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Abstract

Previous work has shown that a one-to-one correspondence between the speed and scattering angle of state-selected AB
products of the gas-phase reaction sequence AXqhn ™ AqX, AqBC ™ ABqC can be exploited to measure
state-to-state differential cross-sections without resorting to molecular beams. Here we demonstrate a modification to this
photoinitiated technique that enables for the observation of the forward- and backward-scattered products of a reaction with
improved collision energy resolution. This modification is demonstrated by its application to the measurement of the jX

Ž X X.dependence of the yield of forward-scattered HD product in the reaction HqD ™ HD n s0, j qD at 1.275"0.0112

eV. The data obtained are consistent with quantum scattering calculations that do not include the geometric phase. q 1999
Elsevier Science B.V. All rights reserved.

1. Introduction

A striking feature of recent studies of atom–di-
atom reactive scattering processes is the marked
dependence of the reaction dynamics on the collision
energy. As the collision energy is changed by a
fraction of an electron volt, the mechanism of reac-

w xtion may change from direct to complex-forming 1 ,
w xfrom adiabatic to diabatic 2 , or from insertion to

w xabstraction 3 . These studies suggest that a high-res-
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olution measurement of the energy dependence of a
bimolecular collision could reveal a rich spectrum
that would shed light on the varied mechanisms that
contribute to reactivity.

Until now, state-to-state differential cross-sections
of bimolecular reactions have been measured at only
a few discrete collision energies and, with one excep-

w xtion 4–6 , at a collision energy resolution of no
better than "5% of the collision energy. Here we
present data taken with an apparatus that has the
ability to measure state-to-state and scattering-
angle-dependent cross-sections of reactive scattering
processes with a resolution of "0.8% of the colli-
sion energy. This precision is roughly equal to that
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Ž .of the best "0.6% ever reported in a measurement
of the state-to-state cross-section of a bimolecular

w xreactive scattering process 7 . The technique pre-
sented here is unique in its potential for combining
the features of high collision energy resolution, its
applicability to a wide variety of reactions, and its
ability to study the state- and scattering-angle-depen-
dent dynamics of a reaction as a continuous function
of energy.

In this paper we apply our new technique to the
study of HqD reactive scattering at 1.275"0.0112

eV. Six years ago, disagreements between state-to-
state integral cross-sections of the D q H ™2

Ž X X.HD n , j qD reaction measured by Adelman et al.
w x w x8 and predictions of theory 9 were resolved by the
inclusion of the effect of a geometric phase shift
resulting from the Jahn–Teller interaction between
the ground and first excited state of the DqH 2

w xsystem 10 . However, in a recent study of the
state-to-state differential cross-section of the HqD2

w xreaction, Wrede and Schnieder 5 found no evidence
for a dynamical resonance predicted by the calcula-
tions of Kuppermann and co-workers that incorpo-

w xrate the effect of the geometric phase 1 . Their
measurements of the state-to-state differential cross-
section of the backward-scattered HD product of the
reaction, however, are consistent with several calcu-
lations that do not include the effect of the geometric

w xphase shift 11–13 . Thus experimental data to date
indicate that, although the geometric phase does
influence the reaction dynamics, the nature of this
influence is not yet completely understood. The re-
sults presented here for the forward-scattered HD
product, although of limited scope, are consistent
with the findings of Wrede and Schnieder.

The next section discusses our experimental strat-
egy. Section 3 presents experimental details. Section
4 gives a numerical model of the experiment neces-
sary to interpret the data obtained. Section 5 uses this
analysis to compare the quantum theory of D’Mello

w xand co-workers 14 to experiment. Section 6 sum-
marizes our results.

2. Experimental strategy

Two methods have been applied successfully to
the study of state-to-state differential cross-sections

of bimolecular reactions. One method involves
molecular beam machines. In these experiments a
beam of one reactant is crossed with a beam contain-
ing the other reactant. The laboratory-frame velocity
of the observed product is then used to infer the

Žscattering angle and, in some cases, the product
. w xstate of the reaction 15 .

A second technique to observe product-state- and
scattering-angle-dependent reaction probabilities
probes the AqBC atom–diatom reaction by observ-
ing the diatomic product of the photoinitiated reac-

w xtion sequence 2,16–29

AXqhn ™ AqX , 1Ž .

AqBC ™ AB n
X , jX qC . 2Ž . Ž .

