figure 3a of the present work and Figure 3 of ref 52). five collision energies studief., = 90—240 meV. They were
The differential cross-sections of Figure 3 were then used to i by summing eq 4 over all final rotational states:

simulate the measured time-of-flight spectra by means of eq 5,

taking into account the initial rotational populations of thg D — P

molecules, as listed in Table 2. The calibration facgs = (dofde),,(Ocr) ZZ ALer) Pliive) GlBen)

Iadlar = nac’np,’e(Ar), which scale the simulated to the

experimental time-of-flight spectra (eq 7), were determined in — Z A(v) G(6,,) (11)

each Ar-D, scattering experiment and are given in Table 3,

where the kinematic conditions and the correspondir¥

experiment are listed. Also shown are total differential cross-sections which were
Figure 4 shows time-of-flight spectra of the scattered Ar obtained by summing over all final vibration states. The error

atoms measured at several representative scattering angles dtars in Figure 5 are typically about 10% and indicate the

E.m = 100 and 196 meV (typically a total of 10 angles were estimated uncertainty in the relative ratio between the differential

measured at each collision energy), together with the corre- cross-sections for two different vibrational states at an arbitrary

sponding numerical simulations (solid lines). The good agree- scattering anglés:23

ment in the location, shape, and relative height of the peaks in The F-D; total reactive differential cross-section is greatest,

the spectra constitutes a consistency test for the calculatedin the order o0.35 A?/sr, at the large and intermediate center-

differential cross-sections of Figure 3, used for the deconvolution of-mass scattering angles (the "backward” and “sideways”

of the detected signal and, consequently, for the determinationscattering, respectively) and are lower but still significant at

of the calibration constant§a,. the small angles (“forward” scattering). Since the present
Taking into account the considerations made above, eq 7 takesxperiment atEc, = 90 meV covered only the backward
on the following final form: scattering hemispheré@4;, > 90°) for all final states of the DF
products, the results at this energy were extrapolated to the
Ne® €(DF) lara forward hemisphere using the measurements of Neumark and
IoF(Oap Praptn) = FTTIDF(QIab’q)Iab'tn) co-workers at 79 meV? as indicated by the dotted lines in
ar €(AT) L Figure 5a. There it can be seen that the reactive cross-section
02% 1 . - drops rapidly and vanishes fégm < 90°.
TP 0110 2_5CAr| pF(Olat Piantr) With increasing collision energy, the differential cross-section
(10) maxima of all product vibrational states shift toward smaller
scattering angles. A similar shift of the DCS's toward smaller
wherelpg is the scattering signal detected in thida time-of- scattering angles is observed, as well, with increasing product

flight channel andpr is the deconvolution integral defined in  vibrational energy. In fact, the total reactive differential cross-
eqg 2. Equation 10 has been used for the evaluation of absolutesection shows remarkably detailed structures as a function of
state-to-state differential cross-sections from the measured timethe CM scattering angle with a series of undulations reflecting
of-flight spectra. the maxima of each of thg-resolved DCS'’s, especially at the
The erors in absolute cross-sections are then affected mainlyhigher collision energies studied. At all five collision energies
by the determination of theelative ratio of the densities of F the products inoy = 0 and 1 are confined to the backward
and Ar in the scattering volume, involving the degree of hemispherefm > 90°), whereas fou;s = 2, 3, and 4 they cover
dissociation of fluorine A[N:°/na°] ~ 15%), and by the a progressively broader angular region. The excitation of the
prediction of the detection efficiency of the DF productkative lower vibrational states; = 0—2 becomes more probable as
to that of Ar atoms A[e(DF)/e(Ar)] ~ 25%). Thus, the possible  the collision energy increases. The product 0 could only
experimental error in thabsolutereactive cross-sections is be detected aE;, = 180 meV in the present experiments.
conservatively estimated to be about 50%. The experimental Particularly interesting is the observation that the DC$;6f
determination of therelative cross-sections at the different 4 is significant at all scattering angles and exhibits a maximum
collision energies is less demanding and can be done much moreat 6., = 0° that grows in size with increasirigm. At collision
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Figure 4. Typical time-of-flight spectra of the Ar atoms scattered by
collisions with D, molecules at two of the collision energies of the
present study: (@d) Ecm, = 100 meV; (e-h) Ecm = 196 meV. The
circles ©) denote the measurements, and the solid curves represent )
the simulation of each spectrum with the absolute center-of-mass Product Scattering Angle 6, [degrees]
differential cross-sections shown in Figure 3.

