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State-to-state reactive scattering of F  +H, in supersonic jets: Nascent
rovibrational HF (v,J) distributions via direct IR laser absorption

William B. Chapman, Bradley W. Blackmon, and David J. Neshitt?
JILA, University of Colorado and National Institute of Standards and Technology and Department of
Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0440

(Received 29 July 1997; accepted 9 September 1997

Pulsed discharge sources of supersonically cooled F radicals have been crossed with supersonically
cooled H to study the F{Pg,,%P4,,) + H,— HF(v,J) + H reaction under single collision conditions

with a collision energy of 1.@) kcal/mol. The HF{,J) product states are probed via direct
absorption of a single mode, tunable near IR laser perpendicular to the plane of intersection of the
two jet axes. The high spectral resolutiom ¥~0.0001 cmY)permits the quantum state
HF(v,J)distribution to be determined with complete resolution of final rovibrational levels. The
J-dependent integral cross sections for KIE3,J) are compared with exact quantum scattering
calculations by Castillo and Manolopoulous on the ground adiabatic potential energy surface of
Stark and Werner. Agreement between theory and experiment is quite good fdr(la®) states.
However, theory substantially underpredicts the experimental distributions forJitigB) states

near the energetic cutoff for ground spin orbit statéFR(,) atoms, which may indicate the presence

of non-adiabatic reaction channels involving spin orbit excite(fP,,,) atoms. © 1997 American
Institute of Physicg.S0021-960807)05043-3

I. INTRODUCTION beam methods by both Lee and co-workers at Berkéié§
. _ _ . and Toennies and co-workers at Goettirfgeff have been
Ever since the pioneering work of Polanyi a.nd3co- used to investigate thelifferential reactive scattering of
workers on atontdiatom reactive collision .dynam|é§,. F+H,(and isotropic varianisfor a series of center-of-mass
there has been an intense interest in reactive scattering Qiyision energies. Due to limited energy resolution in these

F+H2_’HF(U'J)+H from  the chemlcgl .phy5|cs' time-of-flight studies, however, only vibrational product lev-
community* The reasons for strong theoretical interest in

. . . ) : Is could be resolved, with limited information on HF rota-
this fundamental chemical reaction are readily appreciated, e . .

. . lonal distributions inferred from contour analysis. There has
First of all, the F+H, system is an excellent prototype of a

i . . : recently been a report from the Keil group of a measurement
low barrier exothermic chemical reaction, yet small enoug

. ased on HF chemical laser excitation and bolometric detec-
in total electron number and nuclear degrees of freedom t(f‘:l n that provid nqularly resolved reactiv ttering in
be tractable via high levelb initio calculations. This has led on that provides anguiarly resolved reactive scatlering

to the development of several potential energy surfaces, formation on a smg!e HF prodgct _quaptum stdte.
which has facilitated detailed classidat?  and The thrust of this communication is to report a new IR

quasi-classic&?1° studies of the F-H, reaction dynamics, laser based method for obtaining nascent product state dis-

as well as prediction of electron energy distributions from{ributions from F-H, under single collision conditions. Our
[FH,]~ photodetachment studié&!’ Most importantly, approach_ls b_ased on the following comblngtlom;’-\_pulsed_
there have been breakthroughs in three atom quantum reag¥Personic discharge source of F atoms is collided with a
tive scattering that make feasible a numericakacttreat- ~ Second pulsed jet source o holecules under sufficiently
ment of the reaction dynamics for a given adiabatic potentialoW densities to ensure single collision, molecular beam con-
surface’~2 As a result, F-H, has evolved to become the ditions; (ii) the product HF,J) is probed in the intersection
“benchmark” chemical reaction system with which to com- region by high sensitivity direct absorption of a single mode
pare experiment against theory at a fully rigorous level. ~ tunable IR laser; andii) as a function of laser tuning, these
This theoretical interest has been stimulated by correspectral data yield Doppler limited absorbance profiles on
sponding experimental efforts. Arrested relaxation methodgeactively scattered product HFEJ)with complete resolu-
of Polanyi and co-workers were first used to probe thetion of final vibration/rotation quantum state. A complete
HF(v,J) rotational distributions via low pressure FTIR description of the experimental method and results will be
chemiluminescence methoti®ue to long residence times in presented elsewhef@;this communication focuses on the
the FTIR detection region, however, substantial collisionahighest vibrational manifoldi.e., HF@p =3,J)] that is ener-
redistribution of the nascent HF product could occur; thusgetically accessible at A3 kcal/mol center of mass colli-
“nascent” rovibrational distributions were estimated by ex- sion energyE om-
trapolation to the zero pressure limit. Crossed molecular  Such results provide the first opportunity for a fully rig-
orous comparison with exact quantum theoretical predictions