The reaction is carried out in a single gas mixture
containing AX and BC. The energetics of the AX
photodissociation determine both the magnitude of
the relative collision energy E and the speed u ofrel

the center of mass of the AqBC system. After the
reaction, the AB product is detected as a function of
rotational–vibrational state by selective resonance-

w xenhanced laser excitation 30 . Provided the reactant
atoms A and product atoms C are produced in their
ground states and the reactant BC molecule is cold,
the speed u of the center of mass and the center-of-

Ž X X.mass-frame speed u of the AB n , j product areAB

determined by conservation of energy and momen-
Ž .tum see Appendix A . The laboratory-frame speed

Õ of the product, however, depends on the scatter-AB

ing angle, as shown in the Newton diagram of Fig. 1.
Ž XFor example, consider the HqD ™ HD ns0, j2

.s6 qH reaction at 1.275 eV. For this case, the
backward-scattered HD product has a laboratory
frame speed of 1.76 km sy1, whereas the forward-
scattered HD product has a laboratory-frame speed
of 8.77 km sy1. By measuring the speed of a state-
selected HD product, sensitivity to the scattering
angle can be obtained.

One advantage of the photoinitiated technique
over the crossed-beam technique is a great increase
in sensitivity. This increase in sensitivity has enabled
the experimental determination of state-selective dif-

w xferential cross-section of the HqD 27 , HqO2 2
w x Ž1 . w x w x2,16,24 , O D qH 28 , ClqCH 22,29 , and2 4
Ž1 . w xO D qN O 18,19 reactions. A second advantage2

is the ability to vary continuously the collision en-
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Fig. 1. Newton diagram for the state-to-state reaction AqBC ™

ABqC for z s u q us0 is shown in the shaded plane. TheBC BC

Newton diagram illustrates the one-to-one correspondence be-
tween the laboratory frame speed Õ and the scattering angle u .AB r

Note that for u s0 and u s1808, z is parallel to the directionr r AB

of the relative velocity u y u of the reaction. Thus forA BC

backward- and forward-scattered reactions, the direction of the
relative velocity may be constrained by constraining z . TheAB

orientation of the scattering plane with respect to the molecular
beam defines an angle f. If the products travel radially outward
from a collimated molecular beam, the angle j between z andA

direction of the beam is determined by cos j scos f cos b , where
b is a function of the scattering angle.

ergy by tuning the wavelength of the laser radiation
used to photolyze the AX precursor. These experi-
ments have, however, been carried out with rela-
tively poor collision energy resolution. In what fol-
lows, we show that a hybrid of the molecular beam
and photoinitiated techniques can reduce the colli-
sion energy resolution to the meV range.

In the technique presented here, a gas mixture of
AX and BC is used to create a molecular beam
inside a machine that allows laser radiation to be
sent down an axis that is approximately parallel with
the molecular beam. Laser radiation sent down this

path photolyzes the AX precursor to initiate the
Ž .AqBC reaction Fig. 2a . After the AqBC reac-

tion has occurred, the AB product is selectively
detected as a function of its rotational and vibrational
quantum state by resonance-enhanced multiphoton

Ž .ionization Fig. 2b . A pulsed field is then used to
force the ABq ions to hit a microchannel plate

Ž .detector Fig. 2c . From the position that the ions hit
Ž X X.the detector, the initial speed of the AB n , j prod-

uct, and hence the scattering angle of the reaction is
determined.

In an ideal world, the probe laser radiation could
Doppler select only those products that are moving
at the beam velocity. This would allow us to observe
only those products that traÕel radially outward from
the beam. Such selection would establish a one-to-one
correspondence between ion speed and the center-
of-mass-frame scattering angle and, as will be dis-
cussed, would improve the collision energy resolu-
tion. Unfortunately, our broad-band dye laser has
very poor velocity selection. For the data presented
here on HqD reactive scattering, sensitivity to the2

position at which ions hit the detector is achieved by
Ž .placing a metal strip mask in front of the detector.

In this way we assure that only the fastest moving
Ž .forward-scattered HD products are detected and
that we observe products traveling radially outward

Žfrom the molecular beam. By ‘radially outward’ we
mean in the radial direction with respect to a frame

.of reference that moves at the beam velocity. In
addition to limiting the observed scattering angles,
the mask eliminates background caused by the
slow-moving ions produced from nonresonant ion-
ization processes.