0 30 60 90 120 150 180

Figure 5. Measured absolute center-of-mass differential cross-sections

. . . for the DF product molecules in the vibrational states= 0—4 from
energies of 140 meV and above, it becomes the global maximumeg 4 p, reactive scattering at collision energies Ea), = 90, (b) 110,

of the DCS for this vibrational product. This forward maxi- (c) 140 meV, (d) 180, and (e) 240 meV. The error bars indicate the

mumt222has often been considered as evidence for dynamical estimated experimental uncertainties in the determination of the relative
resonanceb!? In fact, it has been shown in numerous dynami- ratio between the differential cross-section of different vibrational states

cal studies that the magnitude of the reactive DC8at= 0° at arbitrary scattering angles, W_hlch is typicathyl 0%. _The absolute

is very sensitive to the details of the PES topol@kfij2637.94142.72 scale for the experimental data is affected by a possible error as large

S ) as 50% (not shown, see text). The present experimeft.at= 90
The feature explanation in terms of an exclusively quantum type nev covers the interval of center-of-mass scattering arfjles: 90—

resonance is no longer likely sima a forward peak is also  18¢°. The dotted curves fofem < 90° in panel a represent the results

predicted by quasiclassical calculations on the most recentof ref 12 at 79 meV collision energy.

potential energy surfaces for the-B, systent'143 Both the

quasiclassical and the quantum studies associate the forwardollision energy. The second entry, given in brackets, corre-

scattered products with reactive collisions produced in a narrow sponds to the integral cross-section estimated for the whole space

interval of large impact parametefs374344 The significant of scattering angles using the experimental results of Neumark

enhancement of the forward scattering in quantum calculation et al. at 6., = 0—90°.12 The scattering in the forward

is attributed to tunneling through the centrifugal baffievhich hemisphere is seen to be only significant for the vibrational states

accesses larger orbital angular momenta than classically allowedz; = 3 andys = 4, for which it constitutes roughly 10 and 40%
IV.B. Total Integral Cross-Sections. The experimental of the integral cross-section, respectively. At all higher energies,

integral, total reactive cross-sectionse: (Ecr), are listed in the present experiments cover the complete range of CM angles

Table 4 and shown in Figure 6 for all collision energies studied. and the integral cross-sections are complete. The error bars in

The results of a previous experiment Bj, = 82.5 meV?8 Figure 6 correspond to the estimated uncertainty in the deter-
which was performed with normali¥a mixture of 66%ortho- mination of the relative cross-section at two different collision
D, and 33%para-D,) at a rotational temperatufigo,:(D2) = 45 energies, i.e., the ratioo: (Ecm)/ 0ot (E' cm), Which, as discussed

K, are also included for comparison. The first value in Table in section Ill.B, is about-10%.

4 atE.m» = 90 meV corresponds to the angular integration of  The measured total integral reactive cross-sections increase
the y-resolved DCS's in the restricted CM internéah, = 90— monotonously in the whole interval of collision energies studied,
18C¢° covered by the present experiment at this particular from 0.80 and 1.5 Aat E., = 82.5 and 90 meV, respectively,
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TABLE 4: Experimental Absolute Total, gy, and Product
Vibrational State Resolved,o,(v), Integral Cross-Sections
(A?) for the F 4+ D, Reaction at the Five Collision Energies
of the Present Investigation,Ec,, = 90—240 me\#

for givenEcm (meV)

