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Measurement of the cross section forH +D,—HD(v'=3,/'=0)+D
as a function of angle and energy
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Scattering of the HD{' =3,j' =0) product from the H D, reaction is measured as a function of
angle and collision energy from 1.39 to 1.85 eV. The plot of the cross section vs angle and energy
is believed to be the first fully experimental plot of its kind reported for this benchmark reaction.
Changes in the differential cross secti@CS) are observed in this collision energy range, including

a forward-scattering component that peaks at about 1.64 eV and is a strong function of collision
energy. This feature has been assigned to result from a barrier resonance, but its full interpretation
is presently unsettled. These changes in the DCS do not manifest themselves as variations in the
integral cross sectior{ICS), which varies less than 25% over the energy range measured.
Comparisons of the DCSs and the ICS with quantum mechanical calculations show quantitative
agreement, although some aspects of the DCS near 1.54 eV are not fully satisfact@2903©
American Institute of Physics[DOI: 10.1063/1.1595092

I. INTRODUCTION have met with little success*'2 After much experimental
and theoretical discussion about the existence of resonances

The hydrogen-atom-hydrogen-molecule exchange readn the state-resolved ICS, Miller and Zhafgredicted that
tion is the simplest neutral bimolecular reaction. This sim-dynamical resonances would not be easily detectable in an
plicity lends it to theoretical study, allowing some of the |CS measurement. Instead, these authors claimed that reso-
most detailed comparisons of experimental results with exagiances for the H H, family manifest themselves as ridges
quantum mechanical calculations. Reviews and referencef a plot of the cross section as a function of angle and
therein provide details of past studies of the reactibn, energy, which we shall call aB—¢ plot. Adding to the de-
which include state-resolved integral cross sectid@SsS  pate, others showed that these ridges could arise from quasi-
(Refs. 3 and ¥and differential cross sectiof®CS9 (Refs.  classical trajectory(QCT) calculations:* complicating the
5-10 for a number of different collision energies and reac-interpretation of these ridges as a purely quantum mechani-
tive product states. Recent experiments on product statez| phenomenon.
specific differential cross sections have revealed unexpected The role of resonances in other benchmark reactions has
forward scattering. Zare and co-workers have observed sucitracted considerable attention. Work or-HD has pro-
scattering in the DCS for HD,—HD(v'=3,j’=0)+D at  qyced clear evidence for a scattering resondndais reso-
1.64 eV collision energy.This peak in the forward scattering nant behavior is observed both as a ridge inEhe plot and
direction was present to a smaller extent for HDE3,j” a5 a peak in the ICS. The existence of a peak in the ICS is
=1) products, but it was absent for highierstates’ Most  related to the fact that the resonance energy is lower than the
other observations of differential cross sections for the reacg|assical barrier so that there is almost no contribution from

tion followed a simple model with bgckscatterlilng into 19w nonresonant scattering. This behavior is not the case in our
states and sidescattering into highjérstates>* Other re- high-energy H- D, measurements.

ports  of gorward scattering come from Yang and  Recent theoretical work has attempted to explain ob-

co-workers:® who were able to see a forward-scattered peakerved forward scattering in the #D, reaction. QCT

in the differential cross section for the related-HD—D  ¢ajcylationd show evidence for the forward-scattered feature

+H reaction at a collision energy of 1.200 eV. observed by Zare and co-workers but underestimate its size
Other recent work in the reaction family has focused onyy 4t |east a factor of 3. Time-dependent wave packet calcu-

the possible roles of resonances in the reaction. Reactivigtions by Althorpeet al’® were able to reproduce this

scattering relsr(:.nancesf hﬁve pla):ced _?n |][nport§nt Srlole N @ rward-scattered feature and indicated that it appeared 25 fs

experimental history of t e.HHZ amfly o rgactlon_.At- . after the backward-scattered feature. A fully converged time-

tempts to see resonances in the ICS in this reaction fam'IYndependent quantum mechanical calculation by Aial’

was also able to reproduce the form of the DCS.

dpresent address: CCLRC Rutherford Appleton Laboratory, Chilton, Didcot, Seeking a more detailed understanding of the forward-

,Oxfordshire OX11 OQX, United Kingdom. o scattered feature, we have measured both ICSs and DCSs as
Present address: Department of Chemistry, University of Wisconsin, Madi- . .
son, Wisconsin 53706. a function of collision energy. The raw data have already
®Author to whom correspondence should be addressed. been presenteéd®for the DCSs. Here, we begin by detailing
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the experiments done to obtain this DCS data. Then, welefined speed and spatial distribution. Properties of the hy-
present an excitation function for the +HD,—HD(v' drogen atoms generated from photolysis are discussed below.
=3,j'=0)+D reaction between 1.49 and 1.85 eV collision About 15 ns after photolysis initiates reaction, another laser
energy. Using both data sets, we construct the first experbeam ionizes HD{’'=3,j’=0) products using (2+1)
mentally generated—6 plot with quantum state-selective REMPI viaQ-branch members of thg,F 'S/ —X '3 (0,3)
resolution for a member of the-HH, reaction family. Vari-  band. lons are directed toward a multichannel plate detector
ous theoretical views on the nature of forward scattering irby a time-of-flight spectrometer operated in Wiley—McLaren
this reaction have been proposed in other wdfké'and it  space-focusing conditions, allowing the determination of ion
appears that it is likely caused by a barrier resonance, akelocities. To increase velocity resolutioa 6 mmconical
though no consensus presently exists about the full interpramask(called a core extractpis placed in front of the detec-
tation of this behavior. Therefore, we concentrate on reporttor so that only ions with negligible velocities perpendicular
ing in detail the experimental measurement of the crosso the TOF axis are observed. This core extraction
section as a function of angle and collision energy and keepechniqué® allows easier conversion between velocity data