This experimental strategy leads to improved col-
lision energy resolution when compared to previous

Ž .Fig. 2. Schematic of the perpendicular beam technique: a laser radiation copropagating with a cold molecular beam mixture of AX and BC
Ž . Ž X X .is used to photolyze the AX precursor, initiating the AqBC reaction; b probe laser radiation is used to state selectively ionize AB n , j

Ž . qproduct; and c a pulsed voltage source is used to accelerate AB ions toward a microchannel plate detector. Ions traveling with a
sufficient vertical velocity to pass a rectangular mask are detected.
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Žstudies for two reasons. First, this experiment like
w x.others 22,27 occurs in a cold expansion of AX and

BC. Second, our measurement is biased to favor
reactions that occur with the relative velocity of the
reactants directed radially outward from the molecu-
lar beam. Just as a Doppler-free spectroscopic mea-
surement reduces the spread in velocities in the
direction of a laser, collisions that occur in the radial
direction have a reduced spread in the relative veloc-
ity between the A and BC reactants, and hence
improved collision energy resolution.

3. Experimental

A simplified machine drawing of the vacuum
apparatus used to carry out the HqD study re-2

ported here is shown in Fig. 3. The system consists
of a 6Y diffusion-pumped source chamber used to
create the molecular beam, a 6Y diffusion-pumped
ionization chamber in which the photoinitiated reac-
tion takes place, and a 4Y diffusion-pumped detection

Žchamber housing a microchannel plate detector. Al-
though the apparatus accommodates differential
pumping between the source and ionization cham-

Fig. 3. Experimental apparatus.

bers, for the studies produced here the two chambers
.were not isolated.

Gas enters the source chamber through a General
Ž .Valve nozzle PV-9-563 . This nozzle has been mod-

ified to allow gas to exit through a 0.3 mm outlet at
Žright angles from the axis of the nozzle Fig. 3,

.inset . The nozzle is backed by a room-temperature
Ž . Ž .1500 Torr mixture of HI 5% and D 95% . The2

ortho- and para-D rotational populations are fit2

well by a 233 K Boltzmann distribution. The valve
operates at a 10 Hz repetition rate and the source and
ionization chambers maintain an average pressure of
2=10y5 Torr whereas the detection chamber is at
2=10y6 Torr.

The nozzle design allows laser radiation to pass
along an axis that is displaced 1 mm from the valve

Žoutlet. Dissociating laser radiation at 266 nm the
fourth harmonic of one of our two Nd:YAG laser

.lasers is fired along this axis to initiate the reaction
sequence

HI ns0, js0–6 qhn 266 nmŽ . Ž .

™ Hq I 2 P , 3Ž .ž /3r2

HqD ns0, js0–4Ž .2

™ HD n
X , jX qD E s1.275 eV , 4Ž . Ž . Ž .rel

HD n
X s0, jX q2hn ;210 nmŽ . Ž .

™ HD E, F S
q qhn ™ HDq . 5Ž .Ž .g

The intensity of the 266 nm pump laser radiation
Žvaries from 12 to 30 mJ. Probe laser radiation 400

.mJ @ ;210 nm is generated from the third har-
monic of a Nd:YAG pumped dye laser system. This

Ž X X.light is used to state-selectively ionize HD n s0, j
molecules by E, F state-resonance-enhanced multi-

w x Xphoton ionization 31 , where j s6, 7, 8, and 10.
Ž XThe state j s9 was not studied because of interfer-
ing signal caused by 2q1 ionization of atomic

´hydrogen. For j-6 a thermal background of HD
made signal collection difficult, whereas for jX

)10,
the yield of forward-scattered product was too small

.to observe. The ions created by the probe laser are
accelerated into a 74.6 mm long time-of-flight tube
by a uniform 150 V cmy1 electric field. This uni-
form field is created after the lasers fire by applying
a 395 V pulse to a 26.3 mm long stack of resistively
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divided plates. After the ions travel down the time-
of-flight tube, they encounter a microchannel-plate
detector. A 12.5 mm mask is placed in front of this
detector to limit our observation to quickly moving
Ž . qforward-scattered HD molecules. This mask also
completely blocks the contribution of signal from the
slow hydrogen atoms from dissociation of HI that

Ž2 .leads to excited-state I P atoms. By observing1r2

an increase in signal as the time delay between the
dissociating ‘pump’ laser and the probe laser is
increased, we confirm that the signal is from the
reaction. The laser system operates at a repetition

Ž X X .rate of 10 Hz. For observation of HD n s0, j s6
product, on average 20 product HDq ions are ob-
served and one background ion is detected per laser
shot.