82.5 90 110 140 180 240

meV meV meV meV meV meV
o,(s=0) 0.02 0.05
o(r=1) 0.01 0.11[0.11] 0.20 0.35 0.47 0.54
o(r=2) 0.19 0.43[0.43] 0.63 0.80 0.94 0.98
o,(s=3) 0.41 0.61[0.68] 0.98 1.01 1.04 1.02
o(r=4) 0.19 0.20[0.28] 0.38 0.26 0.34 0.41
Otot. 0.80 1.35[1.5] 2.2 2.4 2.8 3.0

aThe results at 82.5 meV are from an earlier experintfenhe values
listed at 90 meV correspond to the integration of the experimental
differential cross-sections in the backward scattering hemispBgse,
= 90—18C only. The values in brackets are estimated for all scattering
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energy k.77 The best fit to the experimental data was obtained
with the valuesEy = 0.076 eV anch = 0.72 to give

Ot (Ecr) = (18 A2meVPH(E,,, — (76 meV)) "IE,,, (12)

which provides the best fit (solid-line curve in Figure 6) to the
measured values @f.t(Ecm). However, the energy threshold
obtained from this simple model76 meV, or 1.8 kcamol~!
activation energy) is not satisfactory. According to the low-
energy observations of Neumark and co-workers, the threshold
for the F+ D, reaction is expected to be at about 30 niéih
fact, the introduction of steric corrections to the line-of-centers
model usually yields a slower concave-upward increasg.of
with Ec, for collision energies near the threshéldt is also
conveivable that the threshold is lowered by tunneling effects.
The experimental absolute reactive cross-sections are com-

angles (see text). The experimental error in the relative and the absolutd®@red in Table 5 and in Figures 7 and 8 with the results of

integral cross-sections is of 10 and 50%, respectively.

N w
T T T

Reactive Integral Cross Section oy (Ecpyy) [A?
-

EPET Y Il P | IR |

50 100 150 200 250
Collision Energy E ., [ meV ]

Figure 6. Measured absolute total reactive cross-section for the F
D, reaction at the collision energi&s, = 90—240 meV of the present
study @). The cross-section obtained in a previous experiment at 82.5
meV collision energd? is also included for comparison. The thicker

guantumd! and quasiclassic#“373 dynamical calculations
performed on the two most recent potential energy surfaces,
the 6SEC surfacdéand the SW surface by Stark and Wer#fer.
The thinner error bars in the figure illustrate the experimental
uncertainty in the absolute scale of the cross-sections (50%).
The calculated cross-sections have been obtained after averaging
the results for the reactions+ Dy(j; = 0,1,2), from the three
lowest rotational states of the,Dmolecule, with the initial
populations of the corresponding experiments (Table 2). For
energies below 90 meV, the relative populations at 90 meV
(90%j; = 0, 10%j; = 1) were used to average the calculations.
All calculated cross-sections have been additionally multiplied
by the factor of 0.5 in order to account for the experimental
population of the R 12 fine-structure state of fluorine which

is able to react.

As can be seen in Figure 7, the quantum mechanical
predictions foroy:. for both the 6SEC and the SW surfaces lie
systematically above the experimental values but are entirely
consistent with them within the estimated uncertainty of the
absolute cross-sections. This is also true for the quasiclassical
cross-sections calculated on the SW PES, whiclEfar> 80
meYV lie very close to the quantum results on the same PES. In
order to compare in more detail the collision energy dependence
of the experimental and the QM and QCT calculated cross-
sections, the latter ones have been multiplied by a factor of 0.90
in Figure 8a and of 0.82 in Figure 8b to fit the calculated QM

error bars correspond to the estimated uncertainty in the determinationCurves on the SW and 6SEC surfaces, respectively. The QM

of the relative cross-section at two different collision energies (typically

and QCT results on both surfaces predict a roughly similar shape

10%). The systematic calibration uncertainty in the absolute scale of and slope fobi.(Ecm) Over the entire range of collision energies.
the experimental cross-sections is shown in Figure 7. The solid curve The dynamical calculations on the SW surface yield cross-
represents the best fit to the measured reactive cross-sections obtainedations which are about 10% smaller than the ones on the 6SEC

with the modified line-of-centers model given in eq 12.