discussion of theoretical interpretations to a minimum. and the DCS, although the signal level is reduced by at least
a factor of 10.
Il. EXPERIMENT The use of an independent, tunable photolysis source is

- . . . the main update to this experiment from past measurements
Two distinct studies were undertaken in the construction . . .
of DCSs in this laboratory. The second harmonic of an

of the E—# plot. First, the DCS was measured as a function
' Nd:YAG (Quanta-Ray GCRJ5pumps a dye lase{PDL-3,
of energy. Later, the energy dependence of the ICS was me?_)'CM or (SQR 640 dy):ythe ojtr?ut 0‘; whicz s dOel(Jb|ed and

sured, allowing scallng of the DCS to prod_ucg an expenmen;nixed with the residual fundamental to generate 1-4 mJ of
tal E—6 plot. The basic approaches are similar for both ex-

. . ! = light in the 203—220 nm rangé&orresponding to collision
periments, although enough differences exist to merit anergies from 1.85 to 1.49 eV, respectivelfhe beam is
careful accounting. The DCS measurement will be describeﬁ)cused into thé chambér suc’h that the focus iS apDroxi-
first; changes made to the experiment for the ICS are then . ) bp
resented mately 5 cm before the axis of the TOF instrument. The
P ' resulting photolysis beam is about 1 mm in diameter in the

A. Measuring the DCS reaction region.

Differential cross sections are measured using the pho- Photolysis produ_ges hydrogen atqms with ‘V.VO different
toloc technique(photanitiated reaction analyzed with the speeds; over the collision energy §tud|ed, approxmately 85%
law of cosine$.2? The photoloc technique uses the fact that&r® produced in a fast channel with Br generated iffg,

the speeds of several species taking part in the reaction cﬂ?'n_orb't ground staté. The other 15% are generated at a

be determined using conservation of energy and momenturﬁ.IOWer speed, corresponding to @, , spin—orbit excited

The central equation of photoloc relates the lab-frame speelﬁt":lteho]c the brorr?inezggotofra%meTt. Fohr pho:orllyzis wave-
of the productsy ,p to the center-of-mass scattering angle engths greater than nm, the slow channe _y, rogen at-
oms do not have enough energy to form HDE3,j’ =0)

Ufip= Ugm+ Ufip+ 2UgmUp COSH, (1)  products. Even when HR( =3,j’ =0) is formed, the corre-

whereu,p is the center-of-mass speed of the products, an&ponding slow channel signal is by comparison small owing

Ucm IS the speed of the center-of-mass in the lab frame. pel0 the small number of slow channel hydrogen atoms, the

causeu,, and uyp are known from the kinematics of the smaller reaction cross sections at these energies, and fewer

photoinitiated reaction, the scattering anglean be deter- collisions of reagents ariging ffom the slower speed of the
mined from a measurement af.p. In more detail, the hydrogen atom. The spatial anisotropy of products from the

center-of-mass angular distribution is determined from Slow channel is also unfavorable for detection with core ex-

measurement of the distribution of lab-frame speeds of thg_action using photolysis light with a polarization perpen-

HD product in a particular quantum state. The apparatus use%‘r\cular to the detection axis, decreasing its contribution fur-
t

to measure DCSs using this technique has been described er. Table | summarizes the photolysis conditions used in

detail previously. Briefly, HBr (Matheson 99.8%and D, Is experiment and the relationships between the two chan-

(Cambridge Isotope Labsare combined in a 1:9 ratio in a nels. For DCS measurements, the contribution of the slow
' channel is ignored. Efforts are made to consider the slow

stainless steel manifold with a Teflon-lined holding tank. The . i .
gas mixture is injected into a stainless steel vacuum chamb&hannel in the ICS measurement; these are detailed in
by a pulsed valvéGeneral Valve Series)9vith a 0.5 mm Sec. [l B.

orifice. The backing pressure of the mixture is approximately

350 Torr. Supersonic expansion conditions cause transleg Measuring the 1CS
tional cooling of the reagents to less than 50 K. The nozzle,” 9

laser, and detection systems are triggered by a 10 Hz master The ICS is a measure of the amount of product formed

clock and a series of delay generat¢8tanford Research by the reaction at a given collision energy. We can measure
Systems DG536 The reagents enter the center of the extracthe concentration of a species in a small probe volume spec-
tion region of a Wiley—McLaren time-of-flighfTOF) spec-  troscopically by recording the area under the Doppler profile

trometer. A 5 ns pulse of light intersects the molecular beanof a REMPI line. Understanding the relationship between the

and photolyzes HBr, generating fast H atoms with a well-concentration of product formed and the cross section as a
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TABLE |. Characteristics of reaction as a function of photolysis wavelength. The fast-chBpyeis the

collision energy of the primary reaction. Raised dots in the slow-cha@anglkcolumn indicate that the channel
is energetically inaccessible.