4. Monte Carlo simulation

Experimental determination of the collision en-
ergy resolution of our experiment would require
observation of a narrow resonance in a scattering
processes. Short of obtaining such data, narrow colli-
sion energy resolution can be demonstrated either by
the simple approximate model presented in Ap-
pendix B or by the detailed Monte Carlo simulation
presented in this section. Because of the importance
of our Monte Carlo simulation to the interpretation
of our experimental data, great care has been taken
to make it as realistic as possible. The simulation is a
three-dimensional model that accounts for every as-
pect of the experiment, including the size and tempo-
ral width of the pump and probe laser radiation,
delay between the pump and probe lasers, the spread
in beam velocities, the disappearance of the photo-
product as a function of time, the rotational tempera-
tures of the diatomic reactant and the photolytic
precursor, the anisotropy of the dissociation, and the
finite size of the microchannel plate detector. To
create such a realistic model, over fifty experimental
parameters must be specified. Fortunately, the vast
majority of these parameters are known to well
within the limits of the sensitivity of our measure-
ment. The length of the time-of-flight tube, wave-
length and bandwidth of the dissociation laser, rota-
tional distribution of the D reactant, temporal and2

spatial widths of the pump and probe lasers, and
Ž2 . Ž2 .branching ratio for I P and I P formation in3r2 1r2

the dissociation of HI are just a few of these parame-
ters. For the HqD experiment presented in Section2

5, only two parameters have yet to be measured with
sufficient accuracy to completely determine the reso-
lution of our apparatus. These are the spread in our
beam velocity and the rotational distribution of the
HI precursor.

For the simulations presented here, we estimate
the spread in beam velocities and the rotational
distribution of the HI precursor based on previous
molecular beam work: We assume that our 2 atm
pulsed expansion of a 5% HIr95% D gas mixture2

through a 0.30 mm orifice leads to a beam velocity
1r2 y1Ž .of 2C k Trm s1100 m s , where C is thep B p

specific heat of an atomic gas, Ts293 K is the
temperature of the HIrD gas mixture before expan-2

sion, and m is the average mass of the particles in
the beam. The applicability of this approximation to
the expansion of H gas has been demonstrated in2

w xRef. 32 . The spread in beam velocity is taken to be
30% of the velocity of the beam, or "330 m sy1.
This is a conservative estimate based on the findings

w xof Keil and co-workers 33 . The HI rotational distri-
bution is assumed to be characterized by a tempera-
ture of 20 K. This temperature is similar to that of
HCl observed in a similar pulsed expansion created

w xby Simpson et al. 22 .

4.1. Collision energy spread

The Monte Carlo determination of the distribution
of collision energies in our measurement is shown by
the heavy solid line in Fig. 4. It is centered around
1.275 eV and is approximately Gaussian with a full

Ž .width at half maximum FWHM of 0.011 eV. Our
measurement is not sensitive to a second distribution
of collision energies centered at 0.53 eV correspond-

Ž2 .ing to the production of I P , because HD prod-1r2

ucts of these low-energy collisions do not move
quickly enough to pass the mask. In Table 1, the
influence of various experimental parameters on the
collision energy distribution is presented. The fact
that no single variation has a dramatic effect on the
resolution indicates that the value of 11 meV has
many contributing factors. These factors include the
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Fig. 4. Solid line: Collision energy resolution in our study of the
HIq hn ™ HqI, HqD ™ HDqD reaction. Solid light line:2

Collision energy resolution expected if the mask of Fig. 2c were
not in place. Dotted line: Collision energy resolution expected
without the mask in place, as determined from the approximate

Ž . Ž .form of P E given by Eq. B.8 of the text. Dashed line:1D

Collision energy resolution expected from a ‘bulb’ experiment
using a HIrD gas mixture with an 18.6 K Maxwell–Boltzmann2

velocity distribution.

detection of reactions at a distribution of scattering
angles greater than 08, imperfect collimation of the
molecular beam, finite bandwidth of the Doppler
probe laser, a slight misalignment of the laser beams
with respect to the molecular beam, and the rota-
tional temperature of the HI precursor.

When no mask is in place, we find no sensitivity
to the direction of z . For this case, the distributionAB

of collision energies may be approximated by the
Ž . Žfunction P E derived in Appendix B see Eq.1D

Ž .. ŽB.8 . This analytical approximation Fig. 4, dotted
.line agrees closely with the result of the Monte

Ž .Carlo simulation Fig. 4, light solid line provided E
is not too close to E .rel

Fig. 5. Sensitivity to scattering angle in a our study of the
Ž X X . XHIq hn ™ HqI, HqD ™ HD n s0, j qD reaction for j s2

Ž . X Ž .6 solid lines and j s10 dashed lines. The solid lines indicate
the scattering-angle dependence of the experiment as carried out.
The dotted line indicates the sensitivity in an experiment were the
mask of Fig. 2 not in place.