up to 3.0 R at E.,, = 240 meV (see Figure 6). The increase
is especially steep in the low collision energy range, where the
ratios oot (110meV)bi: (82.5 meV)= 2.75 andoie: (110meV)/

ot (90 meV)= 1.5 are found. At higher energies, the cross-

surface. Otherwise, the QM calculations on the two PESs are
in excellent agreement with the experimental relative cross-
sections in the energy interval presently investigated, =

90—240 meV, as can be seen in Figures 8a,b. The QCT
calculations on both surfaces predict only a slightly steeper

section increases by a factor of only about 1.4 between 110 variation of oo, With Ecy, than the respective QM calculations

and 240 meV. The ratio(140meV)bi(82.5meV)= 3.0

+ 0.3 obtained in the present study is consistent, within the
limits of the estimated experimental uncertainty, with the value
of 2.2+ 0.3 reported by Neumark and co-worké#sln making

this comparison, however, it must be noted that thedactants

in the latter experiments had different initial rotational distribu-
tions than in the present on¥s.

The data in Figure 6 have been fitted with an expression of
the type owt(Ecm) = A(Ecm — Eo)VEcm Similar to the one
predicted by the line-of-centers model (for whiosh= 1)1 It
has been shown that this function type yields analytically
integrable rate constants with standard Arrhenius activation

and are also in good agreement with the experiment.

The most significant differences between the different
dynamical calculations and between these and the experiment
arise in the low collision energy rangé;m < 110 meV. Below
110 meV, the QM and QCT calculations on the SW and 6SEC
PES’s agree in a much slower decrease toward zero of the
reactive cross-section with decreasing collision energy than
experimentally observed. In particular, the theoretical values
for the ratiooi: (110meV)bi: (82.5meV) are in all cases about
80% smaller than experimentally observed. Interestingly, the
QM calculations on the SW surface even predict the absence
of an energy threshold for+D, reaction, in strong contrast
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TABLE 5: Integral Cross-Sections (A2 for the F + D, Reaction Resulting from Quantum Mechanical (QM) and Quasiclassical
(QCT) Calculations on the Potential Energy Surfaces (PES) SW and 6SEC

calculation on the SW PES for givéia, (meV)

calculation on the 6SEC PES for givEg, (meV)

QCT QM QCT

83.5 90 110 140 180 240 83.5 140

me\P meVe meVe meVe meW meW 87 me\¢ meVe meVe
0,(=0) 0.035  0.10
o,(v=1) 0.01 0.02 0.11 0.34 0.54 0.66 0.08 0.003 0.014
o,(rs=2) 0.33 0.40 0.69 1.00 1.20 1.33 0.63 0.24 0.71
o,(5=3) 0.80 0.85 0.95 0.92 0.94 1.03 0.77 0.75 1.39
o,(vs=4) 0.42 0.42 0.35 0.28 0.27 0.32 0.31 0.63 0.93
Otot. 1.56 1.69 2.10 2.54 2.99 3.44 1.79 1.63 3.05

@ The theoretical cross-sections have been obtained after averaging the results for the reattidn§&0,1,2) over the rotational weights of
the present experiments (Table 2). All values have been additionally multiplied by thempinhfactor of 0.5 corresponding to the experimental

population of the fine structure statBs, 1/, not included in any of the calculations (see teXiReference 41S Reference 73¢ Reference 43.
¢ Reference 21.

SWPES

3 & L — . h [ /
F I /__ 1 b %
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Figure 7. Quantum mechanical (QM) total cross-section for the F
D, reaction as a function of collision energy calculated on the SW (solid
curve) and 6SEC (dashed curve) potential energy surfdéeslso
shown is the quasiclassical (QCT) cross-section calculated on the SW
PES (dottee-dashed curve). The circles represent the experimental
values with the thicker bars showing the relative uncertainty as in Figure
6. The wider, thinner error bars illustrate the systematical absolute
calibration error of the experimental cross-sections (50%). All theoreti-
cal cross-sections have been obtained after the results for the reactions
F + D2(ji=0,1,2) have been averaged over the rotational weights of
the present experiments (Table 2) and have additionally been multiplied
by the spin-orbit factor of 0.5 corresponding to the experimental L / b)
population of the ground statePs, 12 of the fluorine atoms (see text). 0 R - -
0 50 100 150 200 250