dStaff member, Quantum Physics Division, National Institute of Stalndardsof reaCtiV? sca'ttering by Castillo and 'Vlf‘mOIOpoaimnn the
and Technology. lowest adiabatic FH, potential energy surface of Stark and
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QUANTUM STATE-RESOLVED REACTIVE SCATTERING tion on thev3 CH stretch absorption band. Boltzmann analy-
VIA DIRECT IR LASER ABSORPTION sis of the CH rotational distribution estimates the rotational

temperature of the Hreagent to be<30 K. Even at 100 K,
H, is cooled essentially completely down into its lowest

pulsed F atom u nuclear spin allowed states, namgly 1 (ortho) and j=0
discharge source (para in a 3:1 ratio, with the first excited parg£2) and
(= 200 pis) r; _I__l_ ortho (j =3)states down to 100- to 1000-fold.
g? ooV The jets intersect 4.5 cm downstream of the nozzles,
° i where for a typical 200 Torr Hbacking pressure, the F
°, atoms have a reaction probability of omy2%. Thus the
& pulsedHp source  probability of secondary inelastic collisions of the reaction

(*2001s)  products can be neglected, as explicitly verified bystag-
i nation pressure studies. The temporal evolution of both gas
pulses is monitored with miniature hearing aid microphones
mounted inside the vacuum chamber on translational stages;
time delay studies of the gas pulses are used to measure the
velocity distributions for each beam. The, ldnd F atom
beam velocities are 2.47(18)10° cm/s and 1.45(7) 10°
cm/s, respectively, which for the right angle collision geom-
etry translates intd.,,= 1.8(2)kcal/mol. The 0.2 kcal/mol
uncertainty arises predominantly from the finite spread in
collision angles and is experimentally determined from Dop-
pler profiles and Monte Carlo modeling. This energy width is
FIG. 1: Scheme}tic diagram_of the crossed jet qirect a}bsorption reacti\{more than threefold smaller than the rotational energy spac-
scattering experiment. Fluorine aetoms produced in a dlscharg.e pulsed j?tl?g between]=4 and 5, and thus has a negligible effect on
expansion are intersected at a 90° angle 4.5 cm downstream with a pulse Q . . L
supersonically cooled H Tunable single mode IR laser light is multipassed the product state distributions. The center-of-mass collision
perpendicular to the collision plane and probes #{B] products by direct ~energy is essentially equal to the 1.84 kcal/mol value used in
absorption. previous quantum calculations of Castillo and Manolopou-
los, which forms the basis of all comparison with theory in
Werner!® The agreement is found to be reasonably good, buthis paper.
theory substantially underpredicts the higfotational distri- The HF@,J) reaction products are probed by direct ab-
butions near the energetic upper limit. These data providéorption of a single mode color center laser that is multi-
indications that nonadiabatic channels involving both groundassed 16 times through the intersection region in a cylindri-
F(P4,)and spin orbit excited 2P, atoms may be par- cal Herriot cel** Absorption measurements are performed
ticipating in the reaction dynamics. on theAv = +1 fundamental HF band, and measure popula-
tion differencesbetween the upper and lower levels. Shot
noise limited absorption sensitivity is achieved by a combi-
nation of (i) dual beam differential detection on matched
The experimenta| apparatus for state-to-stegactive InSb detectors andi) electrooptic servoloop control of the
scattering of F-H, is based on a modification of our earlier color center laser intensity. All HF product signals are moni-
apparatus for state-to-statrelastic scattering, and is de- tored onAv=+1P or R branch transitions, the frequencies
picted schematically in Fig. 1. A pulsed discharge is used tdor which are well determined and measured with a traveling
generate high densities of F atoms upstream of the limitingvave meter of the Hall and Lee desi¢fnThis yields readily
expansion orificé800 um diametey of an axisymmetric su- detectable HF signals at 18 absorbance levels, which
personic jet. The stagnation gas is 5% iR He obtained translate into sensitivities of 1x 10%/cm’/quantum state.
from a commercial excimer laser gas premix. The discharge
is struck by negatively biasing the orifice with respect to the
valve body by—600 V, which results in 35 mA currents Nl RESULTS AND ANALYSIS
stabilized ly a 5 K ballast resistor in series with the dis- For each rotationally resolved transition, the time re-
charge. Pulsed timing circuits are used to confine the dissolved HF signals are captured by a transient digitizer, inte-
charge to a 20Qus window near the peak of the full gas grated over the pulse duration, and stored on computer as a
pulse (800 us). function of laser detuning. Sample results fbdependent
The H, supersonic jet is formed through a 2@dn di-  absorption signals in the HEE 3,J) manifold are shown in
ameter pinhole with a piezoelectric actuator based on th&ig. 2, demonstrating velocity resolved Doppler profiles for
design of Proch and Trickf The column integrated number the nascent HF product. Since this is a coherent absorption
density of H in the intersection region is directly calibrated measurement, the HEE3J) signals rigorously reflect
in a separate experiment by doping £idto the stagnation populationdifferencesbetween the upper and lower rovibra-
gases at=1% level, and then monitoring direct IR absorp- tional states. However, HeE 4,J=0) is energetically inac-