Slow Fast channel Fast channel Slow channel
Wavelength Fast channel channel H speed HD max contribution

(nm) Ecoll (eV) EcoII (eV) (km/s) Speed(kmls) (%)
220 1.49 aE 18.9 5.98
217.54 154 19.2 6.32
215.15 1.59 195 6.62
212.8 1.64 19.8 6.91
210 1.70 1.35 20.2 7.24 <1
207.86 1.75 1.39 20.5 7.48 2
205.7 1.80 1.44 20.8 7.72 9
203.5 1.85 1.49 21.1 7.96 13

function of collision energy allows us to construct from ex- D, reagent is discussed in the next section. The remaining
perimental data an excitation function, which is the variationvariable is the nozzle backing pressure. Studies show that
of the ICS with collision energy. A simple rate-law analy3is over the approximately 20% change in backing pressure in-
allows us to express the measured HD signal in terms ofurred during an experimental run, the variation gfdan be
guantities we either know or want corrected for.

Np(H) =0 (E,0’,j Jungnp,-t, ) The ICS is thus proportional to the ratio of the amount of

HD product to the amount of H-atom reactant at a given

wheren; is the concentration of speciésv is the relative collision energy. Corrections can be made for the nozzle
velocity of the reagentd,is the time between photoinitiating backing pressure, the relative velocity of the reagents, and
and probing the reaction, and is the cross section as a the power variations of the probe lasers. The cross section is
function of energyE, final vibrational statev’, and final  given by
rotational statg’. This treatment assumes that the concen-
trations of H and D reactants do not change over the time o(E)x SHD
reaction is allowed to occur, an assumption that is examined SyVEE(Ppacd)

and verified experimentaligsee flyout, Sec. 1l D1 whereS; is the power-corrected signal of speciess a func-

Determining the cross section as a function of collision_; o . .
tion of collision energy, and(Ppac) iS a correction factor

energy requires understanding how the various terms in E(i)'etween 0.5 and 1, which corrects for changes jreencen-
(2) vary as the energy is changed. The amount of HD gener: ' '

) O ; ‘tration as a function of backing pressure.
ated as a function of collision energy is found spectroscopi-

cally using REMPI. The relative velocity is known; it is pro-

portional to the square root of the collision energy. The delay

time t is held constant throughout all tests. The only remain-C- Experimental changes for the ICS
ing consideration is the variation of reagent concentrations as  Although the main experimental techniques were similar
a function of other experimental parameters. to methods used for the DCS, changes were needed to mea-
The concentration of hydrogen atoms depends on botByre the ICS accurately. One change already mentioned is the
the concentration of HBr precursor and the characteristics ofieed to measure hydrogen-atom concentration. H-atom
the photolysis source. The large wavelength range needed REMPI detection is accomplished by the frequency-doubled
access the span of collision energies in this study resulted iButput of a dye laser pumped by the third harmonic of an
significant variation of the photolysis laser beam characternd:YAG laser. Because so little laser ligkabout 15 uJ/
istics. Elements affecting H concentration include amount obulse is needed to effect ionization, laser fluence is mea-
HBr in the gas mixture, nozzle pulse reproducibility, pho-sured by recording transmission through a fused silica win-
tolysis laser power, photolysis mode, HBr absorption crosglow using a powermetefMolectron, EPM 1000 with
section, and laser alignment. All these variables can either bgmax25 head The reflected light is then directed into the
controlled or corrected for experimentally, but the correc-yacuum chamber for hydrogen-atom detection. Tests verified
tions are cumbersome and introduce considerable uncefhat the transmitted light intensity was proportional to the
tainty. We avoid these problems by directly measuring thentensity of the beam entering the chamber over the range of
H-atom concentration usin@-+1) REMPI?® Scans over the  |aser wavelengths and pulse energies used in the experiment.
Doppler profile are power-corrected to determine theThe experimental setup precludes simultaneous measure-
hydrogen-atom concentration. ments of H and HD. Scanning separately can introduce error
Unlike the hydrogen-atom reagemiy, does not depend because the conditions are not necessarily the same. To mini-
on laser properties; it is a function only of the properties ofmize this error, HD and H scans are alternated, and a series
the pulsed valve and of the reactive gas mixture. Stabilizaef scans of similar types are compared to ensure that no
tion of the gas delivery systefand thus the concentration of changes have occurred in the course of a measurement. In