with all the other theoretical studies including the QCT Collision Energy E.,, [meV]

calculation on the same PES, which agree on a collision energyrigure 8. Quantum mechanical (solid curves) and quasiclassical
threshold for reaction aE.n, ~ 40 meV. Provided that the (dotted-dashed curves) total cross-section for the- ID, reaction as
approximations involved in the quantum treatmi&nwork a function of collision energy calculated on the (a) SW and (b) 6SEC
properly at low collision energies, the absence of quantum pote_nti_al energy surfaces. AII_theoreticaI values havg been globqlly
mechanical reactive threshold on the SW PES is likely to be Multiplied by a factor of 0.90 in panel a and of 0.82 in panel b, in

lated | barrier in the B—D -2 order to fit the quantum curves to the experimental data (circles) in
related to a too low entrance barrier in the B—D transition each case. The error bars represent the experimental uncertainty in the
state of this PES. The inclusion of spiorbit coupling is

444,46 relative reactive cross-sections.
expected to correct thig:444

IV.C. State-Resolved Integral Cross-Sections.The ex- remaining approximately constant =l A2 between 110 and
perimental absolute integral cross-sections for the different final 240 meV. Finally, the integral cross-section igr= 4 displays
vibrational product states, DkEO0—4), are listed in Table 4 the richest structure. At first it grows monotonously, like the
and shown in Figure 9. There it can be seen that, whereas therest of vibrational states, until at 110 meV it has a local
cross-sections fors = 0, »r = 1, andys = 2 show a gradual maximum (0.38 &), then decreases sharply, down to about 70%
increase with collision energy, far = 3, the most probable  of this value, at 140 meV, and grows slowly again up to a value
product state at all energies, the cross-section levels off, at 240 meV similar to that at 110 meV (see Table 4).
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Figure 9. Experimental and QCT calculated integral reactive cross- Figure 10. Experimental and QCT calculated vibrational branching
sections for the DF product molecules in the vibrational states ) ratios,o,(v)/o(v=3), for the DF product molecules in the vibrational

Oandur =1, (b) ot = 2, (c) iy = 3, and (d)ux = 4. The present  states (ayp; = 0, (b) ot = 1, (¢) vt = 2, and (d)zr = 4. The present
experimental values are shown by solid symbols and solid curves. The experimental values are shown by solid symbols and solid curves. The
quasiclassical calculation on the SW potential energy suffat&is quasiclassical calculation on the SW potential energy sutfd&&are
shown by unfilled symbols. The experimental data are shown with error shown by unfilled symbols and dotted curves. The quasiclassical results
bars corresponding to the estimated uncertainty of typically 10% in on the 6SEC potential energy surf&care also shown by unfilled
the determination of the relative cross-section of two different symbols and by dashed curves.
vibrational states at different collision energies.
studied. The QM results far,(v5) on the SW PES reported by

The only available quantum mechanical calculation on the Baeret al?! do not seem to correct for this deficiency but yield
SW PES ofu-resolved cross-sections has been carried out by even larger relative cross-sections fer= 1 andus = 2. For
Baer and co-workers &, = 87 meV (Table 5). The QM instance, the branching ratio,(v;=2)/o,(1=3) is roughly a
cross-sections are in close agreement with the experimentalfactor of 1.7 larger in the QM calculation at 87 meV than in
results at 90 meV, the largest discrepancy being/for 2 for the QCT one at 90 meV (Table 5). On the other hand, the
which the calculated cross-section is roughly 30% larger than QCT calculations on the SW PES give the best agreement with
experimentally observed. the cross-section fass = 3, which levels off at about 1.0 A