4.2. Scattering-angle-dependent sensitiÕity

As expected, the mask placed in front of the
Ž .microchannel plate see Figs. 2 and 3 greatly affects

Ž .Xthe sensitivity S u of the apparatus to scatteringj
Ž .angle Fig. 5 . When the mask is in place, the

measurement is most sensitive to the fastest-moving
forward-scattered HD products. Comparison of the

Ž Xrelative sensitivity to scattering angle for HD n s
X . Ž X .0, j s6 to that of HD ns0, j s10 shows an´

important jX dependence. Because jX s10 products
move more slowly than jX s6 products, they are less
likely to be detected when the mask is in place. If no
mask is used, the measurement is nearly insensitive
to both scattering angle and final rotational state.

Table 1
ŽEffect of various parameters on the collision energy resolution in the photoinitiated reaction sequence HIqhn ™ Hq I, HqD ™ HD ń2

´ . Ž .s0, js6 E s1.275 eVrel

Variable Description Hypothetical change in value Resulting change in resolution Resulting change
in sensitivity

y1 y1
DÕ FWHM spread 0.33 km s ™ 0.11 km s 11.0 meV ™ 6.7 meV noneb

in the beam velocity
d distance from the 45 mm ™ 135 mm 11.0 meV ™ 9.0 meV reduced by 100source

nozzle orifice to center
of the detection region

w mask width 12.5 mm ™ 15 mm 11.0 meV ™ 9.0 meV reduced by 4.4
T rotational temperature 20 K ™ 1 K 11.0 meV ™ 10.0 meV noneHI

of the HI
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5. Results

We now compare our experimental results to
those expected from the state-to-state differential
cross-sections of the HqD reaction at 1.30 eV, as2

w xcalculated by D’Mello and co-workers 14 and
shown in Fig. 6. The jX-dependent signals we obtain
are in clear disagreement with the cross-sections
obtained from integrating these differential cross-sec-
tions over all angles, as can be seen in Fig. 7. This
disagreement is expected, for we have measured the
forward-scattered product of a process with a highly
structured differential cross-section. To compare
quantum theory to our data, we must convolute the
theoretical cross-sections with the sensitivity func-
tion of our instrument:

ds Xj
X XD s S u sin u du . 6Ž . Ž .Hj jdV

Fig. 7 compares our data to the values of D X ob-j

tained from convoluting D’Mello’s differential
cross-sections with our jX-dependent instrument func-

Žtion i.e., from integrating the product of the dashed
lines and solid lines of Fig. 6 over sin u du , as

Ž ..indicated by Eq. 6 . Both the experimental data and
the theoretical predictions have been normalized to
one. No experimental parameters were adjusted to

Fig. 7. Squares: Experimental cross-section for the HqD ™2
Ž X X .HD n s0, j qD reaction at 1.275"0.011 eV. Heavy solid line:

Convolution of the theoretical cross-sections of D’Mello with our
Žinstrument function i.e., the convolution of the heavy dashed and
.solid lines of Fig. 6 . Circles connected by a light solid line:

ŽRelative integral cross-section obtained by integrating D’Mello’s
.data.

make this comparison. The error bars on the experi-
mental data correspond to one standard deviation of
the mean obtained from nine measurements of the
distribution, but do not include the contribution of
possible systematic errors. Agreement of this for-
ward convolution of theory with our experimental

Ž . Ž X X .Fig. 6. Solid lines: State-to-state differential cross-sections of the HqD ns0, js0 ™ HD n s0, j qD reaction at 1.30 eV, as2
w xpredicted by the quantum scattering calculations of Ref. 14 . Dashed lines: Relative sensitivity of our instrument to scattering angle.
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data is good, but a chi-squared analysis yields x 2 s
Ž .2.4, indicating an unreasonably small 5% probabil-

ity that random errors alone account for the discrep-
ancy between theory and experiment. One possible
source of disagreement is inaccuracies in our Monte
Carlo model. In particular, non-ideal ion optics or
space-charge effects could cause slight differences in
our sensitivity function. Examination of Fig. 6 shows
that this possibility is particularly important for the
jX s8 and jX s10 peaks where a small change in the
maximum angle of sensitivity can lead to a large
change in relative signal. We conclude that the scat-
tering results of D’Mello and co-workers are consis-
tent with our measurement.