()
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addition, we check the signal stability over long periods toing conditions utilized approximately 3 mJ of power.
ensure that drift is minimizedsee signal stability verifica- Burns on chamber entrance windows also affected light
tion, Sec. 11D 4. reaching the reaction region, changing both the power and
Other changes stem from the fundamental difference bemode in unpredictable ways. The cause of these burns was
tween ICS and DCS measurements; measuring the DCS réaced to residual diffusion pump oil in the chamber. Install-
quires velocity-resolved measurement of products, whereasg two turbomolecular pump@/arian TV 1001 Navigator
measuring the ICS requires collection of all ions. These goalwith an oil-free backing pumgVarian TriScroll 600 essen-
are somewhat contrary because methods used to maximiti@lly eliminated this problem.
velocity resolution often result in a reduction in the fraction
of ions collected. Several changes accomplished increasen Experimental checks on the ICS
ion collection efficiency. First, the core extractor was re- 1. Product fiyout
moved, allowing ions that would normally be masked due to™
off-axis velocity to impinge on the detector. Next, the time- ~ Equation(2) shows that the amount of product is ex-
of-flight voltages were increased, moving the ions toward théected to increase linearly as a function of tité\ delay
detector faster and not allowing for their dispersion to a sizéhat is too long, however, results in substantial loss of prod-
greater than that of the detectdrin. diam). Even with these ~ UCts from the probe volume via flyout or collisional relax-
changes, some of the fastest-moving H ions had speeds t@ion, two processes not included in the derivation of @y.
high in a direction perpendicular to the time-of-flight axis; to Collisional relaxation is not an issue for this experiment ow-
detect these ions, an electrostatic lens was added to the tinfed to the low concentrations of molecules in the free-jet
of flight spectrometer. This einzel lens was designed with th&xpansion and the 15 ns time scale between photoinitating
ion optics simulation codsiMION (Ref. 27 to focus all of and probing the reaction. Flyout is a concern that introduces
the fastest H atoms to an area of about half the size of th@ Pias against faster-moving products. This effect is espe-
detector. Simulations were done to ensure that all H and HIS1ally important because we are trying to measure the total
ions likely to be generated in the experiment would be col-@mount of products formed irrespective of their yelocity. To
lected. Experimental tests varying the photolysis laser polareasure the onset of flyout, both H and HD signal levels
ization and changing the ion packet steering confirmed thaf/ére measured as a function of delay between the firing of
all ions were collected. the photolysis and the probe lasers for a collision energy of
Because the ICS is a measure of the amount of signaft-85 €V. For delays between about 5 and 10 ns, the
the concentration of reagents must be kept constant. Manftydrogen-atom concentration was constant, which indicates
fold and nozzle changes provided a more stable reagent suEﬁ measurable flyout. Tests with HD indicate that delays be-
ply. The gas delivery system must be passivated carefully fofV€€Nn about 5 and 20 ns are acceptable. _
consistent performance. A stainless steel manifold was no '"€Se numbers can be compared with a rough estimate
longer suitable, so a glass manifold was constructed to hol@' the flyout time, which is based on experimental param-
the reactive mixture. Teflon- and silcosteel-coated tube§t€rs- In this experiment, the probe beam size is much
(Restek Corp.were used to make connections between themaller than the photolysis beam size, so a characteristic

manifold and gauges, gas cylinders, and the pulsed VaNél_yout time is the time required by an H atom to travel half

These materials are more inert to HBr corrosion than unth€ diameter of the photolysis beam. The photolysis beam is

coated stainless steel. The pulsed valve was electropolishe@t,’OUt 1 mm in diameter; a fast hydrogen atpm travelir?g.ZO
exposing a highly passivated steel surface to reagents. /s(set_a Table) can traverse _half th_e beam_ n 25 ns. Finite
ensure thorough mixing of gases, reagent mixtures were pr@__hotolyss and probe laser time widths, finite probe spot

pared and allowed to sit the night before an experiment?c"zes’ and imperfect beam modes imply that the actual delay

When not in use, the manifold was baked at approximatel)}imes n_eeded to _avoid ﬂyout are shorter than th_e theoretical
60 °C and evacuated to pressures less than 10 mTorr. 25 ns time, consistent with results of delay studies.

A more stable light source was also needed. Light at
about 225 nm for HD ionization was previously generated?- /nvariance with photolysis beam power and size
using a 1064-nm mixing process in potassium dihydrogen During the course of the measurements, the power and
phosphatéKDP) crystals; unfortunately, this process gener-size of the photolysis beam can vary due to changes in the
ated only about 1 mJ/pulse of energy, and both the power ancharacteristics of the dye laser and optical beam train used to
spatial mode varied dramatically with small changes in roongenerate and transmit light to the experimental region. Scan-
temperature. A different method of light generation reduceching the photolysis beam over a 15 nm range in the ultravio-
these difficulties. The third harmonic of an Nd:YAG laser let causes the power of the photolysis beam to vary by a
(Quanta-Ray GCR33is mixed in ap-barium boratgBBO)  factor of 3. These variations result primarily from changes in
crystal with the~613 nm output of a dye lasdt.ambda the dye gain curve as a function of wavelength. Experimental
Physik LPD 3000 pumped by the second harmonic of the measures of the rate constant must be invariant with respect
same YAG. This 355-mixing system generates as much as 10 changes in the photolysis pulse power. To test this invari-
mJ per pulse. Sensitivity to temperature changes was drance, laser power was decreased by a factor of 3. The change
matically decreased by using BBO instead of KDP and byin measurements of the relative cross section was less than
reducing the number of mixing stages outside of a5%, a variation within our experimental uncertainty. Further-
temperature-controlled harmonic generator. Normal operatmore, changes in the focusing characteristics of the photoly-
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FIG. 2. Measured HD:H signal ratio over a 2 day period. Each square