In Figure 9 and Table 5 the measured cross-sections arefor E;, = 110 meV. As for the highest vibrational product
compared with the quasiclassical vibrational cross-sectionsaccesible,us = 4, the QCT integral cross-section decreases
calculated on the SW PE%$#373 The main trends of the  smoothly with increasing. and falls slowly down to a roughly
collision energy dependence of the experimental vibrational constant value of about 0.32Afor E., = 140 meV. A
cross-sections of all final D) products are well-reproduced qualitative discrepancy between the theoretical curve and the
by the QCT calculations. In agreement with the experiment, experimental data fos; = 4 arises in the low collision energy
the quasiclassical study predicts a monotonic growth of the range E:, = 82.5-110 meV, where the measured cross-section
integral cross-section for the lowest vibrational produgts increases by a factor of about 2, in contrast to the decreasing
0, 1, and 2 in the entire energy range studied. The calculatedtrend predicted by the QCT calculation.
curves, however, increase in general more rapidly than the As can be seen in Figure 10, the measured vibrational
experimental ones, which results in an overestimation of the branching ratiosp,(vr) = o,(vr)/o,(s=3), vary considerably with
cross-section of these vibrational states at the highest collisioncollision energy. AE., = 110 meV, for exampleg,(v=1) =
energies Ecn, = 140-240 meV). In particularys = 2 is the 0.20 (0.12) andp,(»=2) = 0.64 (0.73), whereas these same
most probable product state in the QCT calculation for energies ratios at 240 meV arg,(=1) = 0.53 (0.64) ang,(vs=2) =
above 140 meV, in contrast to the experiment in whigckr 3 0.96 (1.29), where the values in brackets are the quasiclassical
represents the largest cross-section for all the collision energiesbranching ratios obtained on the SW PES. The QCT vibrational
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TABLE 6: Effective Rate Constant, kew(T), Evaluated with range included in the present work, contribute roughly 85% to
tﬂe Modified Line-of-Centers Model of Equatcljo_n 1& to Fit the thermal energy distribution at 300 K; the rate constant
the F—D, Reactive Cross-Sections Measured in the Present estimated at this temperature is very sensitive to the assumed

a
Work excitation function near the reaction threshold,{(E 80 meV).
this work __ Pulk expts theory Second, it is in the vicinity of the threshold where the largest
T(K) ket(T) HBGM° WH® QMSWPES QCT SW PES differences in cross-section arise between the reaction from the
300 0.5 1.4 1.4 15 1.1 excited rotational states of;0n comparison with the reaction
500 1.8 32 (3.0 3.0 2.7 F + Dy(ji=0) from the ground statt:*
1683 i-slf’ (g-g) Eg%g The effect of the enhancement of thetFD, reactivity on
1500 79 71 (6.3) the calculated rate constant at low temperature can be illustrated

by computing the specific rate constak(T,{ji} , with the QCT
? The results for thermal rate constans obtained in previous experi- cross-sections calculated on the SW PES (see Figure 7) which

ments and dynamical calculations are included for comparison. The 5.0 \yeighted over the experimental initial rotational populations

values in brackets are the result of a high-temperature extrapolation of LN
the measured data. All rate constant are in units oft1@m?s. of the D; reactants 4(ji=0) = 90% atEcm < 110 meV). The

b Reference 4¢ Reference 3¢ Reference 462 Reference 47. use of the quassiclassical reactive cross-sections§giEcm)

in eq 13 leads t&2'(T) = 0.6 x 101 and 1.7x 10 cnP/s
branching ratios on the SW PES are in general in good at T = 300 and 500 K, respectively. These values are almost
agreement with the experiment, especiallydor 4 (see Figure 3 factor of two smaller than the thermal rate constants obtained
10). However, significant differences between the QCT results in the same calculation including all initialstates of B with
and the experiment are also found. For instance, the QCT significant thermal populations (Table 6), and are in excellent
calculation on the SW surface overestimates=2) by as much  agreement with the values evaluated in the present work (0.6
as~30% at collision enegies above 140 meV. On the other x 10711 and 1.8x 107! cm¥s, respectively).
hand, the calculation on the 6SEC surface predICtS COI’reCﬂy Notably, a much better concordance between the prmnt
=3as the most probable Vibrational prOdUCt at the two Collision and the previous|y reported rate constants is found at h|gher
energies where theoretical data are available (83.5 and 140temperatures. AT = 700 K, kei(T) is typically 30% smaller
meV) HOWeVer, it |al’ge|y overestimates the cross-section for than the measured thermal rate constants (See Table 6')' At

vy = 4 and, underestimates it fof = 1. At 140 meV, for = 1000 K this difference reduces to 15%, which roughly
instance, the QCT branching ratip@r=4) = 0.67 ando(r=1) coincides with the relative size of the cross-sections for the
= 0.01, calculated on the 6SEC PES, differ significantly from (ezctions F+ D,(ji=2) and F+ Dx(ji=0) predicted by the
the experimental values of 0.26 and 0.35, respectively. dynamical calculations on the SW surf4&# at collision