6. Summary

The most significant contribution of the data pre-
sented in this work is that it demonstrates an ability
to obtain sensitivity to angle-selected products of
state-to-state reactions under conditions that yield
high collision energy resolution. This ability is par-
ticularly important because the technique lends itself
to the study of variety of state-to-state reactions as a
continuous function of collision energy.

Our technique has been applied to the study of the
Ž X X .H q D ™ HD Õ s 0, j s 6, 7, 8, 10 reaction at2

E s1.275"0.011 eV. At the present time ourrel

observations do not contradict the conclusion of
w xWrede and Schnieder 5 that the state-to-state differ-

ential cross-sections of the HqD between 1.27 and2

1.29 eV are well understood in terms of quantum-dy-
namical models that to do not take into account the

w xgeometric phase 5 . Specifically we have found that
there is no dramatic difference between the forward-

Žscattered cross-section of the HqD ™ HD ns2
X .0, j s6, 7, 8, 10 predicted by theory at 1.30 eV and

the actual probability for forward scattering at 1.275
eV.
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Appendix A. Kinematic parameters for an ideal
photoinitiated experiment

In an ideal photoinitiated measurement, the ener-
getics of the reaction is completely predetermined.
This requires that the translational temperature of the
AXrBC gas mixture is cooled to absolute zero, the
dissociation of AX leads to a monoenergetic A atom,
the BC reactant and C atom product are in a single
state, and only one energetic state of the AB product
is probed. Under these conditions, laboratory-frame
speed Õ of the A-atom photoproduct, the speed u ofA

the center of mass, and the center-of-mass-frame
Žspeeds of the reactants and products u , u , uA BC AB

.and u are all determined by conservation of energyC
w xand momentum 21 . Table 2 gives the value of these

speeds and the collision energy in terms of mass
factors, the dissociation energy D of the AX precur-0

sor, the energy of the photolysis radiation hn , and
the change in internal energy D E between the reac-
tants and products.

Appendix B. Approximate analytical expressions
for the distribution of collision energies in pho-
toinitiated experiments

The distribution of initial velocities of the AXrBC
gas mixture causes a spread in the relative energy
that can be quite dramatic. In this section we derive
simple analytical expressions for the distribution of
collision energies in three variations of the photoini-

Ž .tiated studies bimolecular reactions: 1 photoiniti-
ated experiments in a ‘bulb’ or flow characterized by

Ž .a temperature T ; 2 photoinitiated experiments in a
collimated molecular beam for which the AB-prod-

Ž .uct detection is insensitive to its velocity; and 3
photoinitiated experiments occurring in a collimated
molecular beam for which only those AB products
that travel radially outward from the beam are ob-
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Table 2
Kinetic parameters for an ideal photoinitiated bimolecular reaction

Variable Description Eexpression for Value for
Ž . Ž .AXqhn ™ AqX D , HIqhn 266 nm ™ Hq I,0

X XŽ . Ž .AqBC ™ ABqC D E HqD ™ HD n s0, j s6 qD2

1r2
2m hnyDŽ .X 0 y1Õ laboratory-frame photoproduct speed 17.4 km sA ž /m mA AX

1r2
2m m hnyDŽ .X A 0 y1u speed of the center of mass 3.50 km s

2ž /m mABC AX
1r2

22m m hnyDŽ .X BC 0 y1u center-of-mass-frame speed of the 14.0 km sA 2ž /m m mABC A AX

A-atom reactant
1r2

2m m hnyDŽ .X A 0 y1u center-of-mass-frame speed of the 3.50 km sBC 2ž /m mABC AX

BC reactant
m m hnyDŽ .X BC 0

E collision energy of the reaction 1.275 eVrel m mAX ABC
1r2

2m E yD EŽ .C rel y1u center-of-mass-frame speed of the 5.26 km sAB ž /m mABC A B

AB product
1r2

2m E yD EŽ .AB rel y1u center-of-mass-frame speed of the 7.90 km sC ž /m mABC C

C-atom product
1r2

m m E yD EŽ .BC C rel
g u ru 1.50AB ž /m m EAB A rel

y1Õ laboratory-frame velocity of forward- uqu 8.77 km sAB, max AB

scattered AB product
y1< <Õ laboratory-frame velocity of backward- uyu 1.76 km sAB, min AB

scattered AB product

served. We note that the simplifications made in this
section create a qualitatively correct, but unrealisti-
cally optimistic, prediction of the expected
collision-energy resolution in a perpendicular beam
experiment. The approximate expressions we obtain
here provide a check of the detailed Monte Carlo
analysis of Section 4 and provide convenient approx-
imate expressions for use by theoreticians wishing to
model experimental measurements. The convolution
of energy-dependent theoretical cross-sections with

Ž .the expressions given here will be valid provided 1
the photoproduct velocity is much greater than typi-

Ž .cal beam velocities, and 2 the theoretical predic-
tions do not have structure on a scale much narrower
than the energies corresponding to the translational
temperature of the AXrBC gas mixture.