R B T represents one measurement of the ratio; the line is a fit of the data to a

8 9 2 straight line. The initial data point of each day does not fall near the line
100 owing to a warm-up period required for signal stabilisee text

(a) probe laser energy (uJ per pulse)

o

o

from these fits are used to correct the signal for variations in
T — the probe laser power. The HD signal was found to vary
4 T roughly with the laser fluence to the 2.35 power; the H-atom
3k .o 4 signal scaled with the fluence to the 2.85 power. Figure 1
shows representative power law plots. The power law expo-
2{- . nents are within the 1.5—-3 range, which is the expected range
] for (24+1) REMPI processes where some saturation might
occur?®

0.1
4. Signal stability verification
Signal changes over the period of a day from other ori-
gins were then considered. Changes could come from
sources such as differences in the amount of reagents deliv-
& . | , ered into the chamber, chemical contamination of the reac-
8 9 2 tive mixture over time, varying detector response, and
1 changing quality of laser and optical systems. To test signal
(b) probe laser energy (mJ per pulse) stability, the ICS for the title reaction at 1.85 eV collision
o energy was measured as a function of time; Fig. 2 shows
FIG. 1. Log—log plots of the ion signal vs the probe laser power for(@he .
H-atom reagent ant) HD(v' =3,j’ =0) products. The slope of the fit to results fro_m tests on two consecutive days._ The mea_ls_u_red
the data corresponds to the exponent in the power-law associated with tH&€S remains the same over 2 days of testing. The initial
variation of the signal with the laser power. measurement on each day gave a high value for the ICS;
changes in the fit2 h of running the experiment are attrib-

. . .uted to various aspects of reaching steady-state operation.
sis lens as a function of wavelength can affect the photoly3|_§-hese include imperfect gas mixing in the lines leading to

beam size. The photolysis lens is moved as the energy igs 10771 and laser warm-up periods. ICS measurements

changed in an lattempt to keep the spot size constant throug jere only trusted after thi2 h warm-up period had passed.
out the experiment. Even so, the measured rate constant

should be insensitive to variations in the size of the photoly-
sis beam, provided it is large enough that flyout is not an”l' RESULTS AND DISCUSSION

issue. To verify this fact, the lens used to focus the photolysig\. Differential cross section

laser was varied over a range of 2.5 cm, modulating the Differential cross sections were measured at each of nine

beam size by about 50%. No measurable change in the HD:'(_:'ollision energies between 1.39 and 1.85 eV. The lowest en-

HD signal (arb. units)

T T T T
el

S B~
T
i

signal ratio was detected. ergy DCS was taken using a single laser both to photolyze
] o ] HBr and to ionize HD, resulting ifE.,=1.39eV. Low sig-
3. Signal variation with probe laser power nal at 1.39 eV required 100 000 laser shots to obtain an ana-

Probe light from dye lasers is not stable enough to ignordyzable time-of-flight(TOF) profile. For all other energies,
its contribution to the signal level; over the course of a scanan independent photolysis source was used. Three trials of
the power could change by as much as 20%. Relating sign&0 000 laser shots each were averaged for analysis. The time-
levels to concentration irrespective of probe laser power i®f-flight profiles for both one- and two-laser signals have
essential to measurement of an ICS. The variation of signailready been presentéd® The photoloc technique allows
level with probe laser power was thus studied. The data areonversion of these time-of-flight profiles into DCSs. A pho-
fit to a power law functional form, and exponents derivedtoloc experiment has a one-to-one relationship between the
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lab-frame velocity of the product molecules and the centerfesolution is quite poor in this directidi20°), and theoret-
of-mass scattering angle given in E@); this relationship ical DCSs show large oscillations with widths of only a few
alloyvszgxtraction of the DCS from a speed-sensitive TOFdegrees. The result of this blurring is that rapid oscillations
profile.”” The TOF data are fit with a number of basis func-in the forward direction are washed out into broad features.
tions that describe the instrumental response as a function ¢ the plurred DCSs, the total amount of product scattered
scattering angle. Further details of the algorithms used g5 5 |arge range of angles in the forward direction appears
convert time-of-flight profiles into differential cross sections ;) pa integrated and then redistributed in the forward direc-
are discussed elsewherigure 3 shows the experimental tion. This mimics the blurring observed in the experiment;

differential cross sections as a function of collision energy . - .
. . . poor resolution prevents determination of detailed angular
(circles with error barsalong with the theory of Althorpe ! ¢ on in the f d direction. The basic id
blurred with our experimental resolution functigeamooth information In the forward direction. The basic idea we can

line). Details of the method used to blur the theory are deEXtract from the data is the amount of total forward scattered

scribed below. Causes of experimental blurrings include fiProduct density. This effect is discussed in more detail in
nite laser pulse duration and finite core-extractor size, whictRef- 14. Another technique, called forward convolutfon,
place limits on velocity resolution. Our resolution is roughly has been used in the past to compare theory with the results
constant in velocity space. Because the mapping betwee®f a photoloc experiment. In this method, theory is used to
scattering angle and product velocity is nonlingsee Eq. simulate what would be measured if the theoretical DCS
()], our resolution is angle-dependent, so that the angulawere an accurate depiction of the scattering. This technique
resolution is better in the backward-scattered hemispherkas been applied to this data and shown similar results to
than it is in the forward-scattered hemisphere. The resolutiothose obtained with the blurred theory analy$i&’ Using

is also affected by the change of lab-frame velocity rangesither technique, comparison between theory and experiment
caused by a change in the collision energy. This variations excellent at all energies except 1.54 eV. The disagreement
results in lower resolutioffewer basis functions used in the 4 tpis energy is not well understood, but it is believed that

fitting) for this particular reaction at the lower collision en- the rapidly changing cross section around 1.54 eV may con-

ergies in the study. Fewer experimental points in the Iow-,[ribute to this discrepancy.