IV.D. Reaction Rate Constants. The availability of energies far above the threshold.
absolute reactive cross-sections makes it possible also to
calculate rate constants, thus providing a direct link between ;. Summary and Conclusions
the dynamical (single collision) and the kinetical (bulk) studies

on this reaction. An effective specific rate constaat(T{ji}), Absolute differential and integral cross-sections have been
can be obtained by means of the following well known e€valuated for the DR¢=0—4) vibrational products from the
expressiort:74-76 reaction F+ Dy(»=0,i=0—2) — DF(»;) + F at five collision
energies in the range 9240 meV. The beam intensities and
_ 8kgT\Y2 1 E. /) detection efficiency were calibrated with the aid of an additional
ke(TAi}) = E 2 fo dE. Ecve ot (Ecm) Ar—D, scattering experiment for which an accurate—&x,
(ksT) (13) potential energy surface is available. In addition only the

relative atom density in the Fhbeamng°/nac°, and therelative
In eq 13kg is the Boltzmann constant andis the reduced detection efficiencyg(DF)/e(Ar), have to be determined. The
mass of the reactantsD,. {ji} denotes the initial rotational ~ systematic experimental overall error in the absolute value of
populations of the Preactants in the present experimets. the D, cross-sections is estimated to be less than 50%. On
can be calculated with the analytic fit of the measured values the other hand, the relative cross-sections are affected by much
of owt(Ecm) given in eq 12. Foil = 700, 1000, and 1500 K,  smaller errors, of typically 10%.

eq 13 yields the effective rate constankg (700,1000,1500K) At all collision energies investigated, the largest values of
= 3.13, 4.9, and 7.% 107! cmd/s, respectively, as listed in  the center-of-mass differential cross-section fei¥; reactions
Table 6. are observed in the backward scattering hemisphere in which
Sinceji = 0 is the most populated rotational state of the D the DF products are scattered in a direction opposite to that of
reactants in the present experiments (see Tabl&Q)T.{ji}) the incoming F atom. Such behavior is characteristic of a direct
is expected to resemble the rate constant of the reactién F reaction with a narrow opacity function (maximum inpact
D4(=0,j;=0), but not the thermal rate constak{]). Rather, parameter~ 1.5 A?).43 However, as the collision energy of

the value okt is expected to be systematically lower than the the reactants increases between 90 and 240 meV and progres-
thermal rate constant at the same temperature, since previousively larger impact parameters become accessible, the DF
experimental studies at collision energies +2a0 me\V20.22.23.41 products in all final rovibrational states tend to cover a broader
have shown that the reactivity of the + Dy(j;) system is range of scattering angles, including the forward direction. In
markedly enhanced by deactants in the rotational excitation.  particular, the cross-section for the highest excited vibrational
This can be seen in Table 6, whereTat= 300 K the thermal product stateys = 4, shows a distinct maximum for forward
rate constants obtained in previous experiméftas well as scattering §.m = 0°) at collision energies above 110 meV (see
those predicted in QM and QCT calculations on the SWBES Figure 5). This behavior, which is observed experimentally only
are typically about 2 to 3 times larger than those evaluated in for » = 4222 has often been considered as evidence for
the present work. As mentioned above, it is actually not so quantum resonancés? This explanation is now no longer
surprising to find such a large discrepancy at low temperatures.considered to be correct since it is also predicted by quasi-
First, since collision energies below 80 meV, i.e., outside the classical calculations on the most recent potential energy
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surfaces’t*® Dynamical, essentially classical resonances in
product vibration states are still an open option for the observed
Both the quantum and the quasiclassical studie

features.
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