B.1. Case 1: The bulb experiment

w xThis case was first derived by Chantry 34 and
w xhas been discussed extensively in Ref. 35 . It might

at first appear that a small but finite translational
temperature would limit the collision energy resolu-
tion to the temperature of the beam. The situation is
actually far worse. In a realistic experiment, the
collision energy E of a single collision is given by

1 2< <Es m Õ yÕ , B.1Ž .A s2

1 2 2m Õ qÕ y2Õ Õ cos j , B.2Ž .Ž .A s A s2

fE ymÕ Õ cos j , B.3Ž .rel A s

Ž .where msm m r m qm is the reduced massA BC A BC

of the bimolecular system, Õ is the typically fastA
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AX-molecular-frame speed of the photoproduct, zs

sz yz is the difference between the velocityBC AX

of the diatomic reactant and the velocity of the
photolytic precursor, and j is the angle between zA

and z . Whereas in an ideal experiment the value ofs

z is zero, in general z has a thermal distribution ofs s
Ž .values. The term in Eq. B.2 that is proportional to

Õ2 will therefore lead to a small spread in thes

collision energy that is determined by the tempera-
Ž .ture of the gas mixture. The cross term in Eq. B.2

is not, however, small. This term is proportional to
the fast speed Õ and therefore leads to a ‘superther-A

w xmal’ spread in the collision energy 35 . The distribu-
tion of u sÕ cos j is the distribution of AX–BCs s

velocities parallel to the direction of z . For the caseA

of a conventional photoinitiated experiment in a flow
or bulb, the distribution of u is given by as

Maxwell–Boltzmann distribution of temperature T :

1
2 2P u s exp yu rDÕ , B.4Ž . Ž .Ž .s s s'p DÕs

where

2k TB
DÕ s . B.5Ž .Xs (

m

X Ž .Here m sm m r m qm is the reducedAX BC AX BC

mass of the precursor and BC reactant. If we assume
Ž .the approximation of Eq. B.3 , E yEfmÕ u ,rel A s

and the expected distribution of collision energies
can be found by a simple change of variables in Eq.
Ž .B.4 :

1 2 2P E f exp y EyE rD E ,Ž . Ž .bulb rel bulb'p D Ebulb

B.6Ž .

where

D E smÕ DÕ . B.7Ž .bulb A s

Ž . Ž .Eqs. B.6 and B.7 are equivalent to the result of
w xeq. 5 of Ref. 35 .

The width D E of this Gaussian distributionbulb
Ž .can be found by finding DÕ from Eq. B.5 and Õs A

from Table 2. For illustrative purposes, we pick a
value T that corresponds to the 330 m sy1 FWHM
spread in the beam velocity in our study of the
HqD reaction. To this end, we multiply this factor2

y1 'of 330 m s 2 by to obtain the spread in relative

speeds between the D and HI molecules and divide2'by 2 ln 2 to convert from FWHM to the scaling
Ž .used in Eq. B.6 . This simple manipulation leads to

a value of DÕ s280 m sy1 and a temperature ofs

18.6 K. Using this temperature and the value Õ sA

17.5 km sy1 from Table 2, we find D E sbulb

mDÕ Õ s41 meV. A Gaussian parameterized bys A

this value of D E is compared to our Monte Carlobulb

simulation in Fig. 5.

B.2. Case 2: Photoinitiated experiments in a colli-
mated molecular beam for which the AB product
detection is insensitiÕe to the Õelocity of the product

In many photoinitiated experiments, the AXrBC
gas mixture may be expanded from a high- into a
low-pressure vacuum system where the photoiniti-
ated reaction takes place. If the pressure in the
vacuum system is low enough that the mean free
path is long compared to the physical dimensions of

Ž y4 .the system typically P-10 Torr , the gas
molecules at any point within the path of the expan-
sion will have velocities directed directly away from
the source, i.e., the gas molecules in any given
region of space travel in a well-defined direction.
Thus, instead of blurring the collision energy by a
three-dimensional Maxwell–Boltzmann distribution
of initial velocities, as in Section B.1, we must
consider the effect of a Maxwell–Boltzmann distri-
bution of velocities along only one axis.