energy DCSs shown in Fig. 3 are a direct result of this lower Cursory examination shows that the amount of forward

resolution. scatter relative to backward scatter changes sharply as a
Theory and experiment are compared by blurring the 9 Py

theoretical DCSs with an instrumental resolution function.function of collision energy. The lowest energy point at 1.39
DCSs are scaled so that they have the same vertical scafeY IS néar the energetic threshalti32 eV for the reaction

The blurred theory is obtained by converting a theoretica@enerating HD¢'=3,j"=0); it shows little forward scatter.
DCS to an ion velocity distribution, convolving this distribu- At 1.49 eV, the DCS appears isotropic. At higher energies,
tion with a Gaussian functional form approximating experi- forward—backward scattering dominates, with forward scat-
mental resolution, and then converting the blurred velocitytering peaking at about 1.64 eV. The fraction of products that
distribution back into a DCS. Blurring is particularly impor- are forward scattered decreases as the energy is increased to
tant in the forward-scattering direction; experimental angularl.85 eV.
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FIG. 4. Integral cross sections for HD(=3,j’=0) product generation

between 1.49 and 1.85 eV collision energy. Experimental results are showE N . .

5 . ] - - IG. 5. The cross section is plotted as a function of both collision energy
as circles with error bars; theoretical calculations of Althorpe are shown as nd angle. called ai—8 plot. A clear peak in the forward scattering direc-
a smooth line. Experimental data have been corrected for slow-channel pr(fi—on is geeyn at 1.64 eV. (F:)haﬁ s in tﬁe backward to forward scat?erin with
duction, and the theoretical values have been blurred with a 50 meV Gausw']creasin coIIision enér sk?ow the possible appearance of a rid egstruc-
ian representing the experimental instrument function. ture 9 ay p pp 9

B. Integral cross section

The integral cross section was measured at eight differPresented. Because our experiment does not measure the ab-
ent collision energies between 1.49 and 1.85 eV. Three indesolute cross section, the data are scaled so that the area under
pendent measurements were made at each collision enerdfpe experimental curve is equal to the area under the theoret-
Each trial required the experiment to run continuously forical curve. Note that energies for the ICSs correspond to
approximately 33 h. The Doppler profiles of both HD( those for the DCSs, except for a missing ICS measurement at
=3,j’=0) and H atom REMPI lines were scanned betweenL-39 eV. This lowest energy corresponds to the prompt reac-
four and six times at each collision energy. Signal levelstion in which the probe laser also acts as the HBr photolysis
were compared to make sure that they did not change frorfource. Competition from the one-laser process makes this
scan to scan. Laser intensity was recorded simultaneousfjeasurement difficult. At all other energies, the one-laser
with signal level to allow correction for changes in probe signal is less than 10% of the total signal.
power. The order of energies scanned was varied as a safe- The slow channel interferes with measurements at colli-
guard against experimental drift. The ICS measurement &tion energies of 1.70 eV and above. Calculations and experi-
the first energy studied in a gi\/en trial was repeated at th&ent can facilitate data interpretation. Small one-laser HD
end of the 30 h experimental period; this allowed correctiorsignal indicates low relative cross section at 1.39 eV.
for changes in the backing pressure. The relative cross seQuantum-mechanicaQM) calculations show that the cross
tion was then found using EqS) Laser dye and mirror section decreases further still at lower energies. At 1.70 and
Changes in the photo|ysis line were necessary to cover thl;?s eV, these calculations estimate that less than 1% of the
full range of collision energies. reaction signal comes from the slow channel, much smaller

The three independent measurements gave the same #fian our experimental uncertainty. At higher energies, more
tegral cross section within statistical error bars. The averagef a contribution is expected. The measurement at 1.85 eV
is shown in Fig. 4 and listed in Table Il. Along with the collision energy has a contribution from the slow channel
experimenta| data, theoretical results from A|th6|9pare reaction at 1.49 eV. Experimental data from 1.85 and 1.49 eV
scans indicate a94% contribution from slow-channel prod-
ucts. QM calculatiorfS taking into account our energy reso-
lution indicate a 13% slow-channel contribution. The same
calculations indicate a 9% contribution from slow-channel

TABLE Il. The cross section for HD,—HD(v'=3,j'=0)+D as a func-
tion of energy.