single mode IR laser

Il. EXPERIMENT
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J-RESOLVED HF(v=3) PRODUCT STATES
v=3) HF(v=3) NASCENT ROTATIONAL DISTRIBUTION
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FIG. 2. Sample absorption signals from HW~3) produced by reactive 0 1 2 3 4 5 6
scattering of F atoms with J4 Nascent population is evident in dlllevels J
up the energetic limit for the 1(8) kcal/mol center of mass collision en-
ergy.

FIG. 3. Nascent rotational distribution fortfH,—HF(v=3)+H at E,,

. . =1.8(2) kcal/mol(circles compared to full quantum reactive scattering
cessible to_ both F an.d*Fat Ecom= 1.8(2) kcal/mol; thus the  cacuiationssquaresby Castillo and Manolopoulos at 1.84 kcal/mol on the
v=4+3 signals in Fig. 2 reflect pure absorbance due solelyowest adiabatic surface of Stark and Werner. Note the substantial under-

to optical excitation out of the H(=3,J)manifold. These prediction of populations iF=3.

absolute absorbances are rigorously convéttam absolute

population densities per unit velocity subgroup by the IR lineseen inJ=1 and 2. Given that these results are based on
strengths experimentally measured by Setser and co-workefglly ab initio calculations and exact quantum scattering
from chemiluminescence studi#sWe restrict our focus in  codes, this level of agreement serves to confirm the reliabil-
this paper on state resolvéutegral scattering cross sections ity of the Stark and Werner potential surface for this “bench-
obtained by integrating over all Doppler velocity compo- mark” atom+diatom reaction system.

nents, this yields the absolutelumn integrategbopulations However, there are also substantial discrepancies be-
(i.e., molecules/cA)for a given finall state over the region tween these theoretical predictions and experiment at higher
sampled by the probe laser bed. Jvalues. Specifically, theory systematicaligderpredictdhe

populations inJ=3, by factors that greatly exceed the ex-
perimental uncertainty of the measurements. IndeedJthe
=3 experimental values are nearly two-fold larger than theo-
The highest level theoretical studies done to date on theetically predicted, while this factor grows to nearly six-fold
F+Hy(j) system have been the quantum reactive scatterinfpr J=4. This effect is most dramatic id=5, which is an
calculations performed by Castillo and Manolopoulbs, energetically closed channel on the Stark and Werner surface
which predict differential and integral cross sections into(i.e., the integral cross section vanisheshereas experimen-
given HF@,J) states on the lowest adiabatic potential sur-tal signals clearly exist out td=>5. Note that this is not
face of Stark and Wernéf.These differential cross sections plausibly due to finite resolution, since the energy difference
can be related to the experimentally observed column intebetweenJ=4 and 5 is more than three-fold greater than
grated populations by center-of-mass to lab frame transforexperimental width irE.gp,.
mation. However, the resulting flux-to-concentration trans-  As a final comment, it is worth speculating on what the
formation between integral cross sections and populationkigh J discrepancies between experiment and theory might
for the current scattering geometry, kinematic mass combibe due to. The quantum reactive scattering calculations of
nations and energetics proves to be essentially independe@tstillo and Manolopoulos are “exact” for reactions on a
of J. Thus to a very good approximation we can directly given adiabatic potential surface; thus the simplest interpre-
compare the experimental column integrated populationgation would be that these highdiscrepancies may reflect
with the theoretical integral cross sections, averaged over theeficiencies in Stark and Werner’s lowest adiabatic surface
1:3 nuclear spin distribution gf=0 (para andj=1 (ortho)  in the barrier region. Alternatively, it is possible that the
H, in the jet. F+H, reactions do not take place exclusively on the single
This comparison is shown in Fig. 3, where the columnlowestadiabatic potential surface, though this has been ex-
integrated populations have been scaled to the integral crogdicitly assumed in all F-H, quantum reactive scattering cal-
section intaJ= 1. Overall the agreement between experimentculations thus far. Ihonadiabaticeffects are important, then
and theory is quite good, with general trends in the experione would also anticipate contributions to reactive scattering
mental data well reproduced by theory. Agreement for thérom low lying spin orbit excited F(?P,;,) atoms also
lower J values is especially quantitative, capturing the risepresent in the jet. Given the 1.16 kcal/m@04 cnil) spin
from J=0 to nearly equivalent populations experimentally orbit splitting between F and*F this would help explain the

IV. COMPARISON WITH THEORY
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