To determine the distribution of collision energies
Ž .we note that Eq. B.3 still applies. Now the angle j

is the angle between the velocity z of the photo-A

product and the direction of the molecular beam. If,
for simplicity, we assume an isotropic dissociation of
A-atom velocities, then the distribution of cos j will
be uniform from y1 to 1. Convoluting this uniform

Ž .distribution with the distribution in Õ in Eq. B.3s

allows us to find the expected spread in collision
Ž .energies, P E :1D

`1 y1 2 2P E s exp yÕ rDÕ dŽ . Ž .H H1D s s1r22p y` y1

= EyE ymÕ Õ cos j d cos j dÕŽ .rel A s s

1 EyErel
s f , B.8Ž .1D ž /D E D Ebulb bulb
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where

y1
2f x s Ei yx . B.9Ž . Ž . Ž .1D 1r22p

Here Ei is the exponential integral function. The
Ž .distribution P E is plotted in Fig. 5 for E s1D rel

1.275 eV and D E s41 meV. We note thatbulb
Ž .P E is more sharply peaked than the Gaussian1D

distribution in a photoinitiated experiment carried
out in a bulb. This increase in resolution has been
gained by defining a unique direction of flow.

B.3. Case 3: Photoinitiated experiments in a molecu-
lar beam with z constrained to be radialA

We now derive the distribution of collision ener-
gies for an experiment in which only products that
travel perpendicular to a laser beam are detected.
Fig. 1 helps to determine the parameters that must be
considered to achieve this goal. Although measure-
ment of the speed Õ of a state-selected productAB

determines the center-of-mass-frame scattering angle
u , it does not determine the azimuthal angle fr

between the scattering plane and the direction of
z . Nor do we determine the relative velocity ÕAB s

between the AX precursor and BC reactant. If these
two parameters were known, then the collision en-
ergy could be determined:

EfE ymÕ Õ cos j , B.10Ž .rel A s

sE ymÕ Õ cos b sin f . B.11Ž .rel A s

Here the cosine of the angle b can be expressed in
terms of the scattering angle and the speeds u andAB

u by application of the law of cosines:

sin ur
cos bs , B.12X Ž .

y2 y1(1qg q2g cos ur

Ž .where gsu ru is defined in Table 2. Eq. B.11AB

can be used to determine the distribution of the
collision energies from the distribution of values of
f and Õ . To keep matters simple, we assume ans

isotropic photodissociation. For this case, f of Eq.
Ž .B.11 takes on a uniform distribution of values from
0 to 2p. The distribution of relative velocities Õ ins

the beam is assumed to be the Gaussian form of Eq.
Ž .B.3 . The result of convoluting these distributions in

Ž .f and Õ with the expression of Eq. B.10 is thes

following angle-dependent collision energy resolu-
tion:

` p1
2 2P E s exp yÕ rDÕ dŽ . Ž .H HH s s3r22p y` 0

= EyE ymÕ Õ cos b sin f df dÕ ,Ž .rel A s s

1 EyErel
s f , B.13Ž .H ž /D E D E

where

1
2 2f x s exp yx r2 K x r2 B.14Ž . Ž .Ž . Ž .H 03r2

p

and

mÕ DÕ sin uA s r
D Es . B.15Ž .

y2 y1(1qg q2g cos ur

Ž .Here K x is the modified Bessel function.0
Ž .The nature of the distribution function for P EH

Ž .is strikingly different from P E . The perpendic-bulb

ular beam distribution is sharply peaked and not at
all Gaussian, as shown in Fig. 8. In addition, the
distribution of collision energies is highly dependent
on the scattering angle of the reaction. For forward-
and backward-scattered products, the distribution

Fig. 8. Approximate distribution of H–D collision energies oc-2
Ž . Ž2 .curring in the HIq hn 266nm ™ HqI P , HqD ™ HDq3r2 2

D reaction sequence. Dotted line: collision energy resolution for
the case that the reaction sequence occurs in a 18.6 K HIrD gas2

mixture. Solid line: Scattering-angle-dependent resolution for the
case that the HD product traveling radially from a molecular beam

y1 Ž .with DÕ s280 m s is observed see text . Inset: Dependences

of the resolution D E on scattering angle.
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Ž .function P E becomes a Dirac delta function. ToH
see why this occurs, one need only examine Fig. 1.
For the case of forward- and backward-scattered
products, the relative velocity becomes exactly per-
pendicular to the beam. Thus the cross term of Eq.
Ž .B.2 vanishes, resulting in extremely precise deter-
mination of the collision energy.
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