Energy(eV) Cross sectiorfarb units products at 1.80 eV. Data presented in Fig. 4 and used to
create the experiment&—# plot include 6% and 9% cor-

1.49 0.09 .
1.54 0.11 rections for the slow channel. Note that these small correc-
1.59 0.13 tions are within presented statistical error bars.
1.64 0.13 These data are combined in Fig. 5 to formE&nré plot.
1.70 0.12 Each differential cross section is integrated over all angles
1'23 8'12 and scaled so that the area under the graph is equal to the
185 015 measured cross section. In this plot, a peak in the amount of

forward-scattered products at about 1.64 eV is evident. With

Downloaded 20 Apr 2004 to 171.64.124.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 9, 1 September 2003 Cross section for H+D, reaction 4669

such stark changes in the shape of the differential cross seand John Hertz Foundation for support in the form of a
tion as seen in Fig. 3, it might be expected that the ICSraduate fellowship. A.E.P. thanks the National Science
would also change. Both measurements and calculations ifroundation for graduate support. The authors are grateful for
dicate that over the range studied, no significant changes ithe continued support of the National Science Foundation.
the ICS occur. We conclude that the mechanism causing
sharp changes in the DCS does not manifest itself as varia-
tions in the ICS.

Several groups have made theoretical calculations of this
cross sectiop?-18:29 o comparison between our experiment 1l(:z.Olz)earn'emdez-AIonso and R. N. Zare, Annu. Rev. Phys. Ché&). 67
and the, calculations of Althorﬁ% is shown in Flg‘_ 4. The 2H. Buéhenau, J. P. Toennies, J. Arnold, and J. Wolfrum, Ber. Bunsenges.
calculations are convoluted with a 50 meV Gaussian to allow phys. Chem94, 1231(1990.
more realistic comparison with our experiment with finite °E. E. Marinero, C. T. Rettner, and R. N. Zare, J. Chem. PBgs4142

energy resolution. The experiment and theory agree within (1984; R. S. Blake, K.-D. Rinnen, D. A. V. Kliner, and R. N. Zare, Chem.
: . Phys. Lett.153 365(1988; K.-D. Rinnen, D. A. V. Kliner, R. S. Blake,
experimental uncertainty.

and R. N. Zareibid. 153 371(1988; K.-D. Rinnen, D. A. V. Kliner, and
The source of the forward scatter and what causes ther. N. zare, J. Chem. Phy81, 7514(1989; D. A. V. Kliner, K.-D. Rin-

DCS to change so much with energy is still under debate. nen, and R. N. Zare, Chem. Phys. Lét66 107(1990; D. A. V. Kliner

; ; nd R. N. Zare, J. Chem. Phy&2, 2107(1990; D. E. Adelman, N. E.
Recent ideas about the cause of the forward scattering areghafer’ D. A. V. Kiiner, and R, N, Zarébid. 97, 7323 (1992; D. Neu.

; 6,19
discussed by Alth_or_pe and Cla?‘il.Work by A_Ithorpel ) hauser, R. S. Judson, D. J. Kouri, D. E. Adelman, N. E. Shafer, D. A. V.
shows that the origin of the forward scattering is a time- Kiiner, and R. N. Zare, Scienc257, 519 (1992; D. E. Adelman, H. Xu,
delayed mechanism. Truhlar and co-workérsuggest the anld R. N-Zag%ﬁ Chemhphés- '-2%?2(3 323(18993:2%;(- gsegitxégng;d J.

: : : : Valentini, J. em. Physz9, 5 1 ;8L 1 1 ; 83 7
eX|.sten<-:e of a barrier resona.nce basedﬁ%on a Vlbratlona”y(1985); 82,1323(1989; D. K. Veirs, G. M. Rosenblatt, and J. J. Valentini,
adiabatic model. At the same time, Kendrickees no reso-  ipig. g3, 1605 (1985; H. B. Levene, D. L. Phillips, J.-C. Nieh, D. P.
nance for the energies and states of this study. &obial’ Gerrity, and J. J. Valentini, Chem. Phys. Lei43 317 (1988; D. V.
did an analysis that points to the opening of adiabatic threshs Lanzisera and J. J. Valentini, J. Chem. Prie3 @6375(133?588 oL

e _J.-C 1en an . J. valentini, ysS. ev. A ) . L.

old_s of the transition statg as the cause of the forward scat Phillips, H. B. Levene, and J. J. Valentini, J. Chem. P98, 1600
tering. Work by Sokolovski furthers the idea that the forward (1989; J.-C. Nieh and J. J. Valentinibid. 92, 1083(1990.
scattering is caused by several poles in the S matrix assoc®B. D. Bean, J. D. Ayers, F. Fetndez-Alonso, and R. N. Zare, J. Chem.
ated with a barrief® Further work is needed to determine the GEh)';S-l}ﬁdGGfij(ZOOZ-B - 4 RN, Zare. 3. Chem. P
meaning of the observed forward scattering feature and to 1635‘3[2;]9;2' onso, B. D. Bean, and R. N. Zare, J. Chem. Phgs,
understand whether nonadiabatic contributions, such as geo+. Feriadez-Alonso, B. D. Bean, and R. N. Zare, J. Chem. Phgs,
metric phase effects, contribute to what is observed. Contin- 1022(1999.

ued cooperation between experimental and theoretical stud>" Femadez-Alonso, B. D. Bean, and R. N. Zare, J. Chem. Plgs,
2490 (1999; L. Schnieder, K. Seekamp-Rahn, E. Wrede, and K. H.

ies is essential to resolve this issue. Welge. ibid. 107, 6175(1997).
°F. Fernadez-Alonso, B. D. Bean, J. D. Ayers, A. E. Pomerantz, R. N.
IV. CONCLUSIONS (ZZaOrg(’)L Bamres, and F. J. Aoiz, AngeW Chem, Int. Ed. E@, 2748

We have measured the cross section as a function of bofﬁﬁ- tA- H("?‘_”C':j' %ffgr gél?é(\;\(l);ngé Xngrrw]g, S.SDAC:aq, :"g F;(- 'II'D.S_kgdje,
’_ s ature(Lonao y . D, ao, S. A. haricn, D. X. Dal, C.
energy and angle for the HD,—~HD(v'=3,'=0)+D re- C. Wang, X. Yang, and R. T. Skodje, J. Chem. PHys/, 8341 (2002.
action using the photoloc technique. The differential crossir. rFeriadez-Alonso, Ph.D. thesis, Stanford University, 1999.
section for reaction is found to change dramatically over the’B. K. Kendrick, L. Jayasinghe, S. Moser, M. Auzinsh, and N. Shafer-Ray,
1.39-1.85 eV collision energy range, but the integral cross Pys. Rev. Lett84, 4325 (2000; B. K. Kendrick, L. Jayasinghe, S.
ti hows no significant changes. An important feature imaMoser’ M. Auzinsh, and N. Shafer-Raid. 86, 2452(200.
section show 9 ntchanges. An Imp W. H. Miller and J. Z. H. Zhang, J. Phys. Chefi, 12 (1991).
the differential cross section is the relative amount of for-14g. J. Aoiz, V. J. Herrero, and V. 8a Rdanos, J. Chem. Phy87, 7423
ward versus backward scattering. The forward—scatterin95(1992-
i R. T. Skodje, D. Skouteris, D. E. Manolopoulos, S.-H. Lee, F. Dong, and
;:omponent peaksfat arouEd 1.64 thcoII|S|on energy. The K. Liu Phys. Rev. Lett85, 1206 (2000; J. Chem. Physi12 4536
o_rward_-scattered eature has been shown to be associate 000: S. C. Althorpe, Chem. Phys. LeB70, 443 (2003.
with a time delay compared to the back-scattered feature an@s. c. Althorpe, F. Fefmalez-Alonso, B. D. Bean, J. D. Ayers, A. E.
is suggested to result from a barrier resonance. From the(Pomgfanth R. N. Zare, and E. Wrede, Natuteondon 416 67
: : : : : 2002.
experimentally determined differential and integral cross secr ;"\ | Baares. J. F. Castillo, and D. Sokolvski, J. Chem. Phigs,
tion data, arE—#6 plot is constructed, which shows hints of a 2546 (2002.
characteristic ridge. Comparisons between experiment andB. K. Kendrick, J. Chem. Phyd.14, 8796(2007).
guantum-mechanical calculations that do not include geoi-zg- (s: Cltlhor?f’ é.h CherghPhyfltYé?tfiggéZ(g%%é
: ot . Sokolovski, Chem. Phys. Lets: .
metric phase effects agree quamltatlve'y’ alt_hoth the ,DC’%T. C. Allison, R. S. Friedman, D. J. Kaufman, and D. G. Truhlar, Chem.
measurements near 1.54 eV do not agree with calculations. phys. Lett.327, 439 (2000.

22N, E. Shafer, A. J. Orr-Ewing, W. R. Simpson, H. Xu, and R. N. Zare,
Chem. Phys. Let212 155(1993.

BW. R. Simpson, A. J. Orr-Ewing, T. P. Rakitzis, S. A. Kandel, and R. N.

The authors would like to thank Stuart Althorpe, Luis ,,227¢ J: Chem. Phyd03 7299(1995.

~ . . - . P. M. Regan, S. R. Langford, A. J. Orr-Ewing, and M. N. R. Ashfold, J.
Barares, and Brian Kendrick for providing theoretical results chem. phys110, 281 (1999.

for comparison with experiment. J.D.A. thanks the Fanni€>F. Ferrnadez-Alonso, B. D. Bean, R. N. Zare, F. J. Aoiz, L. Baes, and

ACKNOWLEDGMENTS

Downloaded 20 Apr 2004 to 171.64.124.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



4670 J. Chem. Phys., Vol. 119, No. 9, 1 September 2003 Ayers et al.

J. F. Castillo, J. Chem. Phy&15 4534(2007). Energy Research, Idaho Falls, Idaho, 1995
%@, C. Bjorklund, C. P. Ausschnitt, R. R. Freeman, and R. H. Storz, Appl.28D. S. Zakheim and P. M. Johnson, Chem. Ph6.263(1980.
Phys. Lett.33, 54 (1979. 293, C. Althorpe(personal communication

27D, A. Dahl, simion 3D version 6.0(U.S. Department of Energy, Office of °S. Althorpe and D. Clary, Annu. Rev. Phys. Ched, 493 (2003.

Downloaded 20 Apr 2004 to 171.64.124.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



